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Abstract — Plasmonic modulator antennas have been recently
shown to be able to efficiently upmix millimeter and THz waves
onto optical frequencies. In this paper, we introduce a theory and
equivalent circuit models for designing and optimizing plasmonic
modulator antennas. The proposed model aims to improve the
overall understanding of the experimentally found powerful
antenna field enhancement (between the impinging field at the
antenna and the field within the modulator). This enhancement
has already been shown to be as high as 90’000 and allows to
efficiently evaluate relevant figures of merit for antenna design
and optimization. The effects of antenna design parameters are
presented and discussed in detail. The accuracy of the suggested
models is verified by rigorous numerical computation through
field simulations. As a result, we propose optimized antenna
structures and their parameters, and demonstrate their field
enhancement capabilities.

Index Terms—Electro-optic devices, THz antennas, plasmonics,
field simulations, equivalent circuit model, THz frequency, and
wireless communications.

[. INTRODUCTION

ILLIMETER-WAVE and THz antennas are essential
for next-generation wireless communication systems
and novel sensing applications. The ideal antennas

should offer broadband reception, as well as high gain in the
millimeter-wave and THz range. In addition, they are expected
to be sensitive, compact, and monolithically integrable with
standard silicon fabrication lines. Towards this goal, current
complex and comparably high-cost conventional RF electronic
components with amplification and mixing stages may be
replaced by schemes that employ direct mixing of THz waves
to the optical domain. This way, higher data transfer rates and
lower power consumption at higher speeds can be achieved.

Direct RF-to-optical conversion has been a topic for the past
30 years [1], [2]. Traditional approaches [3] are based on
receiving an RF signal in an antenna, amplifying the electrical
signal and then forwarding it to a modulator, where the
electrical signal is mapped onto an optical carrier. Over the
years, the community came up with more compact integrated
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schemes. For instance, a patch antenna was embedded in a
lithium tantalate substrate. There was a narrow gap and a
straight optical waveguide located under the gap to convert
microwaves to light waves [4]. In another instance, an antenna
was directly connected to a silicon-based slow-light modulator
[5]. However, conversion efficiencies were rather low, as the
electro-optic (EO) effect is rather weak. Other implementations
of antenna-embedded modulators with EO polymer waveguides
or connected dielectric antennas to whispering gallery mode
resonators have been reported [6]-[9]. These structures suffer
from having a narrow frequency response limited by the
bandwidth of the optical modulator and low conversion
efficiencies.

To overcome the modulator speed limitations and improve the
efficiency, a novel concept exploiting a plasmonic electro-
optical modulator structure with an integrated antenna has been
proposed [10]. Benefiting from its subwavelength confinement
abilities, the plasmonic approach is a viable solution for direct
THz to optical conversion [11] with high sensitivity (with field
enhancement values of 100 dB [12]) and smaller footprints
[11], [12].

However, an important question remains: How to design a
most efficient on-chip plasmonic millimeter-wave and THz
antenna with embedded modulators? Modeling classical [13] or
THz antennas [14] is typically based on equivalent circuit
analysis [15]-[22] and is well established in the literature. Our
proposed model incorporates frequency-dependent parameters,
all while preserving the simplicity of our circuit design. That
being said, the above-mentioned plasmonic antennas differ
from classical antenna theory in several ways. First, they do not
possess a feed network like traditional antennas. Second, they
are composed of a plasmonic EO modulator and antenna parts.
A methodology is thus needed that provides insight into the
effects of design parameters on the performance of millimeter-
wave and THz plasmonic antennas. In [10], an analytical
expression has been introduced that provides an understanding
of the field enhancement mechanisms that can be achieved with
the plasmonic antenna approach. And indeed, field
enhancement values in the order of 90’000 have already been
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shown [12]. Other studies on the optimum geometry for
obtaining broadband or largest field enhancements include [20],
[23]-[27].

In this paper, we provide a modeling method and a path to
identify the ideal modulator antenna geometry for converting
millimeter- and THz waves to the optical domain at highest
efficiency. Finding the ideal solution is a challenge as the
antenna and the modulator part are strongly coupled. Insight
into the physics is given by analytical expressions based on
equivalent circuit modeling. The results are verified by full-
wave field simulations. In this work, we exclude any effects of
the cladding or surrounding materials, but rather focus on the
physics of the antenna with the modulator.

This paper is organized as follows: In Section II, the concept
of the plasmonic modulator antenna is described. Section III
follows with the theory of the proposed method explained in
detail. Section IV showcases the effects of the plasmonic
antenna parameters. Section V presents the numerical results for
realistic plasmonic modulator antenna devices. Finally, the
conclusion and outlook are given in Section VI.

