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Abstract. The rapid development of wireless devices, that take place over the last decade, 

is associated with an increase in the need to achieve a higher data transfer rate. To achieve 
this goal, it is necessary to use the terahertz (THz) range. The vast majority of THz devices 
(no matter bulk or integrated) require fast, non-mechanical beam shape control, which is 
generally defined as the ability to manipulate the shape of the radiation pattern in the desired 
way. But it is hard to implement without the use of photonic integrated phased array antennas. 
In this paper, the possibility of the creation of photonic integrated antenna which is a basic 
element of such a system is investigated and confirmed. The antenna is based on a platform of 
metamaterial silicon with perforations, the dimensions of which are in the deep subwavelength 
region, which makes it possible to provide a wide bandwidth with low dispersion.
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Аннотация. Бурное развитие беспроводных устройств, наблюдающееся в последнее 

десятилетие, связано с увеличением потребности в достижении более высокой скорости 
передачи данных. Для достижения этой цели необходимо использовать терагерцовый 
(ТГц) диапазон. Подавляющее большинство ТГц-устройств (независимо от того, объемные 
они или интегрированные) требуют быстрого немеханического управления диаграммой 
направленности выходного излучения. Эту задачу трудно реализовать без использования 
фотонных интегрированных фазированных антенных решеток. В данной работе исследуется 
и подтверждается возможность создания фотонной интегральной антенны, которая является 
базовым элементом такой системы. В основе антенны лежит платформа из метаматериального 
кремния с перфорациями, размеры которых находятся в глубоко субволновой области, что 
позволяет обеспечить широкую полосу пропускания при малой дисперсии.

Ключевые слова: фазированная антенная решетка, ТГц-диапазон, фотонные 
интегральные схемы, устройства связи, метаматериалы
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Introduction

In recent years, there has been a significant increase in the need to achieve higher wireless data 
transfer rates. This is due to progress in such fields as big data processing [1] and applications re-
lated to augmented reality [2]. This can be achieved by using higher signal frequencies. The most 
promising is the terahertz (THz) range. It has already been demonstrated that the data transfer 
rate can be increased to 1 Tb per second and higher due to the transition to the THz frequency 
region [3]. At the same time, the transition to THz radiation is associated with a number of dif-
ficulties. First of all, this is a high absorption of THz radiation in the atmosphere, which limits 
the use of such systems over long distances. Because of this, in particular, the most powerful 
telescopes in the THz range are placed in the stratosphere [4] or in space [5]. There are some 
transparency windows in the THz range, but they still do not allow signals to be transmitted over 
long distances [6]. In practice, this means that such THz data transfer systems can be used inside 
buildings, like Wi-Fi, but with orders of magnitude higher data transfer rate. Another problem 
is the large signal loss during radiation propagation in metal waveguides (on the order of several 
dB per cm [7]). The solution to this problem can be the use of dielectric waveguides, which are 
characterized by much lower values   of absorption of THz radiation [8].

A large number of leading scientific teams around the world are working on their development, 
and to date, some success has been achieved. In particular, paper [9] demonstrates a silicon strip 
waveguide optimized for two frequency ranges: 90–140 GHz and 140–220 GHz. In this work, 
authors achieved low losses in the waveguide and small values of dispersion, but at the same 
time, this type of waveguides is poorly integrated with other components on the same chip due 
to its design features. These limitations can be avoided by using waveguides formed in a single 
dielectric photonic crystal, made on a silicon substrate platform. For example, in [10], a photonic 
crystal waveguide with an isosceles triangular lattice based on a silicon slab at a frequency of 0.3 
THz was demonstrated. Unfortunately, this type of waveguide is characterized by a relatively low 
bandwidth and high dispersion. These problems greatly complicate the use of such waveguide 
technologies in real practical applications. In addition, the development of THz communication 
systems is associated with the need for a rapid (non-mechanical) change of the radiation pattern 
of THz emitters. But it’s hard to implement without using of phased antenna arrays [11], in which 
this change is carried out due to phase adjustment.

