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Abstract
The future of wireless networks is tightly related to the use of the terahertz frequency band. Due to the significant decrease in availablepower at carrier frequencies in wireless channels, the next-generation communication systems should utilize novel electronic devicesfor a highly directional and fast beam steering. It can be implemented if revised antenna array solutions are employed for transceivingand routing of terahertz beams. The development of time-efficient and reliable simulation techniques is vital to their designs. In thiswork, we report on the hybrid model of a terahertz reflective phase shifter that can be used as a unit cell in intelligent reflectingsurfaces. The phase shifter is configured via biasing of built-in Schottky diodes. Explicitly defined impedance-voltage characteristicsof the diodes are introduced into the parameterized electromagnetic model of the phase shifter for the Floquet port analysis. Thedeveloped model enables rigorous analysis of the intelligent reflecting surface performance beyond 100 GHz. In particular, we use it todevelop requirements on planar diodes with Schottky microcontacts suitable for a 140 GHz intelligent reflecting surface with 2-bit unitcells. The modeling shows that an ideality factor of 1.5, a saturation current of 13 pA, a series resistance of 5Ω, and an anode shuntcapacitance of 3 fF are sufficient to implement such a surface with a reflectance below –2 dB.
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1. Introduction

Society needs in information handling capacity inevitablygrow. This motivates active studies in the next-generationcommunication area (Giordani et al., 2020). The terahertz(THz) frequency band is considered beneficial for the up-coming sixth-generation (6G) wireless networks. Its uti-lization, however, is accompanied by the necessity to dealwith high propagation losses due to atmospheric absorp-tion, scattering on obstacles and dynamic blockages (Shu-rakov et al., 2023). Thus, 6G wireless systems should relyon THz transmitters and receivers with highly directivereconfigurable beams. This together with the use of intelli-gent reflecting surfaces (IRSs) is proposed as a promising

solution for the enhanced signal delivery at carrier fre-quencies beyond 100 GHz (Basar et al., 2019).
Generally speaking, IRS consists of numerous periodicelements providing effective control of the wavefront al-tering the phase, magnitude and polarization upon beamrouting (Long et al., 2021). A large number of IRS designsis recently proposed. Those include devices with tuningmechanisms based on i) slow-speed liquid crystals andmicro electromechanical systems, ii) ultrafast transistorand diode-based electronics (Yang et al., 2022).
Considering a practical IRS as a part of a sub-THzwireless channel, one needs to account for the phase-dependent amplitude response of its unit cells, as well
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as for the cross-coupling between them (Jian et al., 2022).Beamforming optimization can be performed either i) ana-lytically, using an equivalent circuit model of a generalizedIRS structure (Abeywickrama et al., 2020), or ii) numer-ically, upon electromagnetic (EM) modeling (Costa andBorgese, 2021). The majority of recently reported IRS mod-els, however, focuses on operating frequencies well below100 GHz, when discrete metal-oxide-semiconductor field-effect transistors (MOSFETs) and varactor or positive-intrinsic-negative (PIN) diodes can be used for phase shift-ing (Liu et al., 2019; Zhu et al., 2013; Dai et al., 2020). Thisresults in a variety of unconsidered aspects related to thedevelopment and implementation of a THz IRS as a mono-lithic integrated circuit (IC). Moreover, the existing unitcell models of IRS are rather indirectly linked to semicon-ductor physics. And they do not allow one to easily predictchanges in performance at different incident power lev-els due to temperature-dependent transport properties ofspace charge regions in IRS unit cells (Tang et al., 2012;Tarasova et al., 2021).The use of Schottky diodes in an IRS unit cell ensuresits state switching time of less than a picosecond (Vas-sos et al., 2021). Given the fundamental lack of chargecarriers inertia, performance of a Schottky diode is com-pletely determined by fabrication technology (Mehdi et al.,2017) and EM design of its IC (Tang et al., 2013). Thus,the appearance of time-efficient and reliable simulationtechniques is vital to further progress of the THz Schottkydiode technology.In this work, we report on the hybrid model of a THzreflective phase shifter that can be used as an IRS unitcell. The phase shifter is configured via biasing of built-in Schottky diodes. Explicitly defined impedance-voltagecharacteristics of the diodes are introduced into the pa-rameterized EM model of the phase shifter for the Floquetport analysis. The developed model is used for the IRSperformance simulations at 140 GHz.The paper describes the methodology and main resultsof our study as follows. Section 2.1 is focused on the ana-lytic modeling of transport properties of microscale Schot-tky contacts suitable for THz applications. Section 2.2 pro-vides the extraction procedure of geometry-dependentparasitic parameters of planar diodes with Schottky mi-crocontacts. Parameterized EM model of a THz reflectivephase shifter making use of Schottky diode switches forphase control is described in section 2.3. The main findingsare further summarized in the conclusion section.
2. Methodology and Main Results

