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ABSTRACT The increasing demand for ultra-wideband wireless communications has pushed requirements
of integrated circuits (ICs) to terahertz band. Operation in the terahertz band requires ultra-high efficiency
for all the building blocks in ICs; however, the conventional passive components prevent achieving desired
output power levels. Moreover, these components also strongly impede the synthesis of ICs as the design flow
requires an enormous number of full-wave analyses. In this paper, we present the first-ever, complete, closed
form, theoretical model for Terahertz Spoof Surface Plasmon Polariton Waveguides (THz-SSPP WGs),
which hold the record for the lowest loss performance among all the planar waveguides at 0.3 THz. The
electromagnetic field distribution around the THz-SSPP WG is non-uniform that even makes the solution
of the problem of a nonlinear differential equation of multiple variables even more challenging. Because
the guided-wavenumber is non-linear because of the dispersive behavior of the waveguide and the field
distribution, hence the boundary conditions depend on all the corrugation dimensions, substrate thickness,
and material properties. The proposed model is the first complete closed-form model not only among all THz-
SSPP WGs, but also any single conductor planar waveguide. The proposed model illustrates the behavior of
the confined and propagated electromagnetic wave around the THz-SSPP WGs, where the field distribution
pattern changes as any of the waveguide parameter changes in contrast with any conventional waveguide
with a ground.

INDEX TERMS Distributed circuit model, equivalent circuit model, single-conductor waveguides, terahertz
spoof surface plasmon polaritons, terahertz integrated circuits.

I. INTRODUCTION

The escalating motivation for high data rate wireless com-
munications has brought the desperate need to increase
the bandwidth of modern wireless communication sys-
tems. Several groups have been working on develop-
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ing wireless communication systems with the target of
increasing the bandwidth using both photonics-based [1]
and electronics-based [2] approaches. These systems have
reached up to wireless data rates higher than 100 Gbit/s wit
these approaches, also pushing the limits for the operating
frequencies significantly, reaching up to the terahertz band
(0.1-10 THz) [3], [4]. Besides, these systems that target
the terahertz band are capable of transmitting data thru at
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least 110 m long wireless links [3]. On the other hand,
the implementation of a high-performance ultra-wideband
wireless communications (UWBWC) system confronts the
excruciating atmospheric attenuation [1]. The first terahertz
communication window, that is 0.2-0.32 THz band [5], has
a great potential for the demonstration of novel wireless
communication networks, thanks to the fact that it has the
widest bandwidth that does not suffer from the atmospheric
attenuation within a bandwidth of 120 GHz [5]. Thus, there
is great competition to demonstrate high-performance tera-
hertz systems, where an initial industrial standardization has
already been introduced with IEEE802.15.3d.

The most critical set of components for the high-
performance terahertz wireless communication systems are
either photonic- or electronic-based high-performance inte-
grated circuits (ICs), which include several building blocks
such as sources [6], oscillators [7], [8], mixers [8], low-noise
amplifiers [9], harmonic generators [10], phase shifters [11],
modulators [12], [13], generators [14], detectors [14], [15]
and antennas [16]. However, the performance of the state-
of-the-art terahertz wireless communication systems has not
reached the desired performance, most importantly output
power levels. This is basically not only caused by the
transistor performance, but also, more commonly, caused
by the extreme losses of the passive components in each
building block. One of the main reasons behind this situ-
ation is the scarce performance of the conventional planar
waveguides [2], [9], which unavoidably exist in all the
above-mentioned ICs as irreplaceable fundamental com-
ponents or interconnects between each other. Thus, the
performance of the conventional planar waveguides, such
as coplanar waveguides [17], microstrip lines [18], copla-
nar strip lines [19] and substrate-integrated-waveguides [20]
dramatically affect the performance of each and every IC
component due to their excessive losses at terahertz fre-
quencies, and hence the overall performance of the terahertz
wireless communication system. As a result of that, the
signal-to-noise-distortion-ratio (SNDR) of the entire sys-
tem degrades dramatically [21]. Meanwhile, novel, high-
performance, easy-to-fabricate, planar terahertz waveguides,
namely Terahertz Spoof Surface Plasmon Polariton Waveg-
uides (THz-SSPP WGs) have recently been demonstrated
with a record-low insertion loss per unit length performance
at 0.3 THz [22]. Additionally, they exhibit advantageous
properties, which are tuneability of the effective dielectric
constant in a very wide range [23], high lateral confine-
ment [24], potential for chip area miniaturization [25]
and ability to suppress the signal integrity issues signifi-
cantly [26]. All these properties of THz-SSPP WGs make
them desired building blocks, enabling the possibility of inte-
gration of multiple terahertz waveguides and delay lines in
small areas.

