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With the increasing popularity of wireless 
devices, data traffic has entered a new rapid 
development period [1], also known as the ex-

-
ber of applications are gradually migrating 
from computers to wireless devices such as 
mobile phones, which are convenient to car-
ry and operate in real time, but this situation 
also leads to a rapid increase in data traffic 

to statistics, the data rate in the market in the 
next 10 to 15 years is likely to reach Gbps or 

-
nication has obtained Gbps data rate, while 
the Tbps data rate is still in an early stage of 

-
-

data transmission rate, a feasible solution is to 
develop a new frequency band [6], which is a 

communication system has attracted the atten-

Abstract:
-

quency bandwidth and high data rate, are im-
portant devices for transmitting and receiving 

-
nas suffer from relatively high loss and low 

-
fore, this paper presents a detailed overview of 
the most recent research on the performance 

-

-

-

the practical difficulties for the development 

-
ents a short review of the process technology 

-
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-

millimeter waves, the usable frequency band 

confidentiality and anti-interference perfor-

-

-

of the entire system, especially the operating 

-
ed to data transmission rate, system imaging 
resolution and the working range of the de-

wide frequency band, high resolution, strong 

have many new challenges compared with the 

operates at the high frequency band, the de-

-

radiate effectively is another challenge in tere-

have more stringent requirements in terms of 
antenna model, manufacturing materials, and 

To provide readers a reference for the fu-

this paper gives a comprehensive overview of 

-

1012

-

following excellent characteristics:
•  Low damage: The single-photon energy in 

-

cancer can assist in the disease treatment, 
-

•  High spectral resolution: The spectrum of 

dangerous goods such as viruses, explo-

•  Visualization: 
some non-metallic or non-polar materials 

visible opaque objects, which can present 
-
-

ing applications such as at the airports for 

•  Wide bandwidth:
the electromagnetic wave at the highest 

wave is used as the signal carrier transmit-
ted by the antennas, the rate of information 
transfer may reach a new level, even at the 

-
age of current spectrum resources, the anten-
nas are further designed at higher frequency 

This paper carried out 
in-depth analysis of 
terahertz antennas, 
inc luding research 
background ,  bas ic 
concepts, typical ter-
ahertz antennas and 
process techniques.

Fig. 1.  The position of the THz wave in the electromagnetic spectrum.
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wireless communication technology has devel-
oped rapidly, and the demand for information 
and the increase of communication equipment 
have put more stringent requirements on the 

Therefore, one of the challenges of future 
communication technologies is to operate at 
a high data rate of gigabits per second in one 

development, band resources have become 

for communication capacity and speed is end-

many businesses use multiple-input multi-

-
-

speed of each user will exceed Gps, and the 

-
munication systems, microwave links will not 

the transmission distance of infrared commu-
nication is short, and the position of its com-

can be used in the construction of high-speed 
communication system [19]-[21], and the data 
transmission rate is improved by using the 

communication bandwidth compared to mi-

frequencies is about 1000 times that of mobile 

an ultra-high-speed wireless communication 
system is a promising solution to solve the 
challenge of high data rate [23]-[25], which 
has attracted the interest of many research 

references is presented, which is helpful for 
readers to understand the design concepts of 

-
tennas, dielectric antennas and new material 

-

considering the manufacturing process of the 

 DEVELOPMENT OF TERAHERTZ 
ANTENNAS

 understanding, 

-

middle and late 20th century that researchers 
began to advance millimeter-wave research 

Fig. 2.  The development of THz technology.
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which defines exchange point-to-point at the 

link achieves data rates of up to 100 Gbps with 

capacity and high data transmission rate that 

mainly used in space communication and ter-

system has received the attention of all coun-
tries in the world, and a series of studies have 

-
-

-

-

-

The system integrates the photoelectric con-
version and the antennas, and it works in two 
ways:

-
tance, the planar antenna transmitter used in-
doors consists of an uni-traveling carrier pho-

large transmission loss and low sensitivity of 
the detector, the antennas of transmitters must 

adopt a Gaussian optical lens and have a gain 
-

UTC-PD

silicon lens

plane  antenna

HEMT amplifier chip

UTC-PD

dielectric antenna

millimeter wavefeed horn

planar circuit chip
UTC-PD chip

Fig. 4.  An example of a German study of THz communication: (a) KIT 220 GHz 
wireless communication system [42] and (b) wind tunnel test chart [43].