II. PLASMONIC MODULATOR ANTENNA CONCEPT

The device under consideration is depicted in Fig. 1. The
design follows the study in [10]. Such devices consist of two
components: a plasmonic electro-optic modulator and an
antenna section. Here, an incident THz field E; is received by
an antenna and translated to an electrical field E,, across a
plasmonic slot, where it is used in an electro-optical modulator
to encode the information onto an optical continuous wave
(CW) signal. The ultimate design goal for the antenna and
modulator is to enhance the field E,, with respect to E;.

THz field _,

Bowtie

antenna
Optical
waveguide 0

F"\f electro-optic
y modulator

g——___

Plasmonic
slot

Fig. 1 The concept of plasmonic modulator antenna is illustrated.
The antenna captures incoming THz radiation which is then
intensified at the plasmonic slot.

Plasmonic electro-optic modulators are of interest for
mapping an electrical signal onto the optical domain. The
plasmonic modulators are the only modulators that offer
bandwidths in excess of 500 GHz [28]-[30]. The operation
principle has been described in [31], [32]. A continuous-wave
optical signal is fed through an optical waveguide to a
plasmonic slot. The plasmonic slot consists of an organic [33]
or inorganic [34] electro-optic material in its center and metallic
walls at the side. The metallic walls not only form the plasmonic
waveguide, but also act as RF electrodes. Upon the application
of a field on the electrodes, the refractive index of the electro-
optic material within the slot experiences a change. Thereby,
the electrical signal is encoded onto the optical signal. Typical
slot widths are in the order of 100 nm and typical lengths are in
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the order of a few micrometers [32]. The high confinement of
the plasmonic mode and the large field enhancement within the
gap provide a high modulation efficiency. The small
dimensions of the modulator and the utilization of the Pockels-
effect for nonlinear switching in the slot guarantee an ultra-fast
response.

The antenna section is an extension of the electrodes [10]. The
antenna can have any shape. It might e.g. have the form of a
simple dipole [10], a four-leaf-clover (FLC) [12], or a bowtie
[35] shape as depicted above in Fig.1 being planar, i.e. suitable
for on-chip manufacturing.

The advantages of on-chip plasmonic modulator antenna-
based devices are manifold [10]-[12]: (1) High RF losses and
electromagnetic interference issues introduced by conventional
RF to optical conversion systems are eliminated; (2) They offer
broad bandwidths at highest carrier frequencies. These high
bandwidths have their origin in the facts that the modulators
rely on the fast Pockels effect, they are extremely compact and
therefore only have a small RC-constant; (3) Detection of weak
fields at higher frequencies is possible. This is because the
antenna comes with built-in field enhancement up to 100 dB
[12]; (4) Miniaturized and compact devices can be envisioned;
(5) Lastly, the devices are compatible with standard silicon
fabrication methods.

III. THZ-ANTENNA MODELING AND SIMULATIONS

In this section, we introduce the theoretical framework for
modeling the plasmonic antennas based on an equivalent circuit
theory and field simulations.

Designing antennas with the help of field simulation tools is
well established and widely used [36]-[40]. This field-
simulation approach typically involves modeling a lumped port
or a waveguide port within the antenna’s feeding subdomain
through which the simulation model is connected to an
electronic circuit. The antenna is surrounded by a spherical
free-space domain large enough for the near-field distribution
of the antenna and its transition to the radiating field. The
surrounding air region is terminated by an appropriate
absorbing boundary condition (ABC) [41]. The antenna
parameters, such as radiation pattern and directivity, are
obtained by solving the E-field wave equation in the frequency
domain for a given excitation at the input lumped port. The
electromagnetic field over the lumped port is then integrated to
be used for obtaining the antenna impedance and S-parameters
(given a reference or characteristic impedance). These classical
design parameters are essential for matching the impedances of
the electronics to the antenna in order to maximize antenna’s
efficiency [42].

Antenna-coupled modulators, as shown in Fig. 1, vary from
classical RF antennas in several important aspects: They neither
have a feeding port nor an electronic circuit to be attached to.
This fundamentally deviates from classical RF antenna designs,
where the power coupling into a transmission line is usually
maximized. In contrast, for the antenna-coupled modulators,
the goal is to maximize the electric field across the modulator.

One could think that simulating the antenna-coupled
modulator from Fig. 1 can simply be divided into two
subproblems, namely the optimization of the THz antenna and
the electro-optic modulator. However, changing one influences
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Fig. 2 Reference dipole antenna with lumped port feeding. (a)
Antenna geometry, its connection with a signal source (generator
voltage Uy, impedance Z;), lumped port details (height h,,
circumference ), port incident field E;, scattered field at the port
Erep, total magnetic field H, radiated field characterized by E, and
H,, and (b) current I, voltage U, and charge density +q (blue and
pink shaded area) distributions over the half-wavelength dipole
antenna are depicted. More details can be found in the text.

the other and hence, simultaneous and combined investigation
of the two is needed. Subsequently, we present the required
theory and modeling approach for designing THz antennas for
EO modulators.