The SSPP WGs were first investigated at lower frequen-
cies, such as the microwave band, before the real potential for
the terahertz band was discovered. Several research groups
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investigated the properties of the surface wave propagation
at the interface between the metal and dielectric media [27],
(28], [291, [301], [311, [32], [33], [34], [35], [36], [37], [38],
[39], [40], [41], [42], [43], [44], [45], as the spoof surface
plasmon waves traveling in the SSPP WGs in these fre-
quencies exhibit similar behaviors that are also observed
at the terahertz band. However, all these studies of THz-
SSPP WGs [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34], [35], [36] and SSPP WGs [37], [38],
[39], [40], [41], [42], [43], [44], [46] had to employ time-
consuming full-wave simulations because of their complex
structures that result in complicated electric field distribution
patterns. Consequently, the mathematical solution of the elec-
tric field distributions requires solving complex mathematical
problems with multiple and three-dimensional boundary con-
ditions, where the THz-SSPP WGs’ electrical lengths are
also frequency dependent. Such a complex modeling problem
requires a complicated circuit model that significantly differs
from the classical models that are used for conventional
waveguides in the IC simulation environments.

Two examples of theoretical modeling studies for the SSPP
WGs have been presented for the microwave band [43],
[44]. These models entail laborious eigenmode simulations to
extract the effective dielectric constant of each complexstruc-
tured, single-conductor waveguide. Then, the extracted effec-
tive dielectric constant is used to calculate capacitive circuit
elements of the SSPP WGs. Such an approach that uses
time-consuming full-wave simulations may even require an
iterative optimization process to meet the exact performance
criteria in the case of some complicated circuits, such as
phase shifters [25], [38], where several phase states with very
high accuracy are required. In consequence, the design and
optimization of the targeted THz-SSPP WG-based ICs may
consume an intolerably long time eliminating the practicality
of the existing models. Additionally, an alternative model for
the THz-SSPP WGs operating at the terahertz band is sug-
gested [45], where the model provides closed-form formula
for only the reactive circuit elements. Nonetheless, it does not
provide any closed-form formulation for the resistive circuit
elements that represent the conductor and radiation losses,
which are crucial not only for estimating the insertion loss,
but also for predicting the insertion phase with a very low
error. Instead, it entails a post-fabrication optimization pro-
cess for determining the resistive circuit elements. Although
it provides the equations of reactive circuit elements of the
THz-SSPP WGs, it unavoidably requires measurements of all
the THz-SSPP WG circuits to extract the resistive circuit ele-
ments. On the other hand, high-performance and compact ICs
for the terahertz applications require estimating both insertion
phase and insertion loss performances to demonstrate differ-
ent building blocks of a terahertz wireless communication
system inside a single chip. Nevertheless, as the circuit com-
plexity increases, the number of the THz-SSPP WGs and their
corresponding states increase significantly, and hence the
necessary memory for the full-wave simulations may reach
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FIGURE 1. The electric field and current field distribution at the top surfaces of the substrate and conductor of Circuit-1 (a and b).

extreme levels that only high-performancecomputers (HPCs)
may undertake successfully at the expense of intolerably long
full-wave simulation times.

Moreover, the iterative IC synthesis processes of the com-
plex terahertz ICs ineluctably require numerous employments
of these lengthy full-wave simulations, which makes the
overall design flow challenging and time consuming. Con-
sequently, there is a vital need for a theoretical model of
THz-SSPP WGs that enables the direct and rapid synthesis of
complex ICs, eliminating the employment of time-consuming
full-wave simulations.