Fig. 3.  Japan NTT 120 GHz wireless communication system diagram.
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by millimeter wave antennas, and there is little 

communication, an important job is to opti-

Table 2 lists the research progress of the 

-
nication system that combines photonics and 

-
search situation in Germany, its research and 
development also have some disadvantages, 
such as low operating frequency, high cost and 

-

relationship between the year and the frequen-

of wireless communication tends to be at the 

of communication using the radio spectrum 

The center has made recommendations for the 

-
tion systems such as horns, transmitters, and 

simple structure, and has good Gaussian beam 

research on the emission and detection of 
-

-

-
tennas such as bow-tie antennas and frequency 

-

-

of current research works are low operating 

Table I.  Research results related to THz communication in Japan.
f 

2004 Data transfer rate up to 10 Gbps 

2006

[29], 
[30]

2009, 
2011 fabricated directly on microwave monolithic integrated circuit 

[32] 2012
-

mit power is less than 200 microwatts, and the effective an-

[33] 2013
the data transmission rate can be 50 Gbit/s and 100 Gbit/s 

[34]
-

tion

[35] 2019
transmission

be reached

[36] 2019

2019

2020

The defect-row structure of the photonic crystal waveguide 
track is adapted to

bandwidth

Table II.  Research results related to THz communication in Germany.
f 

[39] 4×4 microstrip antenna array

[40] 2011

[41] 2011 Transmission rate can reach 30 Gbit/s

[42] 2011

[43] 2015 Wind tunnel test

[44] 2016

[45] 2019
-

[46] 2019
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The above analysis shows that although 
many countries have given great attention 

antennas are often limited by their transmis-
sion distance and coverage due to high prop-
agation loss and molecular absorption [50], 

-

concentrates on improving  the gain by using 

-

-

 B TERAHERTZ ANTENNAS

pyramidal cavity with dipole, angle reflector 
array, bow-tie dipole, dielectric lens planar 
antennas [55], photoconductive antennas for 

-

be roughly classified into metallic antennas 

-
nary analysis of these antennas, followed by a 
detailed introduction and in-depth analysis of 

antennas, and the horn is designed as an an-

of the classic millimeter-wave receiver is a 

antennas have many advantages, including 
a rotationally symmetric radiation pattern, a 

-
-

Fig. 5.  Relationship between year and radiation frequency [47].

Fig. 6.  Two types of THz horn antennas produced by the CSIRO ICT Center: (a) 
0.84 THz horn and (b) 1.7 THz horn [47].

Fig. 7.  THz antenna design ideas.
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is an open structure that is compatible with 

structure and low manufacturing requirements, 
it can generally be used in frequency bands 

Thus its coupling efficiency is relatively low 

The dielectric antennas are the combination 

achieve impedance matching with the detector, 
and have the advantages of simple process, 

researchers designed several narrowband and 

Fig. 9.
tenna.

Fig. 8.  Traveling wave corner cube antenna: (a) geometry and (b) side view [58].
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contact

antenna
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small, which makes the processing of the tip 
-
-

ity of the process technique leads to high cost 

manufacturing the bottom of the complex horn 
design, a simple horn antenna in the form of a 
tapered or conical horn is usually used, which 
can reduce the cost and process complexity, 
and the radiation performance of the antenna 

-
-

sisting of a traveling-wave antenna integrated 

in a longitudinal cavity etched on the silicon 
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dipole is made of carbon nanotubes instead of 
-

erties of carbon nanotube dipole antennas are 

dipoles, such as input impedance, current dis-

of input impedance of carbon nanotube dipole 

the imaginary part of the input impedance has 
-

nanotube antenna exhibits resonances within a 
-

based on carbon nanotubes [63], which con-
sists of a bundle of carbon nanotubes wrapped 

layer is a dielectric foam layer and the outer 

testing, the radiation performance of the anten-
nas is enhanced compared with single-walled 

to increase bandwidth and fabricate confor-
mal antennas, the planar graphene antennas 

dynamic continuous control characteristics, 

wideband edge-emitting antennas that can be 

dielectric antennas: butterfly antennas, dual 
-

tennas, and log periodic sinusoidal antennas, 
-

plex bent-wire antenna geometries can be de-

combined with the dielectric substrate, surface 

is generated when the frequency tends to the 

large amount of energy loss during operation 

when the antenna radiation angle is greater 
than the cut-off angle, its energy is trapped in 
the dielectric substrate and coupled with the 

the higher order modes in the substrate also 

are repeatedly radiated in the substrate and the 

With increasing high-order modes, the cou-
pling efficiency between the antenna and the 

To weaken the surface wave effect, there 

antenna bunching property is used to increase 

the high-order mode generation of electromag-

-

Fig. 10.  Schematic diagram of antenna surface wave effect.
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substrate

air
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cut-off 
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and the substrate, and a skin effect occurs 
when the metal conductor conducts electricity 

skin effect at the high frequency band, the per-
formance of the antennas deteriorates sharply, 
which cannot meet the requirements of the 

achieve a large range of light absorption and 

the in-band transition of graphene dominates, 
and the collective oscillation of plasma gives 
graphene excellent surface plasmon material 

not only has higher binding and lower loss 

the slow wave propagation is associated with 

characteristics fully demonstrate the feasibility 
of using graphene to replace metal materials at 

-

antennas by using the partial element equiv-

by adjusting bias voltage, and products sur-

the interface of positive dielectric constant 
2

dielectric constant substrate (such as precious 

plasmas are in a stable state without external 
-

netic wave energy is coupled to these plasmas, 
the plasma deviates from the steady state and 

-
magnetic mode forms a wave that propagates 
in the form of transverse magnetic mode at 

description of the plasmon dispersion relation-
ship on the surface of the metal, the metal can-
not naturally couple with the electromagnetic 

plasmon wave attenuates quickly in the paral-
lel direction of the interface between the metal 

Fig. 11.  (a)Carbon nanotube dipole antenna. (b)Input impedance 
versus frequency curve [62].