Below, we will introduce a method to simulate plasmonic
modulator antennas and validate this method. Regarding the
complexity of our method, we start with a reference
transmission antenna and calculate its impedance Z,. We then
use our own method (which operates in reception mode) to
derive the antenna impedance Z,. Ideally, the two impedances
should be identical. More precisely, we will proceed as follows:
(A) First, we will introduce a half-wavelength dipole antenna
with traditional lumped port excitation. For this antenna, we
will find the antenna impedance Z,; (B) As a second step, we
will continue with the half-wavelength dipole antenna with
external excitation. We will find the equivalent circuit for this
antenna. The impedance Z, of the antenna equivalent circuit
will then be compared against the lumped port impedance; the
agreement of both impedances Z, = Z, verifies the model.
Once the concept and theoretical framework are elaborated, we
will move on to (C) and simulate a full-wavelength dipole
antenna, using the equivalent circuit model from above and
complement it with the capacitance of the EO modulator by
utilizing the proposed method. Our results are obtained by using
commercially available COMSOL vector finite element method
(FEM) solver. This solver computes directly the field in the
model without the need for computationally expensive post
processing stage. The typical number of linear elements used is
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Fig. 3 (a) The proposed analysis of THz antennas with a plane-wave
excitation by using 3-D FEM simulations is shown. The dipole
antenna defined in Fig. 2(a) is modeled without a lumped port, i.e.,
without the feeding sub-region. The antenna is surrounded by a
spherical free space terminated by an ABC. The radius of the
surrounding space should be at least three wavelengths long to
assure the far field conditions. Considering the distribution of the
antenna charge, voltage, and current, a simplified equivalent circuit
of'the antenna is defined. (b) Representation of the equivalent circuit
for the half-wavelength dipole antenna. The computed values are
utilized to derive the equivalent circuit parameters. More details can
be found in the text.

around 5 million resulting in a similar number of degrees of
freedom. A modern parallel version of a direct linear solver
called PARDISO was used for the presented simulations. The
computation of a single frequency solution takes around 20
mins on a modern computing multicore hardware (Intel Xeon
CPU ES, 2.4 GHZ, 8 cores, 128 GB RAM).

A. Traditional Lumped-Port Approach

First, as a reference case for verification purposes, a
cylindrical dipole antenna of length | = Agr/2 and radius a,
presented in Fig. 2(a) is chosen. This antenna is modeled
according to the described common practice with a lumped
port. For the sake of completeness, it is worth writing the
following lumped port boundary condition [41]. More details
can be found in Appendix I.

i x(iVxE’)+jZ—tr_i x (AxE) =227 x (ixE) (1)
=B +E, @
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where E is the total electric field (computed by FEM) across the
port, I:_")L- is the incident electric field (produced by the applied
generator voltage), Ere r is the scattered electric field at the port,

H is the total magnetic field at the port, 7 is the normal unit
vector to the port surface, w is the source angular frequency,
U = Uol, 1s the magnetic permeability of the port material, Z;
is the port surface impedance (the ratio between the electric and
magnetic field within the port), Z, is the lumped port
impedance (the ratio between the port voltage and current), U,
is the produced port voltage (Uy is the input voltage of the
source by the user), I, is the port current, 4, is the port height,
and £, = 2ma is the port width. In (3), it is described that the
port voltage is obtained by integrating the total electric field
over the port height and, similarly, the port current is obtained
by integrating the total magnetic field over the width £, of the
port (Ampere’s law).

In order to get an idea of the antenna parameters, we now
perform a 3-D vector FEM simulation in the frequency domain
for an exemplary geometry. In this example, the excitation of
the antenna is realized by applying a voltage source with
Ug=1V and Z; = 50 Q through the lumped port of Fig. 2(a).
The antenna is designed for a frequency frr = 200 GHz, i.e., a
wavelength Az = 1499 pm with a wire radius a = 1.099 um,
a port height h,, = 1 ym, and an antenna length | = Agp/2.
The voltage U,, the current I, and charge distribution +q over
the half-wavelength dipole are also illustrated in Fig. 2(b). The
distribution of electrical current and voltage over an antenna is
driven by the accumulation of opposing electrical charges. The
two ends of the antenna, referred to as open circuits, act as
points of zero conduction current flow within the dipole. The
current flow is maximized at the middle of the dipole, whereas
the voltage (obtained by integrating along the dipole in the
electrostatic sense) across the dipole antenna is maximal at the
ends of the antenna and decreases to zero at the middle of the
antenna. The phase of the voltage across the antenna is also
opposite at the two ends, with one end being at the peak of the
voltage cycle, and the other end having the opposite signed
voltage.

Using the parameters introduced in the previous paragraph,

we perform simulations to extract the total electrical field E and

magnetic field H across the port. The obtained fields at the port
were then integrated according to (3) and the following antenna
impedance was obtained.

Zy =2 =R, +jX, = 85.45 + j48.79 (Q), (4)
14

where, R, is the radiation resistance, and X, is the antenna
reactance.