In this paper, to the best of our knowledge, we present, for
the first time in the literature, a complete theoretical model
for the THz-SSPP WGs and any single conductor planar
waveguide attached on top of a substrate, while the first exam-
ple of the single conductor waveguides was introduced by
Sommerfeld in 1899 [54]. Compared to the earlier solutions
in the literature [43], [44], [45], the proposed model brings
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the advantage of presenting all the equations that can model
all the circuit elements and eliminates the need for utilization
of eigenmode analysis and post-fabrication optimization that
entails measurements of the THz-SSPP WG under investi-
gation. The proposed model is the first complete theoretical
model of the THz-SSPP WGs that can predict the field
confinement around the single-conductor waveguide and the
radiation loss concurrently. Furthermore, it successfully pre-
dicts the complicated, frequency-dependent conductor loss
behavior of the THz-SSPP WGs at the terahertz band using
entirely closed-form formulae. To verify the proposed model,
we have designed, fabricated, and measured several THz-
SSPP WGs. We selected 0.25-0.3 THz band owing to the
large available bandwidth for ultra-high data-rate wireless
communications and SSPP WG dimensions that would pro-
vide examples from the dimensions which allow low loss [22]
avoiding the dispersion effects. Because the dispersion would
require additional engineering in any communication link to
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maintain the high performance of the communication sys-
tem. The experiments show that the circuit model solutions
and measurement results show very good agreement with
each other. The performance of the proposed model is also
compared with the full-wave simulation methods. The details
of the proposed model are given in the following sections
of the paper. The idea behind the circuit model is given in
Section II. The experimental verification and performance
analyses are given in Section III, which includes error and
estimation speed compared to numerical analysis simulation.

Il. THE CIRCUIT MODEL
The structure of the THz-SSPP WGs that is studied for the
proposed model is given in Fig. 1-(a). The waveguide is
composed of a patterned single conductor with a thickness
of t,,¢; that is placed on top of a substrate with a substrate
thickness and relative permittivity of t,;, and ¢,. The structure
is composed of cascaded cells of the single-conductor waveg-
uide that are corrugated on both sides and have different
periods (d), aperture widths (a) and corrugation depths (/%)
for each different THz-SSPP WG. A group of THz-SSPP
WG circuits is designed for the investigation of the proposed
model, where the circuits also include coplanar waveg-
uides (CPW) and CPW to THz-SSPP WG transitions on
both input and output ports of the THz-SSPP WGs. The
CPWs are necessary for feeding the overall circuits with
the conventional transverse electromagnetic (TEM) wave
excitation techniques for both the simulations and measure-
ments. In contrast, the CPW to THz-SSPP WG transitions are
required for surface wave excitation at the single-conductor
and dielectric interface of the THz-SSPP WGs. In addition
to the THz-SSPP WG circuits, a back-to-back (B-to-B) con-
nected reference circuit is designed using only CPW and
transition regions to examine the effects of these regions and
extract them from the THz-SSPP WG circuit measurements.
The detailed layouts of the THz-SSPP WG circuits and B-to-
B reference circuit are given in Fig. 1-(b) and (c), respectively.
The CPW and transition regions are kept identical in all
designed, manufactured, and measured THz-SSPP WGs for a
fair comparison between them and to maintain the reliability
of the THz-SSPP WG characterization. The equivalent circuit
model that is used for the CPW and transition regions is based
on the model proposed by Cinar et al. [43], which is verified to
have very good agreement thanks to an optimization process.
The transitions bring an additional total loss of —3.7, —3.9,
and —4.4 dB at 0.25, 0.275, and 0.3 THz, respectively [34].
Since each different THz-SSPP WG has different corrugation
dimensions, it has been shown to exhibit different electrical
characteristics that result in different effective dielectric con-
stant [23], radiation loss [22], [25] and conductor loss [22],
[25] parameters, several circuit elements are incorporated
in the model to be able to discriminate the effect of each
and every parameter in the electromagnetic wave propagation
behavior. The proposed model is given in Fig. 1-(d).

