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Abstract
A rapid development of wireless technologies is observed over the last years. This is due to the growing need of increasing the datatransfer rate between mobile devices. To achieve this goal, a transition to higher frequencies is required. In this sense, the terahertz(THz) range seems to be very promising. The THz communication systems should be equipped with devices capable of rapidlycontrolling the output radiation pattern. One of the most hopeful approaches is the use of phased array antennas. This paper presentsthe results of simulations of phased array antenna on a platform of metamaterial silicon with cylindrical perforations. For the first time,the dependence of the radiation pattern of a phased antenna array on the phase difference between antenna elements at a frequency of150 GHz was simulated. The dimensions of perforations are much smaller than the wavelength in the material. The local heating of thesubstrate was chosen as the phase adjustment method. The obtained results confirm the possibility of practical implementation of theproposed concept for the development of widely used new generation devices with higher data transfer rate.
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1. Introduction

In recent years, a growth in the need of increasing thewireless data transfer rate is clearly observed. This is dueto the current progress in areas such as information appli-cations based on the processing of big data (Zhang et al.,2018), as well as augmented reality technologies (Chac-cour and Saad, 2020). An increase in the data transferrate is possible due to the transition to higher radiationfrequencies, namely, to the sub-terahertz and terahertzrange. The efforts of many leading scientific teams aroundthe world are aimed at developing such systems. Somepositive results have already been obtained. In particular,the work (Corre et al., 2019) demonstrates the operationof a practical sub-terahertz 6G wireless communicationsystem with a data transfer rate of up to 1 Tbit per second,

which has the potential to further increase the data trans-fer rate in the case of a transition to terahertz (THz) signalfrequencies.
At the same time, the use of THz radiation in such sys-tems is associated with a number of difficulties. First of allthis is due to the strong absorption of the THz radiation inthe atmosphere, primarily by water vapor. For this reason,for example, it is necessary to place THz telescopes in theareas with an arid climate (Nyman et al., 2010) or in strato-sphere (Krabbe, 2000), or best of all in space (Smirnovet al., 2012). There are some transparency windows in thesub-THz and THz ranges (Boronin et al., 2014). However,this remains a significant problem that limits the abilityof THz systems to transmit data over long distances. Inpractice, this means that such systems can be used for
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indoor wireless networks, like Wi-Fi, but not for signaltransmission over long distances, at least for terrestrialapplications.Another important problem is that metal waveguidesused in THz systems are characterized by strong absorp-tion. The solution to this problem can be the use of di-electric waveguides. In particular, it was shown in (Gaoet al., 2019) that losses in dielectric waveguides can be sev-eral orders of magnitude smaller than in metal ones. Inaddition, in some cases, dielectric waveguides are easierto manufacture and also allow the integration of severalelements on a single platform, which greatly facilitatesthe operation and repair of such THz systems.In Section 2 we present a brief description of the litera-ture on the current progress in investigation and fabrica-tion of the THz dielectric waveguides, coupling elementsand phased antenna arrays. Section 3 provides details ofthe design and simulation of the integrated structures un-der study based on the platform of silicon substrate withperforations. Section 4 confirms the possibility of prac-tical implementation of the proposed concept of the THzphased antenna array in view of the simulation results.Section 5 states the main conclusions of the research anddescribes the future work.
2. State of the art

Many leading scientific and technical teams are workingon the development of THz dielectric waveguides. For ex-ample, in (Malekabadi et al., 2014) a silicon strip waveg-uide with a low absorption coefficient is demonstrated. Ataper was used as a matching element in this work. Amongthe shortcomings, the difficulty of integrating this type ofwaveguide with other elements should be mentioned. Thisis due to the peculiarities of its manufacturing technology.Also, the working band of this waveguide is relatively small.An alternative to this is a photonic crystal waveguide (Yuet al., 2019). But it demonstrates even narrower operationbandwidth as well as relatively high dispersion.It should also be noted that in order to create practicalTHz data transfer systems, it is necessary to use devicesthat allow fast non-mechanical changing of the radiationpattern. This problem is difficult to solve without the useof phased array antennas. The phased array antennas isa device consisting of an array of individually excited an-tennas with their own specified amplitude and relativephase. With the help of phase shifters or discrete delaylines, the output radiation pattern of the array can dy-namically change depending on the relative phase of eachelement of the array. By themselves, phased array anten-nas have been demonstrated many times in the opticaland millimeter frequency bands (Kossey et al., 2018; Lenget al., 2021; Lu et al., 2018). At the moment, there are twomain implementations of phased antenna arrays in theTHz range. The first method (Lu et al., 2018) uses an opti-cal photonic integrated circuit matched to a femtosecondlaser. This method has many advantages including ob-