It is important to mention that although the length of the
antenna has been adjusted to | = Azz/2, the antenna reactance
is not equal to zero (no pure resonance) due to the fact that the
finite thickness of the antenna shifts the resonance slightly to a
lower frequency.
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Since solution (4) is essential for verifying the proposed
theory below, it has been computed with highest possible
accuracy guaranteed by rigorous mesh convergence and ABC
distance studies.

B. Proposed Method Utilizing Field Simulations and
Equivalent Circuit Model

We are now switching to the antenna depicted in Fig. 3(a).
This antenna is no longer excited through a source generator
(hence short circuited), but by a plane-wave with an incident
field E| ;. The antenna impedance, Z,, could be derived by means
of a 3-D FEM simulation as before. Yet, the contributions of
the capacitive, the inductive and the resistive parts would still
be uncertain. These parameters will later guide us in designing
the best antenna. For this, we need to find the parameters of the
equivalent circuit in Fig. 3(b). The topology of the equivalent
circuit is defined by the behavior of the antenna under the
applied excitation. The electric near field of the antenna is
distributed between its opposite ends, where the charge density
has its maximum value. This charge accumulation at the ends
of the antenna introduces the equivalent antenna capacitance,
see Fig. 3(b). Additionally, the antenna current flowing through
the wire leads to the inclusion of the antenna inductance L, and
the antenna resistance R, in the equivalent circuit as a parallel
combination, see Fig. 3(b). This equivalent circuit is
subsequently needed for the interaction study of the antenna
with the modulator capacitance.

The challenge with finding the respective R,., C,c and L, is
that the conventional lumped-port FEM simulation, at best,
provides a single parameter (antenna impedance, Z,) for these
three unknowns. The idea to derive these parameters employs
the antenna current, the time-average electric and magnetic
energies, as well as the radiated power as obtained through a 3-
D FEM simulation.

As a first step, we use the 3-D FEM simulations and
electromagnetic scattering theory to derive the radiated fields.
The antenna structure is modeled in a computational domain
that includes a spherical air region of sufficient size to ensure
that the far-field conditions are met. The simulation employs a
plane-wave excitation, and an ABC is applied to terminate the
domain properly. We then calculate the radiated power of the
antenna (P,.) on the surface of the air domain, the time-average
electric (W,) and magnetic (W;,) energies of the scattered field
(removing the incident field) over the air domain, and the
antenna current (I,). These values are then used to find the
equivalent circuit parameters of the antenna.

The energy scattered from the antenna through the outer
surface of the surrounding space (I4}.) is obtained from the time
average Poynting vector flux (radiated power). The time-
average electric (IW,) and magnetic (W,,) energies of the field
within the surrounding space are obtained by integrating the
scattered E, and H, field. The antenna current I, is obtained by
integrating the magnetic field H, over a circular path in the
middle of the antenna (Ampere’s law).

Caution needs to be taken for deriving the radiated energy. In
the vicinity of the antenna, the electromagnetic field comprises
both the radiating and the induction fields. The energy of the
radiated field distributed around the antenna, W, is therefore
obtained by multiplying the radiated power in the far field, B,
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Fig. 4 The resulting electric and magnetic near-field distributions
of the reference dipole antenna at 200 GHz are presented.

and the propagation time from the antenna to the surface
enclosing the computational domain (ABC).

SC 1
VVT=P7’TT: V=T ®)

where 75 is the far field radius of the surrounding spherical air
domain, v is the speed of light in air.

The energy of the radiated field, W, is equally distributed
between the electric and magnetic fields. Thus, subtracting half
of the radiated energy from each of the total electric and
magnetic energies yields the corresponding near-field induction
energies W,*%" and W, ;¢4

Wheer = w, — W, 6)
Wiear = Wy, —~W,. (7)
These time-averaged near-field energies (6) and (7) determine

the equivalent antenna capacitance and inductance,

respectively. To complete the equivalent circuit model, the
relation of the antenna resistance with the computed values is
required. The calculations of the equivalent circuit parameters
can be mathematically presented as follows. Details of which
can be found in Appendix II.

2
R = 2(PE+w?wWgears) )
=T hn
P
L. =R, —T _ ©)
ec ec
wZWrﬁeaT
g
Coc = 2w2wiear (10)

Equations (8)-(10) are results of the circuit analysis, see Fig.
3(b). They provide a set of relationships between the different
components of the equivalent circuit. They have been derived
from a voltage- and a current-circuit-equation (Kirchhoff’s
laws) and by taking into account the available far-field time-
average radiating power and time-average electric and magnetic
near-field energies.