Several THz-SSPP WGs are utilized to examine the pro-
posed model considering a wide dimension range. The
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FIGURE 2. The electric field and current field distribution at the top
surfaces of the substrate and conductor of Circuit-1 (a and b).

TABLE 1. THz-SSPP WG dimensions.

Circuit # 1 2 3 4 5
a (um) 5 5 5 10 10
d (um) 25 25 25 40 25
R (um) 30 40 50 30 30

Period number 16 16 16 10 16

dimensions of the THz-SSPP WGs under investigation are
given in Table 1 and selected to provide a variety of cir-
cuits that exhibit different levels of insertion loss and phase
characteristics. The reactive circuit elements are used for
modeling the field distributions around the single conductor
waveguide, which are the self-capacitances, coupling capac-
itance between the corrugation walls, and self and mutual
inductances of the metals. Cr1, and Cr1p model the fringing
fields at the end of the corrugations, Cy; represents the field
confinement around the connection points of the corrugation
and central waveguide conductor, and C.. represents the
coupling fields in between the corrugation walls. Cr14, Cr1p
and Cy; are calculated by using the approach proposed by
Kianinejad et al. [42] by replacing the extracted effective
dielectric constant from fullwave simulations by the effective
dielectric constant formula proposed by Unutmaz et al. [23].
C,c is calculated using an approach that is employed for
calculating the capacitance between two planar metals placed
on top of a dielectric substrate [47]. Nevertheless, this for-
mula utilizes multiplication of the relative permittivity of
the dielectric substrate with the vacuum permittivity. This
approach necessitates replacement of this dielectric permit-
tivity parameter with the effective dielectric constant of the
THz-SSPP WGs [23], which is denoted as .4, because of the
mode of the propagating wave. The inductive circuit elements
L1 and L are used for modeling the self-inductance of the
central waveguide conductor, whereas L3 is used for model-
ing the self and mutual inductance of the corrugation metals.
L and L, are calculated with respect to the self-inductance
part of formulation proposed by Meade et al. [48] and L3
is the combination of self- and mutual-inductances due to
the current distribution that emerge on and in between the
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TABLE 2. The Capacitive circuit elements.

Circvit#  Coe (FF)  Cprq (fFF)  Cpyp (FF)  Cp, (fF)
1 544 0.75 0.25 7.62
8.47 0.90 0.30 8.89
12.94 1.05 0.35 10.86
5.02 0.90 0.30 9.64
4.04 0.68 0.22 7.48

[N U I ]

TABLE 3. The inductive circuit elements.

Circuit# L, (pH) L, (pH) L (pH)
1 3.11 0.68 2381
3.11 0.68 35386
3.11 0.68  48.92
8.98 1.08 18.49
492 0.69  22.86

[V "N US I ]

TABLE 4. Electric field penetration towards dielectric substrate floor.

Circuit # 1 2 3 4 5
s —Simulation (pm) 649 55  46.1 656 689
§; —Calculation (um) 50.8 46.7 419 528 514

corrugations, respectively, which are also calculated by using
the formulation presented by Meade et al. [48]. The electric
field and current distributions of the THz-SSPP WGs also
verify the validity of the elements in the proposed model,
which is examined by using full-wave simulations in ANSYS
HFSS environment. The corresponding simulation results are
given in Fig. 2. The reactive circuit elements are found by
using the formulae from (1) to (12) [45]. All the reactive
circuit element values are given in Table 2 and 3.

(d_a)tmet
Cr1 = 8eefre0 (ZT) (1
Cria = (1 — Kf) Cpy @)
Criv = K Cry ©)
dw
Crr=38 J(=—= 4
12 = 8eefr€0 (2 n) @
. 1+VE'
seﬁhln(Z(l_\/P)) 0<k<i
C. — 377mvo - «/E 5)
cc Eeﬁ L k<]
120w In (2 (%)) V2
k=a/d (©)

K'=+v1—k? (N

wo fa+d Z(Q;d) W+ Iier
L =— 1 S+.20 ———
: 27[( 2 )(n(w—i—tme, ot &)