Fig. 12.  New carbon nanotube antenna geometry [63].
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-

-
-

nano-patch antennas, the antenna elements 

graphene images on a thin nickel layer and 

concept facilitates the design of different 

number of components and changing the 
electrostatic bias voltage, we can effectively 
change the direction of radiation and make the 

the aperture-graphene and patch-graphene an-

need to improve the production technology of 
-
-

alent circuit method, which can obtain the 

width of surrounding incision is equal to the 
wavelength of plasma, the nano-antennas 

technology can show the same performance as 

very helpful for making fractal or logarithmic 

and nonplasmonic solutions, the graphene fab-
ry-perot cavity leaky-wave antennas is given 

mechanism relies on the excitation of cylin-
-
-

those of alternative graphene-based radiators 
based on the excitation of surface-plasmon 

new type of ribbon antenna, and the structure 

band shape for the propagation characteristics 

the tunable frequency band of the antenna pro-
vides a new way of studying the propagation 

Fig. 13.  Schematic of the ribbon antenna. Fig. 14.
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-
rently new dipole antennas made of carbon 
nanotubes and new antenna structures made of 

performance breakthroughs, but the premise is 

the research on new material antennas is still 
in the exploration stage, and many key tech-

-
nas can be selected according to design re-
quirements:

production costs, metallic antennas can be se-

impedance are pursued, dielectric antennas 

-

The above design can also be adjusted ac-

two types of antennas can be combined to ob-
tain more advantages, but the assembly meth-
od and design technology have to meet more 

 F T TERAHERTZ ANTENNAS

antennas

used for the generation and detection of the 

-

-
search background, working principle, typical 

reflective array and an accurate three-dimen-

The research of new materials is a relative-

is expected to break through the limits of 
traditional antennas and to evolve a variety of 
new antennas, such as reconfigurable meta-

depends on the innovation of new materials 

-
quires innovative materials, precise machining 
processes and novel design structures to meet 
the high gain, low cost and wide bandwidth 

This section provides a brief introduction 

metallic, dielectric, and new materials, and 
illustrates their differences, advantages, and 

has a simple geometry, is easy to process, rel-
atively low cost, and has low requirements on 

antennas adopt mechanical adjustment method 
of the antenna position, which is easy to make 

performance of the antennas will  greatly de-

but is difficult to assemble with a planar cir-

-
na  has a lower input impedance, is easily cou-
pled with a low-impedance detector, and the 
connection with the planar circuit is relatively 

-

flaw-the surface wave effect which is caused 

lens, and replace the dielectric substrate with 

on innovation and continuous improvement of 
process technology and materials, but the ex-
cellent performance (such as omnidirectional-
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Fig. 15.  PCA schematic [87].

-

-

1) Background -

source method has become more and more 
popular, and has gradually developed into a 

-
-

Principle: When a laser beam is irra-
diated on a photoconductive semiconductor 

is an external electric field in the photocon-
ductive switch gap, which is usually generated 

generated by the generated photoconductive 

includes an antenna gap, an electrode, and a 

is the position where the laser pulse directly 

laser pulses are focused on the gap between 
the electrodes and absorbed by the photocon-

-

mainly on three factors: the femtosecond laser 
pulse, the photoconductive substrate material, 

laser pulses can reach femtosecond levels, 
and subsequent innovations need to go on 

-
strate materials are shorter carrier lifetimes, 
faster carrier mobility, and higher resistivity 

Table III.  Development history of photoconductive antennas.

-
ic wave

1990
-

ductive antenna using directional electromagnetic pulses using a large 
aperture planar photoconductor

1992
characteristics of ultra-fast pulsed electromagnetic radiation generated 

-

-
-5 

2013
radiation source based on a logarithmic spiral antenna array

2014

-
tion source in combination with a three-dimensional plasmon contact 

-
cord 

2015

[90]

[100] 2019
-

toconductive pulsed sources to generate mW average power

x

y

z

GaAs substrate

antenna gap

antenna electrode
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directivity of antenna, a silicon lens and an 

dipole antenna is introduced, and the array is 

the peak directivity of the binary array can be 

cover layer is introduced, and the result shows 

antenna array has the best directivity, and the 
bow-tie antenna is superior to other types of 
antennas in terms of radiation efficiency and 

advantages of high radiation efficiency, high 
directivity and high aperture efficiency, and 

-

design is simple and the antennas is a compact 

the bow-tie photoconductive antennas have 
the advantages of simple structure, compact-

geometry can promote innovation in photo-

•  Logarithmic-helical photoconductive an-
tennas:

-

-
ies on log-helix antennas, most of which are 
applied to large-area photoconductive emit-

-
lix antennas, which can be used to generate 

-

3) Typical photoconductive antennas: The 
geometry of the photoconductive antennas can 
have various shapes, and the representative 
ones are dipole antennas and large aperture 

a deformation of a dipole antenna, and the 
logarithmic-helical antenna is often used for a 