In order to obtain the equivalent circuit parameters, we
perform the 3-D FEM simulation for the half-wavelength dipole
without a lumped port; thereby, without a gap in the middle of
the dipole (short circuited), see Fig. 3(a). To this end, a plane
wave excitation propagating in the y-direction with a z-
polarized E-field of E; =5V/m is applied. The resulting
electric and magnetic near-field distribution plots are depicted
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in Fig. 4. The electric field distribution is related to the charges,
and it reveals a charge concentration. Likewise, the magnetic
field distribution corresponds to the antenna current, and it
shows a maximum in the middle of the antenna. Thereby, Fig.
4 justifies the simplified representation shown in Fig. 2(b). With
the aid of the computed fields from the 3-D FEM simulation,
we now extract the equivalent circuit parameters, which leads
us to the values presented in Table 1.

TABLE I
EQUIVALENT CIRCUIT PARAMETERS OF
THE HALF-WAVELENGTH DIPOLE

PARAMETER VALUE UNIT
I, 25.72489 HA
Uy 11.84424 mV
R, 376.82 Q
U, 2.48872 mV
Coc 0.64824 fF
R.c 20.48657 kQ
Lec 1.02365 nH

It is worth mentioning that the equivalent resistance R, in (8)
should not be confused with the radiation resistance R,
appearing in (4), as these are related, but two different values.
The radiation resistance is the real part of the antenna
impedance as stated previously, representing the radiated
power, P,.. Since the equivalent resistance is in parallel to the
equivalent inductance and both are in series with the equivalent
capacitor, the resulting value of the antenna impedance is
determined by the overall interaction of these components. The
numerical results presented in Table I yield the equivalent
circuit antenna impedance,

z J[]« “R 4 X, =80.45+ 53.73(Q). (11)

a
a

The antenna impedance Z, in (11) is rather close to the one in
(4) obtained by a field simulator with a lumped port excitation.
In fact, since the antenna geometry is identical and there should
not be any difference between exciting the antenna by applying
avoltage U, across a lumped port or a plane-wave incident field
E;, we expect Z,, = Z,. The disagreement of 7% in terms of the
absolute impedance value is attributed to an extremely large
aspect ratio between the antenna radius (~1 um) and the
antenna length (~7.5 mm), resulting in a dense mesh and high
computational cost. The agreement of the results is, however,
sufficient to confirm the accuracy of the proposed method for
evaluating antenna parameters without a feeding lumped port.

C. Plasmonic Antenna with Modulator

We now have the tools and framework to suggest an
equivalent circuit of the plasmonic antenna from Fig. 1 and such
a circuit is plotted in Fig. 5(b). Conceptually, it is derived from
Fig. 3(b) as follows: Two identical antenna equivalent circuits
representing the two arms of the plasmonic antenna are
separated by a capacitor that acts as a modulator. The presented
4/2 dipole reference antenna at the considered frequency (200
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Fig. 5 (a) The current I, the voltage U, and the charge density +q (blue and pink shaded area) distributions over the full-wavelength dipole
antenna with modulator are depicted. (b) Representation of the equivalent circuit for the plasmonic modulator antennas. For obtaining a high
E-field enhancement, a solution based on two 1/2 antennas separated by an electro-optical modulator is presented. (¢) The corresponding
near-field distributions of the plasmonic modulator antenna structure are depicted. More details can be found in the text.

GHz), by itself, alone would not be sufficient to drive an
electro-optical modulator. In a 4/2 dipole, the electric charge
is concentrated at both the antenna ends and no charge exists in
the middle of the structure, i.e., around what we previously
called the feeding point. Integrating an electro-optical
modulator into the feeding region of this antenna would lead to
poor field enhancement performance, as the E-field would be
rather low due to the charge absence. Hence, a combination of
two identical antennas is used to reach the highest field
enhancement in the middle of the structure. The modulator is
then placed in the middle of the structure, see Fig. 6(a). As an
example, a modulator with a slot of wg;,, = 1.2 um, and an area
of A= dpoalmoa = 113 um?, resulting in a capacitance of
Con = €9 A/ Wy = 0.834 fF, is defined, see Fig. 6(a). The
antennas connected to each side of the modulator plates provide
a field enhancement within the modulator achieved by two
opposite electric charge accumulations of these two antennas
since they are exposed to the same plane wave excitation, see
(a). As the half-wavelength dipole, the plasmonic modulator
antenna exhibits zero current flow at its two ends. However,
since the modulator capacitor draws current, a non-zero current
is anticipated at the middle of the antenna. For the voltage
distribution, opposite phases and voltage maxima are expected
both at the two ends, as well as at the modulator plates. The
numerical results are presented in Fig. 5(c). The mentioned
charge separation is visible and confirmed by the electric near
field. Additionally, the electric current flows are recognizable
by the H-field plot.