(8)
_ Mo d— 2(%) W+ et
2= (5 )(ln(wﬂ,m e
9)
Ly =Li+ L, (10)
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2h dza 4y
L =20 | .= J+0.5+0.22( 2
2n Ta‘i‘tmet h
(11)

MO 2h a
Ly=—h{ln{—)—-14+ - 12

In addition to the reactive circuit elements, the resistive
circuit elements are also needed for modeling the insertion
losses, which also have a direct effect on the insertion phase
characteristics. The insertion loss of the THz-SSPP WGs
are fundamentally dependent on the conductor and radiation
losses, where the dielectric loss has already been shown to be
negligible for high-resistivity dielectric substrates [22], [25].
R, (n = 1,2 or 3) are used for modeling the conductor losses,
and R,14, Rr1p and R, are used for modeling the radiation
losses. It should be mentioned here that there is a strict
relationship in between R, 14, Rr1p and C,., because not all the
field is radiated, but some of the field is coupled to the adja-
cent corrugation wall. In consequence, a distributed model is
proposed to represent coupled field in between the adjacent
corrugations and the radiated field from the waveguide. The
ratio between R,1, and R,y is found empirically due to its
complexity and their ratio is denoted by a constant K¢, which
is the same parameter used for Cry, and Cryp. Initially, Ky
is assigned a value of 1 but is later adjusted to 0.75. This is
because the initial value cannot accurately predict radiation
loss, which affects the estimation of insertion phase, return
and insertion losses. The dispersive nature of the waveguides
causes an alteration in the electric field distribution based
on frequency. This distribution depends on various factors
such as relative dielectric constant, substrate thickness, metal
thickness, and corrugation dimensions. The radiation loss
calculation at the corrugation walls is calculated using (13)
and (14) below.

Ry1a = (1 - Kf) R; (13)
Ry1p = K¢ R, (14)

R, is a parameter that is related with the radiation loss of
the THz-SSPP WGs, which is unavoidably defined having
a unit of (1/m), since the series resistance and shunt con-
ductance that are used to model the conductor and dielectric
losses of microstriplines, for example, are normalized by
twice the characteristic impedance and characteristic admit-
tance, respectively [55]. This is because of the fact that
the motivation behind the proposed manuscript is to model
the single conductor under investigation whose characteristic
impedance was unknown to the literature. R, approximated
using an inverse proportion of the penetration depth of the
electromagnetic wave inside the substrate towards the bot-
tom, i.e., §;. Because the areas with higher dielectric media in
a surface waveguide are the locations where the confinement
maximizes, and the radiated field is the field that cannot be
confined around the waveguide. This is adopted from the
surface plasmon waveguides, since the spoof surface plasmon
polariton waves mimic the surface plasmons [50]. It has
also been shown experimentally in our previous studies that
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FIGURE 3. The electric field penetrations thru substrates of Circuit-1 to
-5 (atoe).

THz-SSPP WGs with larger corrugation depth exhibit lower
radiation loss [22], [23] which also agrees well with that §
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FIGURE 4. The resistive circuit elements that model the conductor losses:
Circuit 1 to Circuit 5 (a to e).

decreases with increasing effective dielectric constant [49].
Hence, R, is selected as equal to R,, which is calculated
using (15).
1
R =R, = = kO\/ Eeff — (15)

3

The comparison of the calculated and simulated penetration
depths inside the substrate of THz-SSPP WGs is given in
Table 4 and Fig. 3, for verification of the reliability of the
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idea behind the radiation loss estimation. The values of the
resistive circuit elements that are used for modeling the radi-
ation loss are given in Table 5. The resistive circuit elements
that represent the conductor loss of the THz-SSPP WGs are
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modelled using the equations given below.

a

R = (16)
O ctggw
d—a
Reo = —2 a7
O ctggw
h
Re3 = . d—a) (18)
Oclsd—5

The frequency dependent metal conductivity behavior at ter-
ahertz band [53] is employed for calculating the resistive
circuit elements that are used to model the conductor losses
and the corresponding circuit element values are given in
Fig. 4. Here, 44 is the skin depth of the electromagnetic wave
and changes as a function of the frequency.