•  Bow-tie photoconductive antennas:

band function, and have many advantages 
-

deformed by a standard photoconductive di-

Fig. 16.
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fore, the effects of several different end-cut-
ting methods on the antenna performance are 

be found that the antenna with the tip operates 

-
-

a constant radiation impedance and low reac-
tance, so it is widely used in photoconductive 

band is basically at the low frequency band of 

is still a lot of work for log-helix antennas re-

Optimization
reserches about the background, working 

be applied in the fields of communication, 

current photoconductive antennas still have 
challenges, such as large material loss, low 
photoelectric conversion efficiency, and low 

includes loading silicon lenses [94], [95], us-

lical photoconductive antennas have the 
-

rithmic-helical antennas have low reactance 

influence of the lens on the input impedance 

found that the input impedance is basically 

the logarithmic-helical antennas integrated 
lens, [93] conducted a numerical study on the 
lens integrated antennas in 2012, providing a 

-

designed a logarithmic period and logarithmic 
spiral antennas with the same outer diameter 

-

the mesh of the end portion is denser, which 
-

Fig. 17.

(a) (b) (c)
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antennas, a novel equivalent circuit for pulsed 
photoconductive sources is introduced for 
showing the coupling between the photocon-

-
conductive antennas with different geometries 
are fabricated and measured for validation, as 

-

-
ment stage in the areas of substrate materials, 

-
tem, the horn antenna can be used as a stand-
alone antenna or as a feed source for a lens 

its simple structure, good performance, low 

horn antennas have been widely used in high-

ing plasmon resonance [96], using photonic 

[94] introduced a full-dielectric element 
-

-
pared to conventional ultra-spherical silicon 
lenses, the lenses proposed in [94] are light-
er, thinner, and have enhanced collimation 
capabilities, which can pave the way for the 
development of high performance integrated 

a leak lens for the weakness of dispersion and 
low radiation efficiency of photoconductive 

-

establishing different metal arrays, which can 
solve the problem of low output power of pho-

photonic crystal substrate, and the geometry is 

of a two-dimensional array of holes drilled 
into a solid substrate to improve the radiation 

Fig. 18.
crystal substrate [97].

(a) (b) (c)
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-

strip is inserted to allow the horn to operate 

addition, the gain of the two bands can be ad-

communication system or additional path loss 

achievements in the development of high-gain 
-

fabricated on an oxygen-free copper metal 
-

many parts, which requires high manufactur-

new highly integrated radiating structure [102] 
with a horn antenna combined with an E-plane 

the main feeder of the proposed antennas, and 

same time, a prototype was built using low-

-

horn antenna can be used as a reference proto-

researchers have designed three high-gain 

where the gain of the horn rectangular horn is 

The above three horn antennas are sin-
gle-band, while the multi-band horn antennas 
with rich spectrum information are popular 

antenna is very small and difficult to man-

geometry is composed of a corrugated conical 

Fig. 19.

silicon LT-GaAs metal

(a)

(b)

(c)
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Fig. 20.
[104].

horn is to influence the distribution of the 
internal electromagnetic field through the 

horn antenna in the aperture, with an almost 

be well suppressed by the ripple, and on the 
-

There have been many studies on new 

technology to design corrugated horn antenna 

and a surrounding via barrier to form a feed 

corrugated and stepped profile of the horn 
antenna is designed to be close to a smooth 

-
-

vations of this design is the hollow structure, 

good performance and is compatible with the 

-

antennas, it can be seen that the current main-
stream trend is focused on developing  the 
low-cost, high-gain, compact, and multi-band 

which will affect the performance of the horn 

typically the corrugated and loaded lens anten-

Ripple treatment: The corrugated horn 
antenna can be obtained by engraving the 
corrugated groove on the conical horn with a 

and different structural designs can achieve 

improves the pattern and reduces the cross-po-

The working principle of the corrugated 

(a) (b) (c) (d)
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-

that the current frequency of the corrugated 

-

corrugation horn and the second geometry is 
based on the contours of nine different conical 

basically consistent with the simulated results, 
which meets the application requirements of 

Different process techniques and corrugat-

any case, the above research results show high 
-

acteristics of the corrugated horn antennas, 

Loading lens -
tural design and process of the speaker itself, 

the horn antennas to exhibit better symmetry 
of the radiation pattern and a better Gaussian 

-
ing modes, the corrugated horn antennas can 
be classified into three types: a radial trough 
corrugated horn, a scalar corrugated horn and 

of radial corrugation is too difficult and the 
opening angle of the scalar corrugated horn is 

horn can be processed on the outside of the 

loading axially slotted corrugations outside the 

The antenna can weaken the interference of 
the wall current propagation on the radiation 
characteristics of the antenna, and effectively 
improve the directional radiation capability 

highlight of the design is that the corrugations 
are designed on the outside of the horn and are 

Even though the above horn antennas 

these antennas still have disadvantages such 
as high side lobes, low gain, and insufficient 

high-order mode waves at the same phase 
velocity, which greatly expands the operating 

round-hole horn based on micro-electrome-

symmetrical beam radiation performance and 
-

ciency of the antenna to the Gaussian beam is 
-

signed a back-to-back corrugated horn operat-
Fig. 21.  Corrugated horn working principle: (a) longitudinal section and (b) elec

groove

ripple

(a) (b)
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Fig. 22.