In addition, Fig. 5(c) indicates several important effects: The
presence of the modulator considerably changes how the
current and charges are distributed within each antenna
(compared to an open-circuited dipole). The electric charge
concentration on the antenna parts near the modulator is lower
than those at the opposite ends, see Fig. 5(c, left). This is
understandable as the modulator consumes the charge due to its
electric current. The antenna current distribution is also
changed around the modulator, as the current does not have a
zero value there, see Fig. 5(c, right). As aimed, see Fig. 5(c,
middle), high field enhancement values are observed in the
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middle of the structure. These effects change the distribution of
the radiated and near-fields, and lead to modifications of the
antenna parameters of a single dipole antenna listed in Table I
when compared to the those of the plasmonic antenna listed in
Table II. It is evident that each A/2 dipole has different
parameters as a part of the A antenna with the modulator. This
also evidences that the modulator influences the current and
charge distribution of each A1/2 dipole resulting in their
different parameters.

(@)

Wiot
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Fig. 6 (a) The geometry details of the modulator capacitance are
depicted. (b) The capacitance of the modulator in terms of its
geometric parameters.
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Fig. 7 (a) The resonance shift of the antenna current due to the
existence of the modulator is presented. (b) The field
enhancement response of the plasmonic antenna with respect to
frequency is given.

TABLE 11
EQUIVALENT CIRCUIT PARAMETERS OF
THE FULL-WAVELENGTH DIPOLE WITH MODULATOR

PARAMETER VALUE UNIT
I, 8.75445 HA
Uy 6.24427 mV
Z, 376.82 Q
U, 3.25941 mV
Cor 0.45096 fF

R.c 30.26726 kQ
Lec 1.70753 nH
Cn 0.83109 fF

Un 8.38243 mV

The values of the antenna parameters presented in Fig. 5(b)
and Table II provide the following antenna impedance,

(12)

a

z :%:Rr 4 jX, =302.71- 213.74(Q)-

a

Compared to the impedance in (11), a considerable increase of
the impedance due to a series connection of two antennas and
the influence of the modulator is evident.

An important aspect of the plasmonic antenna is the field
enhancement (FE) between the incoming plane wave E; and the
modulator E-field E,,,. The FE in the plasmonic antenna and the
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equivalent circuit model is calculated via the modulator voltage
U,, as follows:

B = Ll __lUml
|E;] |E; Wsiotl

13)
where U, = E,,Wq,: is the voltage dropping off across the
modulator slot. In the equivalent circuit model, the modulator
voltage can be calculated from the simulated I, and the
capacitive impedance by |Up,| = |I,|/wC,y,.

The result of the equivalent circuit analysis when sweeping
the operation frequency from 50 to 250 GHz is shown in Fig. 7.
The current responses of the half-wavelength and full-
wavelength antennas are plotted in Fig. 7(a). The equivalent
circuit values fed into (13) can then be used to derive the FE,
see the solid dark blue plot in Fig. 7(b). The FE at 200 GHz is
found to be 601. This needs to be compared against a full 3-D
FEM simulation, see the dashed light blue line in Fig. 7(b) and
a FE at 200 GHz of 596. This shows a very good agreement of
the 3-D FEM value with the circuit model with below 1%
relative error. Also, this validates the value of C,, and its
interaction with the antenna current. Further, along with the
impedance simulation, this verifies the entire model.

3-D FEM simulations of antennas for EO modulators are
time-consuming and require large memory capacity. They,
however, offer an accurate way to extract the parameters of
antennas with arbitrary geometry. Once established, the
equivalent circuits presented in Fig. 3(b) and 5(b) are useful to
perform detailed modulator studies without these
computationally intensive 3-D FEM models in the following
way: If the modulator is much smaller than the wavelength,
only its electrical capacitance influences the antenna
parameters. In other words, the antenna behavior is not
influenced by single geometric features of the modulator, but
only by their overall effect resulting in the modulator
capacitance. This enables the decoupling of the modulator from
the antenna analysis, shown in Table II.

IV. NUMERICAL PROCEDURE TO DERIVE THE
CHARACTERISTICS OF PLASMONIC ANTENNA

In this section, we analyze the effects of the plasmonic
modulator within the plasmonic antenna utilizing the theoretical
framework described in the previous section. Ultimately, we
aim at optimizing the field enhancement. For this, we need to
find the optimal set of modulator and antenna parameters. The
modulator geometry and structure could be very complex,
containing several parameters, such as the slot width (wg,¢),
modulator length (1,04 ), thickness (d,,,,4) and also metal width
(Wmoa), see Fig. 6(a). This will result in a multidimensional
space within which a search for optimal modulator performance
should be performed.