In this section, we focus on the modeling of a 140 GHzuniform IRS making use of revised planar patch antennaarray. Each IRS unit cell utilizes metallic slotted screenwith microscale Schottky diodes. When biasing them, onechanges the phase shift upon reflection of an EM wave.Magnitude and phase of the reflection coefficient are ac-quired by the Floquet port analysis. The diodes are con-

sequently modeled as full-scale multilayer systems andtheir RLC-circuits with predefined nonlinear properties.To ensure feasibility of further IRS fabrication, we rely onthe Schottky diodes actually produced in our cleanroom.
2.1. Microscale Schottky Contact

Equation 1 is used to explicitly define current-voltagecharacteristic of a Schottky diode, Id(Vd), by the Lambert
W0 function (Jung and Guziewicz, 2009; Prikhodko et al.,2021). We use this function to extract direct current (DC)transport parameters for a series of GaAs Schottky diodesfabricated at our cleanroom facility. The diodes utilizeSchottky contacts with area A = 0.785µm2 and dopantconcentration in n-GaAs epi-layer Nd = 4.2 × 1017 cm–3.

Id(Vb) = ηVt
Rs

W0
( IsRs
ηVt

exp(Vb + IsRs
ηVt

)) – Is, (1)
where η is the ideality factor, Is is the saturation current,
Rs is the series resistance and Vt is the thermal voltage.Mean and standard deviation values of the extracted DCparameters are provided in table 1.
Table 1. DC transport parameters of the fabricated Schottky diodes ex-tracted via W0-fitting.
η̄ ση Īs [pA] σIs [pA] R̄s [Ω] σRs [Ω]
1.51 0.08 12.6 8.38 4.98 2.01

To properly implement THz Schottky diode IC, it is alsovital to account for the alternating current (AC) transportproperties of a Schottky contact. In case of conventionalRC-model, the equivalent circuit of the space charge re-gion is presented by the voltage-dependent resistance
Rj(Vb) and capacitance Cj(Vb) connected in parallel. Andone can define its differential conductivity as dGj(Vb) =
dIj(Vb)/dVb, where Ij is the transport current through theSchottky barrier in accordance with the thermionic emis-sion model (Sze et al., 2021). When minor impact of thetime-varying depletion region width is neglected for smallsignals, the impedance of the Schottky contact, Ẑj(Vb),obeys equation 2 for a given operating frequency, f .

dGj(Vb) = d
dVb

(
Īs exp( Vb

η̄Vt

) – Īs

)
Cj(Vb) = A

(2 (ψbi – Vb)
εrε0qNd

)–0.5 , where
ψbi = η̄Vt ln(AART2

Īs

) – (η̄– 2) Vt ln( Nc
Nd

) ,
where εr is the relative permittivity of GaAs, ε0 is the vac-uum permittivity, q is the electronic charge, AR is theRichardson constant, Nc is the temperature-dependentdensity of states in the conduction band and T is the oper-
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ating temperature.

Ẑj(Vb) = (
dGj(Vb) + i 2πf Cj(Vb))–1 (2)

2.2. Planar Schottky Diode

For series interconnection of a two-port lumped circuitwith impedance ẐRLC and input/output lossless transmis-sion lines with impedances Ẑ0 and electrical lengths ϕ,the resulting ABCD-parameters matrix is defined by equa-tion 3. Equations 4–6 determine the ABCD-parametersmatrices of the input transmission line, the lumped circuitand the output transmission line, respectively.

ABCDres = 3∏
m=1

ABCDm, where (3)
ABCD1 =

[ cosh(iϕ) ẐO sinh(iϕ)
Ẑ–1

O sinh(iϕ) cosh(iϕ)
]

(4)
ABCD2 = [1 ẐRLC0 1

] (5)
ABCD3 =

[ cosh(iϕ) ẐO sinh(iϕ)
Ẑ–1

O sinh(iϕ) cosh(iϕ)
]

(6)