THz horn [110] and (d) processed based on aluminum materials Corrugated horn 
[112].

proposed a high-gain bow-tie antenna that can 
be loaded with a bullet-type silicon lens on an 

comparing the radiation characteristics of two 

antennas, it can be concluded that higher ef-

when the on-chip antenna is equipped with 

lens-loaded horn antenna prototypes are 

Table 4 shows the performance comparison 

most of the horn antennas operate at the low 

-
ysis of the horn antennas, we can understand 
the advantages and disadvantages of the horn 

possible to study deeply on the aspects of ma-

The lens has focusing and imaging capabili-

antennas, such as reducing sidelobe levels and 

There are two common types of lenses: ac-

are classified by reducing and increasing the 
electrical length of the electromagnetic wave 

greater than the speed of light, and is typically 

velocity is less than the speed of light, and is 

The metal plate lens is formed by parallel 
-

netic wave passes through matal plate lens as 

refractive index has a great relationship with 
the metal plate spacing, the metal plate lens 
is very sensitive to frequency, which makes it 

-

stacking lens, whose process method and as-
sembly are relatively easy with the operating 

-

loading different lenses with different geome-

flare section

horn throat

via fence

via top metal layer

LTCC multi-layer substrate

z

x

y
bottom metal layer

feeding aperture

(a)

(b)
(c)

(d)
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Fig. 23.

-
cult process, there are few metal plate lenses 

lens, named as a metal lens  which meets the 
-

The dielectric lens is fabricated using a 
low-loss dielectric, typically thick in the mid-
dle of lens and thin around lens with focusing 

can be fabricated in different shapes, such as 
ellipsoidal, hemispherical, over-hemispherical, 

increases, the energy will radiate more toward 
-

nomenon and used a dipole antenna as an ex-

a dipole antenna on a substrate with a semi-in-

radiation when the dielectric constant of the 

dipole antenna radiates most of the energy to 

very large, but conversely, if the energy radiat-
ed to the dielectric layer is used as the radiant 

energy, which can greatly improve the antenna 

lens is used instead of the above-mentioned 
semi-infinite dielectric layer, and simulation 
result has almost no deviation, which meets 

(a) (b) (c) (d)

manufacture, have low material requirements, 

antennas that meet the design requirements of 
-

rently popular: silicon lenses and artificially 
fabricated metal lenses with retardation char-

Table IV.  Performance comparison of several THz horn antennas.
f Gain

loss

[101] Multi-angle horn 

[102] E-plane horn and 

[104]
Dual frequency 
loading media 

horn

integration

[109]

[110]
Multi-layer corru- -

[114]
antenna

horn gain 

[115]
antenna 

[116]
antenna
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-

be achieved, showing good radiation perfor-

are typically used in integrated antennas or 
-

-

-

silicon lens to reduce reflection loss to less 

Man-made metal lenses can be designed 
asconformal or planar and are easy to man-

as novel antennas has been popular in recent 

low-cost commercial metal milling techniques 

antennas with non-metallic structures, while 
-

area and a wider frequency bandwith com-

-

-
formance of antennas with weak directionality 

and its focusing characteristics can also reduce 

which provides a great design aspect for the 

-

-

and they are integrated arrays of extended 
hemispherical silicon lenses fed by leaky 

antenna prototype can be fabricated by laser 

changing the length and diameter of the lens, 

Fig. 24.  Radiation power distribution diagram of dipole antenna on dielectric lay
er [56].

E_plane H_plane

substrate

air

Table V.  Research results of THz lens antennas.

Type
f 

lens

The antenna consists of an extended hemispher-
ical lens antenna fed by a leaky waveguide that 
can be integrated with detectors such as sensors 
and schottky diodes

[119]
lens

The antenna consists of an extended hemispher-
ical silicon lens fed by a slot waveguide with 
high integration

[120]
lens

The antenna is fed by a plane logarithmic spiral, 

[123] Metal lens

[124] Metal lens

[125] Metal lens

[126] Metal lens
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-
faces of the antenna substrate, the same multi-
way open-loop resonator connected to the feed 

-

The double T-shaped’s radiation gap is loaded 
on the radiating metal patch, which can change 
the path of the surface circuit to achieve the 

T-type dual-frequency microstrip antennas, 

-

feed slot microstrip patch antennas based on 

simple to be manufactured, and wearable, 

years, there are many types of microstrip an-
tennas developed, including T-type, slotted, 
stacked types, single-band and dual-band 

-
crostrip antennas is very thin and sensitive 

microstrip antennas is concentrated at the low 
-

a dual-surface multi-channel open-loop reso-

Fig. 25.

mesh Fresnel lens [126].