taining high power at the output from the antenna andusing a well-developed optical technology. However, theuse of such systems greatly increases the cost and com-plicates antenna systems, which makes it impossible forwidespread use. In the second method (Guo et al., 2018)an array of phase-locked millimeter sources is used. Thephase of these sources can be reconstructed relative toeach other. The main advantage of this method is the useof available powerful millimeter sources, the frequenciesof which can be multiplied up to THz. But it should benoted that the problem of such a phased array antennas isthe need of synchronization of the various sources so thatthey have a well-defined relative phase, which is neces-sary for beam steering. This is the key limiting factor inthe design of large 2D phased array antennas.
Another problem is the choice of a technique for obtain-ing a phase shift. In the optical range, the common solu-tion is use of delay lines, which make it possible to createa discrete phase shift depending on the length of the delayline (Liu et al., 2002). Another method consists of heatinga portion of the waveguide with an electrode (for exam-ple, a metal (Wang et al., 2002) or graphene (Yan et al.,2017)). This changes the refractive index of the waveg-uide due to the thermo-optical effect (Kim et al., 2015). Asfor the THz range, some methods for phase changing pre-sented in literature. The first type includes the use of liquidcrystals (Yang et al., 2018; Ji et al., 2019; Lin et al., 2011).The main advantages of liquid crystal phase-shifting de-vices are their small size, insensitivity to polarization, andlow transmission losses. However, the technological dif-ficulties of creating such devices and the complexity ofintegration with photonic integrated circuits make themunsuitable candidates for widespread practical applica-tion. Another promising phase restructuring method isbased on the use of graphene. In (AzimBeik et al., 2018),phase modulators made of graphene with contact pads aredemonstrated. Such devices are small and easy to fabri-cate by the well-known method of transferring grapheneonto a substrate. The use of the thermo-optical method fortuning the refractive index in the THz range was demon-strated in (Vogt et al., 2018). This method of phase shiftingseems to be the simplest one for creating the phased arrayantennas.
It should be noted that simulation of waveguide struc-tures has already been carried out earlier and was pub-lished in the literature and presented at the conference inthe previous years. For example, in the paper (Elmanovaet al., 2021) a model of an integrated photonic device basedon an O-ring resonator and loop waveguide reflector oper-ated at telecom wavelength (1550 nm) was demonstrated.However, the study of the possibility of creating a fullyintegrated phased array antenna on an all-dielectric meta-material substrate at a frequency of 150 GHz has not beencarried out to date. In this work, we simulate the phasedarray antennas based on a perforated high-resistance sili-con platform. The dimensions of the perforations are inthe deep subwavelength range which makes it possible to
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Figure 1.Waveguide topology defined by a square array of cylindrical perfo-rations in a high-resistance silicon substrate. Taper is the possible couplingelement.

Figure 2. Field distribution inside the waveguide for given parameters. Thered dotted line marks the boundaries of the substrate and the central partof the waveguide.

provide a wide bandwidth with low dispersion. The phaseadjustment is carried out by local heating of the substrateon both sides of the waveguide. This approach has thepotential for widespread practical application due to theease of fabrication, operation, and repair of THz devicesbased on it.

