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Abstract
One of the priority technological challenges of our time is to increase the speed of wireless data transfer. The solution of this problem isassociated with the transition to terahertz frequencies of the carrier signal. To create real practical terahertz data transfer systems, it isnecessary to develop devices that can change the radiation pattern in a non-mechanical way. One possible solution is to use phasedantenna arrays, in which radiation is applied to each antenna element with the required pre-tuned phase. However, the development ofa phase shift device in the terahertz range still remains largely an unsolved problem. In this paper, we present the results of simulationthe phase shift of a terahertz wave in the integrated metamaterial waveguide made of high-resistance silicon substrate with increasingof its temperature. The obtained phase shift is sufficient to make it possible to use these phase shifters in developing terahertzintegrated phased antenna array. These devises will be a part of the future next-generation terahertz data communication system witha high data transfer rate.
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1. Introduction

Increasing the wireless data transfer rate has become oneof the main technological challenges of our time. This needis associated with significant progress in many advancedscientific and technical fields such as machine learningand big data processing (Zhang et al., 2018), augmented re-ality (Chaccour and Saad, 2020) internet of things (Khalidet al., 2019), and live streaming (Nallappan et al., 2018).The development of these areas is primarily associatedwith an increase in wireless traffic rate (Elayan et al., 2018).To solve this problem, a transition to a shorter wavelengthrange, in particular, to the terahertz (THz) region, is re-quired.
Despite the fact that THz radiation is strongly absorbedby water vapor contained in the air, the use of this rangeseems justified due to the presence of transparency win-

dows at frequencies around 150 GHz and also in the rangefrom 200 to 300 GHz with low atmospheric losses (ITU-R,2012). Using these windows will allow to create data trans-mitting systems that operate indoors, like WiFi, but witha much higher data transfer rate. Lab prototype of systemat 0.2375 THz for transmitting data over 20 m at a data rateof 100 Gbps have already been demonstrated (Koenig et al.,2013).
It should be also noted that metal waveguides widelyused for millimeter waves applications are not acceptablein THz range, because they demonstrate a rather high in-sertion loss in this range. An obvious solution under suchconditions is the use of all-dielectric waveguides (Gao et al.,2019). To create real practical THz data transfer systems, itis necessary to develop devices that can rapidly change theradiation pattern in a non-mechanical way. The possiblesolution is to use phased antenna arrays, in which radia-
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tion is applied to each antenna element with the requiredpre-tuned phase (Mailloux, 2017). However, before manu-facturing and subsequent measurement of the character-istics of a phased antenna array, it is necessary to simulateit in order to optimize the parameters of its components,such as the length of the waveguide phase shifters, the ge-ometric parameters of the coupling elements and others.
2. State of the art

Based on what has been said in the previous chapter, it canbe concluded that the phase shift in THz wave-guidingstructures is an important scientific and practical problem.In the optical range, a delay lines are used for these pur-poses, which make it possible to create a discrete phaseshift depending on the length of the delay line (Liu et al.,2002). Another method is based on heating part of thewaveguide with an electrode (for example, a metal (Wanget al., 2019) or graphene (Yan et al., 2017)) and changingthe refractive index of the waveguide in accordance withthe thermo-optic effect.At the same time, despite the recognition by the scien-tific community of the importance of this research area,the analysis of the literature shows that previously pub-lished papers about the simulating and experimental studyof the phase shift in dielectric waveguides by heating re-late mainly to the telecommunication range (1.55 µm).There are also a limited number of publications devotedto the study of the thermo-optic effect in the terahertzrange. In particular, on the basis of experiments on study-ing the change of the resonant frequency of whisperinggallery–mode resonators, the results of measurements ofthe thermo-optic coefficient of silicon at frequencies of459 and 659 GHz are presented (Vogt et al., 2018). To thebest of our knowledge, such methods at the frequency of150 GHz have not yet been demonstrated.In our previous work presented at the symposium lastyear (Seliverstov et al., 2022a), we described in detail theconcept of creating a THz photonic integrated phased an-tenna array based on metamaterial silicon substrate withperforations. This paper is a continuation of the first one.Here we present the results of simulation the phase shiftof a THz wave in the integrated all-dielectric waveguidemade of high-resistance silicon substrate with increasingof its temperature. The obtained phase shift is sufficientto make it possible to use these phase shifters in develop-ing terahertz integrated phased antenna array. Togetherwith the achievements outlined in our previous article, thisresult confirms the possibility of creating practical high-speed terahertz data transfer systems using the proposedapproach.The structure of this article is organized as follows. Theintroduction 1 describes the motivation and relevance ofthe study. The chapter 2 presents the current state of theresearch area, as well as an overview of the previous worksof our research group, including a report on the relatedtopic presented at the conference last year. The chapter 3

Figure 1. Flowing of a wave mode from one waveguide to another closelyplaced waveguide of the interferometer.

describes the basic principles and methods by which thesimulation was carried out. The chapter 4 presents theresults and their interpretation, as well as gives a briefplan of our further investigations. The article ends with aconclusion 5 with a description of the main results of ourstudy.
3. Materials andMethods