IIl. THE EXAMINATION OF THE MODEL

The circuit model is examined by using experimental analy-
ses and comparing its performance with full-wave analysis
simulations. ANSYS HFSS is used for full-wave analysis,
where the material properties are set in accordance with
the fabrication process. The circuit model simulations are
performed using AWR Microwave Office, which is employed
in the simulations of the proposed model, where the circuits
are designed to compose CPW, transition, and THz-SSPP
WG regions to guarantee the equivalency of both sim-
ulation scenarios for fair comparison. The fabrication of
the THz-SSPP WGs is realized using a single lithography
fabrication process. The substrate is selected to be high resis-
tivity Si with a resistivity of 10 k2-cm and a thickness of
425 pm. The lift-off process is employed, where an adhesion
layer of Cr with 20 nm thickness and Au with 520 nm
are used. The equivalent conductivity of the metal layer,
which is composed of both Cr and Au, is 28 MS/m. The
non-contact probing technology by TeraProbes, Inc. is used
for the S-parameter measurements. Quick Offset Shorts
(Q-SSS) calibration method [52] is used for measuring the
circuits with CPW, transition, and THz-SSPP WG regions.
The measurement setup that is employed during experimental
verification is given in Fig. 3 in [52]. The comparisons of
the S-parameters and insertion phase of the THz-SSPP WG
circuits are given in Fig. 5 and 6, where the circuit model
simulations, full-wave simulations, and measurement results
are compared. The model of the CPW and transition region
presented by Cinar et al. [45] is used because it provides
very good agreement with the measurements according to
Fig. 6 in [45]. The average and worst-case error rates for
the insertion phases between the model and measurement
results at 0.25, 0.275, and 0.3 THz are found as 4.8, 2.7 and
1.8%, and 10.7, 4.2, and 3.5%, respectively, which clearly
shows the accuracy of the proposed model. The derivations
between the proposed first-ever model of the THz-SSPP WGs
and measurements are fundamentally caused by the empirical
modeling approach behind especially the effective dielectric
constant model [23].
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Because the effective dielectric constant model targets to
solve the frequency-dependent effective dielectric constant,
i.e., frequency-dependent wavenumber of the THz-SSPP
WGs, that is a function of all the material properties and
the dimensions. On the other hand, the full-wave simulations
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TABLE 5. The calculated resistive circuit elements for radiation loss
modeling.

Circuit# R, (kQ) Rq (kQ) Ry, (kQ)
1 1967 1475 492
2 2140 16.05 535
3 2384  17.88 5.96
4 1967 1475 492
5 1947 14.60 487

do not agree perfectly with the measurements. The details
of the insertion phase simulation and measurement data and
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TABLE 6. Simulation times.

111 = [15111ea = 1511 Iatodet |): Circuit
1 to 5 (Mea: measurement) (a to e]). (FEM: O and Model: x).

Circuit # B-to-B 1 2 3

FEM solver (minutes) 65 91 65 103
Circuit model (sec) 0.36 040 036 037

comparisons of the insertion phase and S-parameter errors
of both the proposed model and full-wave simulations are
given in Fig. 7 to 9. The circuit model is also used to
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estimate the upper cutoff frequency including the inser-
tion phase, insertion loss, and return loss of the THz-SSPP
WGs. In addition, eigenmode analysis simulations are done
in HFSS environment, where the corresponding results are
shared in Fig. 10-(d). The corresponding simulation results
also show that the THz-SSPP WGs are band limited. On the
other hand, using the available measurement setups, it is
impossible to validate upper cutoff frequency estimation of
both eigenmode analysis and circuit model simulations. The
corresponding results are given on Fig. 10. After verification
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Circuit-4: pink curve, Circuit-5: green curve).

of the accuracy and reliability of the proposed model, the sim-
ulation durations of the THz-SSPP WGs with the proposed
model are investigated to demonstrate the vital impact that
can cause on accelerating the design cycle. For this purpose,
the simulation times of the THz-SSPP WG circuits using
the proposed model are compared with that of the full-wave
simulations performed in the ANSYS HFSS environment.
The corresponding mesh sizes of the full-wave simulations
are given in Table 7. The proposed circuit model decreases the
simulation times as short as 0.36 seconds from 65 minutes in
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TABLE 7. Fullwave simulation mesh size.