As shown in figure 1, we choose a coaxial transmissionline to probe impedance of a planar Schottky diode. We useHFSS as a simulation software. The transmission line isexcited by two wave ports (Port 1 and Port 2). Both planarinner wire and surrounding concentric shield (GND) of thetransmission line are modeled as perfect conductors. Theinner volume is filled with vacuum. The Schottky diodeis integrated with the planar wire. The wire, in turn, issurrounded by quartz and polyethylene substrates withpermittivities εr1 = 3.78 and εr2 = 2.25, respectively. Weuse a symmetry plane (SP) boundary to increase accuracyfor a given simulation time. Geometrical parameters ofthe transmission line and the diode are summarized intable 2. The developed EM model has an equivalent circuitprovided in figure 2.
We adjust the developed EM model in accordance withfigure 1(b) and calculate the resulting Y-parameters ma-trix. Given that Schottky contact is implemented by theanode suspended bridge contacting GaAs mesa, the bridgeimpedance Ẑb = (i 2πf Cb–i (2πf Lb)–1)–1 can be directly ex-tracted. We model all the structural elements of the diodeIC, except for the SiO2 layer, as perfect conductors. Thus,only the imaginary part of the admittance is of interest.Since ϕ ≈ 0 for the chosen transmission line length, theinterrelation between Y- and ABCD-parameters definedby equation 7 can be reduced to equation 8. Since ẐRLC = Ẑbfor the considered SHORT circuited planar diode structure,the calculated Yres[1, 2] = 0.0571i S results in Ẑb = 17.5iΩ.
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Figure 1. a) EM model of a planar Schottky diode integrated with coaxialtransmission line. b–c) Planar diode structures with SHORT and OPENcircuited Schottky contacts. The notations are: 1 – anode pad, 2 – anodesuspended bridge, 3 – SiO2 layer, 4 – GaAs mesa, 5 – ohmic contact.
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Figure 2. Equivalent circuit of a planar Schottky diode integrated withcoaxial transmission line.

Yres = 1
ABCDres[1, 2]

[
ABCDres[2, 2] –|ABCDres|–1 ABCDres[1, 1]

] (7)

Yres =
[

Ẑ–1
RLC –Ẑ–1

RLC–Ẑ–1
RLC Ẑ–1

RLC

]
(8)

We further adjust the EM model in accordance withfigure 1(c) and calculate the resulting Y-parameters ma-trix again. In this case, ẐRLC = Ẑb – i (2πf Ca)–1, where
f = 140 GHz. We acquire Yres[1, 2] = –0.00247i S, whichcorresponds to the anode shunt capacitance Ca = 2.69 fF.

It is worth mentioning that almost identical simulationresults are obtained in case of a half-wave long transmis-sion line, i.e., when ϕ = π and equation 8 is also valid.
2.3. IRS unit cell

We use the results described earlier in sections 2.1–2.2 toexplicitly define impedance-voltage characteristic, Ẑd(Vb),of our typical planar Schottky diode. Equation 9 deter-mines Ẑd(Vb) for predefined Ẑj(Vb), Ca, Ẑb. The impedance
real, Re(Ẑd), and imaginary, Im(Ẑd), parts are plotted infigure 3 for bias voltages from -3 to 1 V. We further intro-duce the acquired impedance-voltage characteristic into a
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Table 2. Geometrical parameters of the developed EM model.

Coaxial transmission line: Planar Schottky diode:
dout win ltl h1 w1 h2 w2 hp wp tb wb1 wb2 lb td sd hm wm lm tc wc lc

245 10 25 10 20 10 20 1.95 10 0.5 7 1 7.5 0.25 1.5 1.2 10 7 0.1 10 7
Here dout is the diameter of the transmission line shield, win is the width of the transmission line planar inner wire, ltl is the transmission line total length, h1 is the height of the
quartz substrate, w1 is the width of the quartz substrate, h2 is the height of the polyethylene substrate, w2 is the width of the polyethylene substrate, hp is the height of the anode
pad, wp is the width of the anode pad, tb is the thickness of the anode suspended bridge, wb1 is the width of the anode suspended bridge at anode pad, wb2 is the width of the anode
suspended bridge at Schottky contact, lb is the lenght of the anode suspended bridge, td is the SiO2 thickness, sd is the spacing between SiO2 and ohmic contact, hm is the height of
the GaAs mesa, wm is the width of the GaAs mesa, lm is the length of the GaAs mesa, tc is the thickness of the ohmic contact, wc is the width of the ohmic contact, lc is the length of
the ohmic contact. All dimensions are in micrometers.
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Figure 3. Impedance-voltage characteristic of our typical planar Schottkydiode.

parameterized EM model of a 140 GHz IRS unit cell.