A 3D model was used to study the dependence of the heat-ing temperature on the voltage applied to the heater. Theheater was a planar structure of contact-pads and a narrowrectangular titanium wire located on the surface of a high-resistance silicon substrate. The wire width was 50 µm. Itslength was 20 mm. The thickness was 1 µm. The ambienttemperature was set equal to 293 K. The simulation resultsshowed that the substrate heats up almost uniformly atgiven applied voltage.
The waveguide width was chosen to be equal to thewavelength in the material, which is 585 µm. To create aneffective medium on both sides of the waveguide, a peri-odic square-lattice structure of openings was used. Thethickness of the high-resistance silicon substrate witha permittivity of 11.7 was 400 µm. The holes radius was36.5 µm. The distance between the centers of the holeswas 165 µm. Simplified, the physics of a metamaterialwaveguide can be described as follows. The lattice of open-ings creates an efficient medium with a lower permittivitythan of the Si core of the waveguide. The wave propagatesalong the core and is reflected from the boundaries of thewaveguide created by the metamaterial cladding due tototal internal reflection, similar to how it happens in anoptical fiber. A detailed description of the characteristics ofthe employed effective medium waveguide structure canbe found in the paper (Seliverstov et al., 2022b). A taperwas used as a coupling element.
To study the dependence of the phase shift of the wavepropagating along the waveguide on temperature, a 2Delectromagnetic model with a Mach-Zehnder interferom-eter was used. The input power was fed into the interfer-ometer through a directional coupler. The length of thiscoupler had a such value that the power was divided inhalf between the input ports of the interferometer. Theoutput directional coupler connected to the output portsof the interferometer had the same length. In the model,the permittivity of one arm of the interferometer variedin accordance with the change in temperature. The per-mittivity of the other arm remained unchanged. Next, thefraction of power coming to one of the ports of the out-put coupler was calculated depending on the length of theinterferometer arms. Based on the periodicity of this de-pendence, a conclusion about the value of required opticalpath length to change the phase by a given value at any
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given temperature was made.The simulation was carried out under the assumptionthat the electric field does not change too fast comparedto the phase changes. In other words, a significant changein the magnitude of the electric field occured at lengthsmuch greater than the wavelength. In this case, the electicfield E⃗ can be presented as a product:

E⃗ = E⃗1e–i⃗k1⃗r, (1)
here E⃗1 is the envelope function, k⃗1 is a wave vector, r⃗ isthe position vector, i is the imaginary unit. The governingequation of the model that has been solved for E⃗1 duringthe simulation can be written as:

∇×
(
∇× E⃗1 – i⃗k1 × E⃗1

)–
–i⃗k1 ×

(
∇× E⃗1 – i⃗k1 × E⃗1

) – k20εrµrE⃗1 = 0, (2)

where k0 = 2π/λ0 with λ0 the vacuum wavelength, µr isthe relative permeability, and εr is the relative permittivityof the medium. It should be noted, that the Eq. 2 can besolved for E⃗1 only if k⃗1 is known. Its value is equal to k1 = β∥,where β∥ is the longitudinal propogation constant. It wasanalytically calculated using a formula:(
nωc

)2 = β2
∥ + β2

⊥, (3)
where n is the refractive index of the waveguide, ω isthe angular frequency of the elecrtomagnetic wave, c is thevacuum speed of ligth, and β⊥ is the transverse propoga-tion constant. The last one value was obtained by solvingthe eigenmode problem for each port of the model.

4. Results and Discussion

The electric field distribution indicated power overflowbetween two closely located waveguides of the interferom-eter is presented on the Fig. 1. The results of the simulationdependances of the temperature and phase shift on theapplied voltage to the heater are presented on Fig. 2. Asone can see, the temperature as well as the phase shiftincreasing with the increase of the voltage obeying thequadratic law as was expected.In particular, the simulation shows that when the sub-strate is heated by 100 K, to change the phase of the wavepassing through the waveguide by π, the required waveg-uide length l should be about 73 mm. This result is in agood agreement with the following simple analytical esti-mation:

l = ∆φ2π · λ0
∆n = ∆φ2π · λ0

α∆T , (4)

Figure 2. Obtained dependences of the waveguide temperature and phaseshift on the voltage applied to the heater.

here∆φ = π is the required phase shift, λ0 = 2 mm is thevacuum wavelength, ∆n is the change of the refractanceindex of the meduim by heating, ∆T = 100 K is the tem-perature increase, α = 1.37 · 10–4 K–1 is the thermo-opticcoefficient of Si obtained from the paper (Vogt et al., 2018).It should be noted that the indicated value of the thermo-optic coefficient was obtained at a radiation frequency of459 GHz. However, it was noted in the papers (Li, 1980;Frey et al., 2006) that the value of the Si thermo-opticcoefficient at frequencies below 1 THz slightly decreaseswith decreasing frequency.The obtained simulation results can be relatively easilyverified experimentally. The scheme of the experimentmay be as follows. With the help of two waveguide sections,a Mach-Zehnder interferometer with a source and a detec-tor of terahertz radiation will be assembled. To calibratethe interferometer, a phase shifter is installed in one ofits arms instead of the waveguide section. Further, whenthe waveguide is heated in one of the arms of the interfer-ometer, a signal is measured by the detector, from whichthe phase shift is determined according to the obtainedcalibration.This scheme will also allow us to study the rate of phasechange by heating. To do this, the heater will be biased byalternating current, the frequency of which will change,and the signal will be measured by a fast detector. Theresponse time of the system will be determined by the fre-quency of the bias current, at which the ratio of the signalamplitude to the amplitude of the bias current will be 2times less than at a low frequency current. At the moment,the efforts of the research group are aimed at creating anexperimental setup for carrying out the described experi-ment.
5. Conclusions

Despite the colossal efforts of leading scientific and tech-nological groups around the world, the goals of creating anultra-high speed terahertz data transfer system are stilllargely unachieved. In this article, we have outlined ourlatest results on the way of solving this problem. In partic-ular, the article presents the following achievements:
1. The concept of phase shifting in a terahertz metama-terial silicon waveguide using heating is demonstrated.2. The phase change in the range from 0 to 2π is obtained.3. The possibility of using the proposed approach in prac-tical applications is confirmed.

Further plans for ongoing research are related to theexperimental demonstration of the proposed phase shift-ing mechanism, as well as the development of real devicesbased on the obtained results.
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