Circuit FEM solver matrix size
B-to-B 334376

1 653712

2 543716

3 723810

1 589408

5 670032

the case of the circuit whose both circuit model and full-wave
simulations are performed fastest in comparison with the
other circuits. The details of the circuit model simulation
times are given in Table 6. The average and longest simu-
lation times of the circuits by using the circuit model are
0.39 and 0.44 seconds, whereas the average and longest simu-
lation times of the circuits by using the full-wave simulations
are 90.4 and 112 minutes, respectively; where the memory
is 256 GB RAM and the system type is 64-bit Operating
System, x 64-bit processor is used for both full-wave analysis
and circuit model simulations. Both the simulation times
and error rates with respect to the measurements show that
the first examples of a THz-SSPP WG demonstration with
entirely closed-form formulae pave the way to design the
THz-SSPP WG for targeted circuit operation without needing
any full-wave simulation and post-fabrication optimization
with very low error rates and within supremely short simu-
lation times.

IV. CONCLUSION

The terahertz communications have been a challenge for
decades to enable wireless data transfer at a data rate
that cannot be competed by any other commercial wire-
less communication technology. Nevertheless, the effort to
demonstrate a commercial terahertz wireless communication
technology is disabled by the integrated circuits that cannot
provide high power radiation by the transmitter antenna.
Despite the recent advancements in the development of ter-
ahertz integrated circuits, the lossy conventional waveguides
have been one of the reasons behind this failure. On the other
hand, the planar THz-SSPP WGs exhibit minimum per unit
length loss among all the planar terahertz waveguides, which
may become a solution to tackle the loss challenges that
are experienced within the monolithic terahertz integrated
circuits. Nonetheless, this requires a compact theoretical
solution to enable the design of terahertz integrated circuits
using these high-performance complex-structured single con-
ductor waveguides. The proposed model is the first solution
ever in the literature for these complex-structured single
conductor waveguides despite the fact that the model is
obviously limited to predict the waveguide response with
minimum error. This is because of the fact that it is dependent
on an effective dielectric constant model that was devel-
oped by using an empirical approach. And the proposed
model targets 25° < kd <45°, that is the transmission
regime of the SSPP WGs, where the dispersion curve is as
linear as possible to avoid signal integrity challenges min-
imizing the radiation loss and conductor loss at the same
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time [22], [25], especially in wideband wireless communi-
cations. Hence, unavoidably, as the frequency increases, the
wavelength naturally decreases making it impossible for the
surface wave to preserve its mode or at least distribution
around the single conductor as in the case of linear region of
the dispersion curve. In addition, neglecting such a distortion
on the wave pattern, with the shorter wavelengths at optical
regime, the material properties would not be identical to
the material properties used for this circuit model. Conse-
quently, the proposed circuit model cannot be valid for an
infinitely wide band frequency of operation. On the other
hand, the proposed model can be very useful for designing
any THz integrated circuit that can take place in a 6G com-
munication system. And considering analogy between the
proposed model and the surface wave propagating through
these waveguides, the proposed model can be extended to
model more complex-structured single conductor waveg-
uides. Therefore, the simulation of these complex-structured
waveguides may require much longer simulation times pro-
portional to the complexity of the structure, and hence the size
of the resulting mesh size that is used in the full-wave sim-
ulations. Nevertheless, the complex pattern of a waveguide
is not the only challenge. The estimation of the dispersion
curve for a simpler technology that requires simpler mea-
surement setups at a lower frequency band, verified that
the eigenmode simulations may not show perfect agreement
with measurements [56]. As the challenge of the waveguide
geometry complexity increases, the proposed model can be an
enabler to estimate the response of these waveguides within
reasonable simulation times by decreasing the solution time
by four orders of magnitude for the simplest-structured type
of the complex-structured THz-SSPP WGs.
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