Ẑd(Vb) = (Ẑj(Vb)–1 + i 2πf Ca)–1 + Ẑb (9)
The developed EM model of the IRS unit cell is presentedin figure 4. The unit cell has half-wave dimensions. It uti-lizes metallic slotted screen with 5 planar Schottky diodes(PSD 0 – PSD 4) inserted in between of front and rear met-allizations of a rectangular patch antenna. When biasingthem, one changes the phase shift upon reflection of anEM wave. The diodes are modeled as sheet impedanceboundaries for 2 different bias states. In state 0, PSD 0 hasimpedance Ẑd(Vb1) and PSD 1–4 have impedance Ẑd(Vb).In state 1, PSD 0 and PSD 2–4 have impedance Ẑd(Vb1),PSD 1 has impedance Ẑd(Vb). During simulations, we keep

Vb1 = 1 V and sweep Vb from -3 to 0.7 V. Magnitude andphase of the reflection coefficient are acquired by the Flo-quet port analysis. We define side faces surrounding thepatch antenna and a quarter-wave vacuum insert aboveit as master/slave boundaries (MB 1/SB 1 and MB 2/SB 2)to implement 2-dimensional periodicity. All the metallicsurfaces are modeled as perfect conductors. The widthof the slots in the metallic slotted screen is 25.5 µm. Di-electric quartz (εr1) and polyethylene (εr2) substrates havethicknesses of 150 and 100 µm, respectively.Results of the Floquet port analysis are summarized infigure 5. Here the phase shift is defined as the differencein arg(S[1, 1]) values between IRS unit cell states 0 and1, and the reflectance is calculated as mag(S[1, 1]) mean.Maximum reflectance and nearly 90 deg phase shifts are
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Figure 4. Parameterized EM model of a 140 GHz IRS unit cell. All lineardimensions are to scale.

-12

-10

-8

-6

-4

-2

0

0

20

40

60

80

100

120

-4 -2 0 2

R
eflectan

ce [dB
] P

h
as

e 
sh

if
t 

[d
eg

] 

Vb [V] 

Phase shift

Reflectance

Figure 5. Results of the Floquet port analysis of a 140 GHz IRS unit cell.

observed for switching above-the-barrier DC bias volt-age to that on the reverse branch of the current-voltagecharacteristic. This proves efficient switch-like opera-tion of Schottky diodes and, therefore, 2-bit phase shiftresolution (2 more bias states are available for a given Vbvalue) of IRS unit cell. Thus, the developed IRS with phase-configured unit cells (Nayeri et al., 2018) is capable of fastmulti-state beam steering at 140 GHz. The forward biasvoltages are characterized by either high reflection lossesor constant phase shifts which is unacceptable for IRS op-eration. However, we believe that this can be changed,and impedance control can provide additional phase shift
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states if the Schottky diodes DC and AC transport prop-erties are properly tuned. This, in turn, should increasenumber of available states for IRS upon beam steering. Weplan detailed investigation of this statement in the nearestfuture. It is also worth mentioning that the performed sim-ulations prove the suitability of our Schottky diodes withan ideality factor of 1.51, a saturation current of 12.6 pA, aseries resistance of 4.98Ω, and an anode shunt capacitanceof 2.69 fF for IRS unit cells with a reflectance of –1.8 dB.Thus, we further plan to implement a 2-bit 140 GHz IRSand to justify its simulated performance experimentally.
3. Conclusions

In this work, we focus on the modeling of a 140 GHz in-telligent reflecting surface making use of revised planarpatch antenna array. Each unit cell of the surface utilizesmetallic slotted screen with microscale Schottky diodes.When switching their impedances, one changes the phaseshift upon reflection of an electromagnetic wave. Magni-tude and phase of the reflection coefficient are acquired bythe Floquet port analysis. The diodes are modeled as RLC-circuits with predefined nonlinear properties. Both fun-damental and implementation-dependent transport pa-rameters of the diodes are incorporated into the developedelectromagnetic model of the intelligent reflecting surfaceunit cell. We believe that our findings will be useful in thedesign optimization of such surfaces being actively devel-oped for an ultrafast beam steering in the next-generationwireless communication systems. In particular, we assessour Schottky diode technology and find out that planardiodes with feasible parameters (namely, ideality factorof 1.5, saturation current of 13 pA, series resistance of 5Ω,anode shunt capacitance of 3 fF) are suitable for relativephase shifts of 90 deg with corresponding reflectancesbelow –2 dB. Thus, the fabrication and performance testsof a 140 GHz diode-based intelligent reflecting surface arein our future plans.
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