hemispherical lens

    lens
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  air 
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cavity metallic lens equiphase 
    line

silicon
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air

  planar
log-spiral
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 reflector
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The epoxy resin substrate used in [129] is 
relatively low in cost, and exhibits very low 
absorption loss, small suppression and high 

and is very suitable for manufacturing a wear-

substrate and a defective ground structure 

is made by symmetrical cutting of copper, and 
the implementation of this structure provides 

-
ety of applications such as fast and secure data 
transmission, biomedical applications, radar 

Fig. 26.

feeding point
patch

FR4

Cu

arlon cuclad 250GT

(a) (b)

(c)

(d) (e) (f)

(g)

(h)
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microstrip antennas, Table 6 gives perfor-

summary, there have been many achievements 
in the research of microstrip antennas at the 

-

more serious characteristics are related to the 
fact that the choice of substrate has a great 

the most important research directions for fu-

Due to the long transmission link and high 

a long link, it is hard to do have good imped-

it is both possible and necessary to integrate 

-

-
angular patch antenna is the most commonly 
used on-chip antenna structure, which is not 
only simple, but also easy to meet the design 

the rectangular patch of multiple frequency 

-

in which case the antenna’s performance 

-

-
tenna arrays provide better directionality and 

-

-

of applications in medicine, which includes 

vital signs detection by Doppler radar or vitro 

-

-

The characteristics of the semiconductor are 
detected by employing the principle of sup-

-

The proposed antenna is made of copper and 

The antenna’s return loss is very low, a gain of 

be used to detect vitamins in biomedical ap-

Fig. 27.
[132] and (b) slotted rectangular microstrip patch antennas [133].

FR4

copper

copper

FR4

(a) (b)
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procedures and without additional area con-

-

Traditional on-chip antennas have become 

simple switching between circuits and easy 

array can provide electronic beam steering 
and spatial power combining, as well as the 

-

antennas is too low is that the inherent struc-

This section provides a detailed analysis of 
-

tive antennas, horn antennas, lens antennas, 

including working principle, classification, 
-

the frequency detection function, and the op-

antennas’ feeder is too long or too narrow of 
-

na on the rectangular plate is relatively large, 
the gain is relatively small and the bandwidth 

and using array were proposed to improve 

-
sented two endfire on-chip antennas at 140 

m 

antenna concept is used with loaded dielectric, 

-

-

-
ing technology to improve the performance of 

Fig. 29.
tric resonator [141].

Fig. 28.
GHz antenna array [136].

dielectric
 loading

dielectric
 loading
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S
G
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has good directivity and high gain, and is very 
-

er, the surface wave effect and dielectric loss 
of the lens antennas exist, and it is necessary 

-

microstrip antennas have been developed, 
most of them are concentrated at the lower 

-

-
electric conversion efficiency, output power, 

-
toconductive antennas and large aperture pho-
toconductive antennas, of which typical anten-

material loss, low photoelectric conversion 
-

by loading silicon lens, plasmon resonance 

antenna geometry, material selection and new 

the radiation performance of photoconductive 
antennas can be improved, which can promote 

-
-

-

can be achieved by corrugating and loading 

has better radiation performance compared to 
other horn antennas, it leads to complicated 
process, high precision requirements and high 

-
tennas are widely used, with better direction-

antennas that have been applied are basically 

which is related to the process technology of 

is that it is not easy to connect to planar cir-

its focusing characteristics to reduce the sid-

antennas, so that the antennas can obtain better 
-

sic lenses are silicon lenses and metal lenses, 
which are used in integrated antenna design 

-

Table VI.  Performance comparison of several THz microstrip antennas.

Type f 
Gain

loss
material

Double T-type slot 
microstrip antenna

12 and 31
-29 and

-40
-

clad 250GT

[129]
T-type dual-fre-

quency microstrip 
antenna

and 

[130]

[131]
Microstrip antenna 

array
-

tal polymer

[132]
antenna

[133]
microstrip antenna

Table VII.  

f o Technology(fmax

[142] 4×4

[143]

[144] 1×4 60

[145] 4×4 45/50

[146] 1×4 24/0

2×2
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tages of the reflector antennas and the array 
antennas, and have excellent high-gain perfor-

-
nas, but also dielectric resonant reflectarray 

When the structure of the microstrip reflec-
tive array antennas is determined, the beam 
pointing direction is also determined, and the 

-
cally controlled scanning function of the an-

-
duce a phase shifter that can operate in a high 

used are mainly solid-state tuning devices 

-
quency phase-shifting devices by introducing 

-
ly used materials are ferroelectric materials, 

The nonlinear nature of ferroelectric ma-
terials can be used to make capacitors with 

of ferroelectric materials is very high, and 
it generally needs to apply a bias voltage of 