3. Materials andMethods

The waveguides and integrated horns were formed by a pe-riodic perforations in a high-resistance silicon substrate.A square lattice was used as a periodic structure (see Fig. 1).The refractive indices of the effective medium for TE andTM polarizations in the case of filling the space inside theperforations with air were calculated according to the the-ory presented in (Subashiev and Luryi, 2006):

Figure 3. Electric field distribution in the central section of the phasedarray antenna with a phase difference at the input ports equal to 3π/2.

nTE = nSi
√ 1 + k + εSi(1 – k)1 – k + εSi(1 + k) , (1)

nTM = nSi
√
k
εSi

+ 1 – k, (2)

k = πd2
4a2 . (3)

Here nSi = (εSi)0.5 is the reflectance index of the high re-sistive silicon, d is the diameter of perforations, a is the dis-tance between centers of perforations, and k is the fillingfactor. During the simulation, the TE polarization of radia-tion was studied. The following structure parameters wereset in the simulation. The permittivity of high-resistancesilicon was 11.7, the diameter of cylindrical perforationswas 73 µm, the distance between centers of perforationswas 165 µm, the silicon substrate thickness was 400 µm,the waveguide effective width was 585 µm, and the simu-lation frequency was 150 GHz. For the given configurationof simulated structures, a single fundamental TE1 modewas realized in them (see Fig. 2). The calculated value ofthe refractive index for TE polarization was equal to 3.
A phased antenna array consisting of 2 elements wassimulated. The smallest distance between the elements ofthe phased antenna array (between the edges of the hornsat the opposite end of the substrate with respect to the in-put ports) was 200 µm. The radius of the sphere filled withair everywhere around the substrate with the structureunder study was 4500 µm in the model. During the simula-
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Figure 4. Dependence of the radiation pattern of phased array antenna ata frequency of 150 GHz on the phase difference of the signal radiation ateach element of the array.

tion, for the calculated field distribution at the boundary ofthe structure with the implemented wave mode and givenboundary conditions, the following differential equationwas numerically solved:

∇× 1
µr

(
∇× E⃗

) + k20
(
iσ
ωε0 – εr

)
E⃗ = 0. (4)

Here E⃗ is the electric field vector, µr and εr are the rela-tive magnetic and dielectric permittivities, σ is the specificconductivity, ω is the cyclic frequency, ε0 is the dielectricconstant, k0 is the wave number, and i is the imaginaryunit.

4. Results and Discussion

As can be seen from Fig. 4, it is possible to obtain a devia-tion of the central lobe of the phased array antenna patternby about 20 degrees with a radiation phase difference atthe input ports equal to 3π/4. The field distribution ob-tained in the structure for this phase difference is shownin Fig. 3.
In this research, the phase adjustment will be carriedout by local heating of the substrate on both sides of thewaveguide. The simulation results show that when a pla-nar heating element is powered by 25 V direct current, it ispossible to increase the effective temperature of the waveg-uide by 400 K (see Fig. 5), which will allow the phase to be

Figure 5. Temperature distribution on the substrate when it is heatedby a heating element powered by 25 V direct current. The contour of theheating element is indicated by a dotted red line. The temperature of theenvironment (the air around the substrate) was 300 K in the simulation.

changed by
∆φ = l

λ0 × 2π∆n = l
λ0 × 2πα∆T. (5)

Here l = 20 mm is the length of the waveguide, λ0 = 2 mmis the wavelength of radiation in vacuum,α = 1.37·10–4 K–1
is the thermooptic coefficient of silicon (Vogt et al., 2018).The calculations give the result of ∆φ = 3.44 rad. Thus, thecalculations show that it will be possible to cover the entirerequired range of phase tuning on the array elements.These results show that a phased antenna array on apure THz metamaterial photonic integrated circuit canbe realized using metal heaters as phase shifters. Such adevice can be equipped with rather simple coupling sys-tem, in comparison with the optical range. This platformwill have small geometric dimensions, and also a relativelylow cost, which is important for the widespread practicalapplications.
5. Conclusions

The presented results of simulation confirm the possibil-ity of practical implementation of the proposed conceptof photonic phased array antennas on a perforated high-resistance silicon substrate platform with active phase ad-justment by local heating of the substrate. These phasedarray antennas can be used to create devices for controllingthe parameters of the output THz radiation beam, whichwill be the main components of the next-generation com-munication systems. At the same time, it should be notedthat the thermal method of phase adjustment has somelimitations associated primarily with the relatively lowspeed of operation. Further work will be related to thesearch for alternative possibilities for fast phase adjust-
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ment. The experimental verification of the simulationresults is also planned.
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