In the first step, we calculate the capacitance of the modulator.
This capacitance can be either computed analytically (lower
accuracy) or computed by means of 3-D FEM simulations
(higher accuracy). For a choice of realistic modulator widths
and lengths, one can then find the respective capacitances on
the red line in Fig. 6(b). This computationally expensive single
parameter (C,,) FEM study enables subsequent
multidimensional modulator studies.
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Fig. 8 The numerical results demonstrating the influence of the modulator capacitance over (a) the radiation resistance and antenna reactance, (b)
the equivalent circuit components, antenna capacitance and antenna inductance, and (c) antenna current and antenna resistance are given. It is
evident that the modulator capacitance considerably affects the parameters of the adjacent /2 antennas. (Remark: the overall structure is off-

resonant)

In the next step, we perform 3-D FEM simulations at a given
frequency f=200 GHz following the procedure described in (7)
to (9) in order to extract R,., C,., and L... The simulations are
performed on the whole antenna and for a given range of
modulator capacitances (C,,), as found to be of interest in Fig.
6(b). The corresponding results are presented in Fig. 8(a-c). The
simulations lead to the following interpretation: By increasing
the modulator capacitance, the modulator takes more charge
from the attached ends of both antennas. This changes the
electric near-field energy, consequently changing C,., as visible
in Fig. 8(b). The antenna’s current distribution has also been
changed, Fig. 8(c), reaching a considerable value, as opposed
to a modulator-free A1/2 case. This changes the energy of the
magnetic near-field and causes a change in the equivalent
antenna inductance L., see Fig. 8(b). The said changes in
charge (or C,.) and current distributions (or L) considerably
affect the antenna's capabilities to send/receive electromagnetic
radiation since the antenna is a converter of the standing current
and voltage waves along the antenna into a propagating wave
around the antenna or vice versa. Ultimately, the goal is to
optimize both C,. and L,. such that the radiation i.e., the
radiation resistance R,, hence R,, is maximized and reactance
X, is minimized within the reachable voltage levels of the
voltage source of the circuit. This is also visible in Table III
where the correlation between the resistance and field
enhancement is evident. Furthermore, reduction of the
reactance X, reduces the corresponding voltage drop across
itself, which leads to a higher voltage across the resistance R,.,
i.e., to higher radiated power.

Now that we have all the parameters of the equivalent circuit
for different modulator capacitances at f = 200 GHz, we can
plot the FE, see Fig. 9. It is to be noted that the values in Fig. 9
are off-resonant FEs, as we kept the geometry of the antenna
from Fig. 7(b). Also, it is to be noted that the FE changes with
the modulator capacitance and the slot width. We, therefore,
choose to plot the FE as a function of the modulator length and
the slot width. Also, the capacitance values are shown for two
points, see Fig. 9(a). It can be seen how the FE grows the
smaller the width wy;,; becomes, whereas the FE decreases
with the length of the modulator l,,4. The latter should be
taken with a word of caution though, as we will see below. This

decrease is mostly due to the fact that we are increasingly off
resonant when increasing the modulator length. Lastly, it is also
worth defining the figure of merit of a combined antenna-
modulator system by:

FOM = FE - L,;,04 (14)
This definition is motivated by the following [43], which shows
that the optical phase shift A, of a phase modulator given by

2
Agopt = 3 Anei(E) o (15)
with - assuming a linear refractive index change
T
Aneg(Ep) = Mgiow ;ntznatEm- (16)

This way, the FOM is proportional to the sensitivity A@qp/E;
of the antenna-modulator system. Equation (16) contains the

z
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Fig. 9 The FE (a) and FOM (b) responses with changing modulator
dimensions are presented by our purposed method with decoupling
modulator capacitance.
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Fig. 10 (a) Flowchart illustrates the systematic process for designing
an optimal plasmonic modulator antenna operating at any desired
frequency. (b) With the help of 3-D-FEM simulations, the antenna
current results for three different antenna sizes (scaling factors o)
with respect to frequency are obtained. This is then needed to extract
the equivalent circuit parameters for the three antennas. The
equivalent circuit parameters for an antenna of any scaling o is then
obtained by a quadratic interpolation of these parameters. (b) The
quadratic approximation is then used to maximize the field
enhancement at a desired frequency, e.g., at 200 GHz. The proposed
circuit approach is subsequently employed to compute the field
enhancement. The suggested circuit approach (solid line) is verified
by computing the resized antenna by 3-D FEM (dashed) and
excellent agreement of the two is found.

material parameters n,,,;, the linear refractive index and r, the
electro-optic coefficient, as well as the energy interaction factor
I' and the surface-plasmon-polariton (SPP) slow-down factor
Ngow> Which have some geometry dependence, are neglected in
this discussion. The FOM is plotted for different modulator
geometries in Fig. 9(b). The plot indicates that the longest
possible modulator has the highest FOM. However, these results
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should be interpreted with care: The actual FOM might be
higher, as we have not yet optimized the circuit for operation
at the highest FE value corresponding to a resonance at
200 GHz). Additionally, it is worth mentioning that careful
consideration should be given to plasmonic losses. As the
modulator length increases or the slot width decreases, the
plasmonic losses are increasing.