-
rection of liquid crystal molecules will change 

liquid crystal as the circuit substrate and a 
reflectarray phased array with an operating 

phase of the reflected wave of each element 

the continuous scanning of the antenna beam 

crystal material is liquid, and errors caused by 

-

the shortcomings of the mechanical antenna 
switching circuit, and is small, simple in fab-
rication, low in cost, easy to be intergrated 
and arrayed detector design, but it also has 

main direction currently being studied is how 
to improve the gain and bandwidth of on-chip 

have their own advantages and disadvan-

uses femtosecond laser pulses to illuminate 

-
ciency is the key research direction in the fu-

low frequency band close to the microwave 
band, due to their good directivity, high gain 

-
tivity, higher gain, and easy to connect with 
planar circuits, especially with the advantage 
of forming an antenna array, the lens antennas 

on-chip antennas avoid the extra connection 
loss and packaging steps of the off-chip an-
tenna system, and these additional operations 
result in loss of antennas’ gain and overall 

and assembled on a large scale with the latest 

can start from the antenna geometry, substrate 

same time, significant gain can be obtained 
-

flectarray antennas are designed as potential 

-
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munication, different materials and structures 
are selected according to actual requirements 

folded reflectarray antenna with a peak gain 

antenna is still in its development stage, and 
its functions in many aspects are not perfect 

-
search will be innovative and thus promotes 

-

 PROCESS TECHNOLOGY OF 
TERAHERTZ ANTENNAS

assume that the surface of antennas is smooth 
-

es should be considered as rough surfaces 

technology, the research on process technol-
-

current popular process technologies including 
3D printing technology and focused ion beam 

for printing waveguide or horn antennas [160]-

has the advantages of rapid prototyping with 

overcome the disadvantages of traditional 
lithography technology and can be used for 
one-shot molding, especially for manufactur-
ing complex antennas such as spiral antennas 

-
cess technology, it can be divided into tradi-

-
-

sional carbon nanomaterial that can change 
the surface conductivity of graphene by a bias 

-

frequency-adjustable reflectarray antennas 
-

ment is composed of a split ring printed on the 

compensation of the element and the reso-
nance point of the antenna are controlled by 
changing the length of the gap of the split ring 
and the surface conductivity of the graphene, 

metamaterials, are also used in reflectarray 
-

rials made of artificial structures, and their 
performance mainly depends on the artificial 

to the aluminum nitride ceramic body, and the 
surface of the aluminum nitride ceramic body 
obtained metallic aluminum to form a super 

a gold-polyimide-gold chiral metamaterial, 
etched the resonance ring on the metal layers 
on both sides of the polyimide, and used the 
coupling between the metal layers to generate 

refractive index independent of the positive 
and negative of the dielectric constant and 

continuous research and development of new 
materials, the electromagnetic performance 

improved, such as higher gain and reflection 

-
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generally, with the sacrificial layer technol-
ogy and the multi-layer stress-free thin film 

applications and can process materials such as 

achieve high accuracy, the process accuracy 
in higher frequency bands needs to be further 

includes electroforming, discharge, milling, 
-

forming refers to depositing a target material 

original model, and then separating it from 
the original mold to obtain a desired product, 
which is often used to make a complex inner 
surface of a component, such as a corrugated 

-
gy to process a soft metal into a metal with a 

The knife is machined on the mold to cut out 
-

process and a technology commonly used in 
-

photoresist and is an innovation technique in 

same time, and the process does not produce 

commercial milling technology because of its 
low cost, high efficiency and high precision, 
but the aspect ratio of the technology is the 

-
gy is developed based on traditional machining 

the micro-system is used to control the ma-
chining program and the precision of the mi-

Micromechanical technology can provide ac-
curate two-dimensional and three-dimensional 
structural control, demonstrating practical 
methods for producing various high-perfor-

Micromachining technology is based on sil-
icon technology, including lithography, laser 

-
ple, researchers have designed and built a low-
cost commercial milling technology [169] for 

addition, the development of silicon microma-

of the antennas, and the reliability and inte-
gration capability are improved, which has 
great application potential for the design of 

the beam scanning array antenna designed by 
-

quency sweep at the frequency beam scanning 

micromachining technology, it can be divided 
into three categories: bulk micromachining, 
surface micromachining and metal microma-

etching technology to process silicon materials 
-

used in integrated circuit manufacturing, 
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major challenge is that the macromolecular 

To solve this problem, high-gain antennas are 
-

resources of the higher frequency band, an 
effective and reliable antenna with high oper-

-

select such substrate materials, the loss is large 

the traditional substrate material cannot fully 
match the resonant frequency requirements 

matching of the substrate material can cause 
obstacles in designing many planar or confor-

-
-

acteristics, two optional methods are to deter-

according to the antenna resonance frequency 

-
sented by silicon-based materials, but their 

-
tennas depends on not only the antenna geom-
etry but also the integration between antennas 

 CHALLENGES OF TERAHERTZ 
ANTENNAS

increasingly serious shortage of spectrum re-

expectation of increasing the data transmission 

antennas faces many challenges: insufficient 
resonant frequency, lacking perfectly matched 
substrate materials, encountering bottleneck 
from low-cost manufacturing process tech-

of millimeter waves, and the corresponding 
-

by most researchers is generally between 

frequency band of this interval is close to the 

antenna prototype can refer to the design idea 

this does not fully meet the design require-

that the resonant frequency is not high enough 
is mainly resulted from the inherent defects of 