Phased array antennas in the THz range have been actively investigated in the last few years 
and some promising results have already been achieved. In particular, a phased array antenna 
based on the platform of optical photonic integrated circuits matched with femtosecond laser 
was demonstrated. Laser radiation undergoes a phase change like in conventional optical phased 
antenna arrays. The conversion of the laser infrared radiation into THz is carried out by mixing 
it with the tunable laser radiation u sing a photodiode [12]. It should be noted that the use 
of femtosecond laser greatly increases the cost and complexity of this system, which makes it 
impossible for widespread use. Another approach is based on employing of an array of millimeter-
wave sources with their subsequent s ynchronization [13, 14]. However, synchronization of a 
large number of sources is an extremely difficult task both in implementation and in compact 
integration, and also has a rather high cost. This greatly complicates its practical application.

To solve this problem, it is necessary to develop a simple and effective technology for creating 
THz phased array antennas. In this article the possibility of creation of the photonic integrated 
horn based on a platform of metamate r ial silicon with perforations is studied. It will be the 
key component for the future THz pha s ed array antennas available for widespread use. The 
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dimensions of the perforations are in the deep subwavelength region which makes it possible to 
provide a wide bandwidth with low dispersion.

Materials and Methods

The structures of the waveguides and the integrated horn were specified by a lattice of periodic 
through holes in a high-resistance silicon substrate. A square lattice of holes was chosen (see 
Fig. 1). The permittivity of the obtained effective medium for TE (εTE) and TM (εTM) polarizations 
was calculated by the following formulas [15]:
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where εSi is the relative permittivity of silicon, k is the filling factor. Note that the above 
formulas are valid for the case of filling the space inside the holes with air with a permittivity 
equal to 1.

Fig. 1. Topology of the waveguide given by a square lattice of cylindrical perforations 
(through holes) in a high-resistance silicon substrate

A taper can be used as a coupling element

Fig. 2. Electric field distribution in the waveguide structure: 
top view (a); end view (b)

a) b)
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The following parameters were set in the simulation. The substrate thickness was 400 µm. The 
radius of the air sphere around the substrate was 3500 µm. The frequency was 150 GHz. The 
permittivity of silicon was 11.7. The diameter of holes was 73 µm. The distance between centers 
of perforations was 165 µm. The waveguide effective width was 585 µm. The last value equals to 
the wavelength of the radiation in silicon. The permittivities of the obtained effective medium for 
TE and TM polarizations calculated by formulas (1) and (2) were equal to 9 and 10 respectively. 

A single TE1 mode was implemented for the given configuration of the antenna with this set 
of parameters (see Fig. 2). 

The power of radiation supplied to the incoming ports was equal to 1 W in 3D models. The 
boundary conditions were defined at the edge of the substrate where the input ports were located 
and specified on the sphere bounding the model in such a way that it completely scattered the 
radiation incident on it. The given model was discretized into finite elements (tetrahedra). After 
that, the following equation was numerically solved for the obtained mesh of elements to find the 
space distribution of the electric field vector:
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∇× ∇× + − ε = µ ωε 
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where µ is the relative permeability, ε is the relative permittivity, σ is the specific conductivity, ε0 
is the dielectric constant, k0 is the vacuum wave number, ω is the angular frequency of radiation, 
i is the imaginary unit. Iterations of discretization into a smaller elements and recalculations were 
carried out until the required accuracy was achieve. 

Results and Discussion

During the simulation of the integrated horn radiation pattern, the length of the input waveguide 
was fixed at 1000 µm and the flare angle of the horn was varied. One can see from the Fig. 3,b 
that the flare angle of about 10 degrees turned out to be optimal for providing the required shape 
of the radiation pattern and a sufficient area of overlap by the radiation beams from different 
elements of the proposed phased array antenna. The field distribution in the structure at the given 
angle is shown in Fig. 3,a.

Conclusion
The presented results of simulation confirm the possibility of practical implementation of the 

proposed concept of integrated horn antennas on a perforated high-resistance silicon substrate 
platform. These antennas will be used to create devices for controlling the parameters of the 
output THz radiation beam, which will be the main components for next-generation data transfer 
systems. It should be noted that the fabrication of the simulated structures will be implemented 
using standard CMOS technologies, which will allow their mass production.

Fig. 3. Simulation results of the integral horn: distribution of the electric field 
in the central plane of the structure (a); radiation pattern of the integral horn 

at different values of its flare angle (b)

a) b)
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