-
tenna loss is rapidly increased, and the radi-

Table VIII.  Performance comparison of typical THz process technologies.

ratio

Minimum 
convex Energy

>20:1
energy

the cyclotron

Electro-
forming

10:1
energy soluble materials

Discharge >10:1 >150
Electric 
energy

-
ty metal material

Milling 2:1 >50

Thick pho-
toresist

>15:1
energy

-
line processes
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cess machines resulting in high equipment 
-
-

er, the high cost problem is an urgent problem 

technology does not have a unified standard 
to evaluate machines' advantages and disad-

on experience to select the process technology 

 FUTURE RESEARCH D
FOR TERAHERTZ ANTENNAS

high and low temperature resistance, acid and 

-
erating bandwidth, the high gain, the low cost 

-
ly high, and the corresponding wavelength is 
relatively short, which determines the small 

-
bile devices, the demand for wearable mobile 

the antennas is an important research direction 

-

antenna is loaded by a silicon lens with a ra-
dius of 5 or 6 mm, and the extended length 

radius of the lens can be selected to be less 

to avoid deterioration of the antenna perfor-

indirect bandgap properties determine that 
silicon-based materials are difficult to be ap-

-
tor materials such as silicon carbide, silicon 
nitride, and gallium arsenide with a direct 

-

This is followed by the metasurface structure 

frequency band with a small wavelength, 
complex three-dimensional metamaterials nor-
mally stay in the stage of theoretical research 

from the advancement of micro-nano process 

-
es is to construct microstructures on physical 
structures to achieve metasurfaces, such as 

discrete approximation will introduce discrete 

Graphene can form different equivalent re-
fractive index regions by changing the bias 
electric field, avoiding the etching and other 

-
od can effectively avoid the phenomenon of 

polymer materials such as polyimide with low 

range are used to achieve high transmission 

bandwidth and sensitivity, but also offers the 

-
cromachining or new process technology, it 
is necessary to meet the requirements of high 

antenna manufacturing requirements, most 
of them are of low efficiency and high cost, 
mainly because of the high-precision of pro-
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-
erating in a variety of harsh environments, and 
can reduce the impact of transmission loss, 
so high-gain antenna research is an inevitable 

suitable for high gain operation mainly in-

antennas can achieve a maximum gain of 35 

the lens, while the microstrip antennas has the 
lowest gain, which is basically less than 10 

array designed in [131] can achieve a gain of 
-

signing arrays are two solutions for designing 

that the antenna array can greatly improve the 

The microstrip antenna of [133] has the small-

-

m3 m3, which shows the trend 

communication system, the performance of 
-
-

eral, efficiency and gain are used to measure 
the antenna’s energy conversion and radiation 

are used to evaluate the antenna’s directivity 

to measure the antenna’s available frequency 

communication is the atmospheric attenua-

inevitable, increasing the gain of the trans-
ceiver antennas is used to compensate the free 

-
cations, the larger operating bandwidth and 
atmospheric path loss require the antennas to 

-

on-chip antenna technology mainly focuses 
on how to improve antenna gain and radiation 

-
stant of the silicon substrate, most of the ener-
gy is bound in the silicon substrate in the form 

of the silicon substrate causes most of this 

Table IX.  Size comparison of THz antennas. 

The silicon lens has a radius of 6 mm, an 
extended Manufactured by deep reac-

tive ion etching length of 150 m, and a 
bottom silicon wafer of 30 m

Manufactured by deep reactive 
ion etching

[119]
is 1mm

[120]
The silicon lens has a radius of 5 mm and 

an extended length of 950 m
/

[123] 3 The waveguide wall is selected to 

[125] m3

m3

material

550×550×40 m3

material

[129] 3

[130] m3

material

[131] m3 -
ogy

[133] m3
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bined with encryption technology, it is expect-

above analysis, the machining process uses 
commercial milling technology and antenna 
material select low-cost materials such as 

approaches have certain defects and require 

hoped that through the innovation of materials 
and process technology, it is expected to man-

Due to the huge market demand and the im-
provement of silicon-based semiconductor 

integration of single or multiple antennas on 
the chip package can improve the antenna 

-

chips and modules, the high-precision process 

-

known that the progress of highly integrated 

ft and fmax 

-

-

-
ray requires very high process precision and 

process technology can not meet the design 

needs to be improved from the two aspects of 

people pay more and more attention to person-
al privacy and information security issues, es-
pecially some important information related to 

can be combined with encryption technology 
-

symmetric encryption technology and asym-

algorithm has a small number of keys and is 
-

Table X.  Gain comparison of THz antennas. 

[102]

[103] 25

[104]
strip

[109]

[110]

[114]

[115]

[123]

[124] >35

[91]

[129]

[130]

[131]

[132]

[133]

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on July 29,2020 at 02:18:07 UTC from IEEE Xplore.  Restrictions apply. 



China Communications • July 2020 157

-
diation performance of the antennas to achieve 

-
propriate packaging technology to improve the 
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