On another note, as plasmonic modulator antennas comprise
of a capacitive section, the well-known inverse relation
between antenna scale and frequency of operation becomes
invalid. The ideal length of the antenna is related to the
modulator capacitance. In order to find the optimal antenna-
modulator combination with the antenna resonance at the
desired frequency, one has to match the antenna to the
capacitance of the modulator. Starting from our analysis that
covers coupled effects, a method is developed to design the
best possible plasmonic modulator antenna for any frequency
of operation, see Fig. 10 (a).

Our aim is to find the ideal plasmonic modulator antennas
that has a resonance at 200 GHz. Towards this goal, we select
three representative antennas with resonance frequencies
covering the desired range. Fig. 10(b) shows the antenna
current-frequency response for three different scales o of
modulator antennas. The scaling factors of the three antennas
are 0.50 (green line), 0.75 (red line), and 1.00 (blue line).
Subsequently, the respective equivalent circuit values Ry, Ce,
and L,. (not only the antenna impedance, Z,) for a fixed
modulator (fixed capacitance and width) and the three antenna
sizes are needed to be extracted. We then use these datasets to
find the relation between parameters and the scaling. A
quadratic approximation may be applied to find the resonance
at a desired frequency. This way the fitting size for the
resonance frequency at e.g., f = 200 GHz can be found. The
field enhancement response of the approximated (scale factor
o of 0.692) structure is presented in Fig. 10(c). Again, we
perform the FE calculations both with the circuit analysis
(solid dark blue line) and the 3-D FEM (dashed light blue line).
It can be clearly observed that both the circuit approximation
and the 3-D-FEM responses are fitting well, and the relative
error is computed as less than 5%. This allows us to achieve
designing the best possible antenna for any desired frequency.

V. DISCUSSION OF PLASMONIC ANTENNAS AND THE
GEOMETRY WITH THE HIGHEST FIELD ENHANCEMENT

Following, we apply the proposed method on some realistic
plasmonic modulator antenna designs. The field enhancement
behavior of different antennas will be analyzed. Additionally,
we apply the framework based on our proposed method to
obtain the equivalent circuit parameters.

We now introduce three different planar THz antenna types,
see Fig. 11. This includes the thin bowtie, the wide bowtie, and
the four-leaf clover (FLC) antennas [11] for co-integration

with the plasmonic modulator. The bowtie geometry comes
with three different design parameters: the length of the antenna
(lgnt), and the inner and outer widths of the antenna (w; and
Wane), respectively [10]. For the thin bowtie antenna, the
parameters are selected as I, = 1.196 mm, wg,,; = 18.38 um,
and w; =2.94 pm, while, for the wide bowtie antenna;
lyne = 1.118 mm, w,,; =258 um, and w; = 3.04 um. The FLC
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Fig. 11 The antenna types, (a) thin bowtie, (b) wide bowtie, and (c) FLC, which are commonly used in combination with plasmonic modulators

are investigated.

parameters are given as lg,, = 0.615 mm, wg,; = 0.224 mm,
[;=9393 uym, w;=23.96pum, and w,, =22.95pum. The
modulator  section is designed with Wwy,,q =4 pum,
lmoa =14 pm, and wg,; =0.1 um. All the structures are
modeled with a thickness of d,,,q =0.1 um. The plasmonic
modulators with the antennas are designed for the frequency
200 GHz. The plane wave excitation propagates in the y-
direction and the polarization of the incident field is aligned
along the z-axis. Its field is E; = 5V/m.

Following the proposed theory that was explained thoroughly
in the previous section, the equivalent circuit parameters are
obtained for the above-mentioned antenna designs as listed in
Table 111

TABLE III
EQUIVALENT CIRCUIT PARAMETERS OF
DIFFERENT ANTENNAS WITH MODULATOR

THIN WIDE

PARAMETER FLC UNIT
BOWTIE BOWTIE

1, 7.91 9.53 4.777 HA
Ug 14.74 13.034 11.999 mV
Zg 376.8 376.82 376.82 Q
U, 11.79 9.655 10.364 mV
Coc 0.007 0.21058 0.01055 fF
R, 137.34 28.755 6405.31 kQ
L. 8.01 2.9362 62.6908 nH
Cn 2.357 7.9039 0.1391 fF
Un 2.669 0.9595 27.318 mV
FE 22860 15020 58600

As seen from Fig. 12, these three antennas vary in their field
enhancement responses; thereby, they are employed for

x10%

250 300

200
Frequency [GHz]

Fig. 12 The field enhancement responses of the thin bowtie, the

wide bowtie, and the FLC with respect to frequency is given.

100 150
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different applications (i.e., the FLC for the highest field
enhancement and narrowband operation, the bowtie for
broadband operation, etc.). To obtain an understanding of the
field enhancement values, the voltage value across the
modulator can provide insight. For that matter, a comparison of

(@) real(Ey) real(H, )

real(E,)

x1072
10

—10

(b) real(E,) real(E,)

§

real(E,)

real(Hy)

x1072
10

T I e

(c) real(E,) real(H,)

x107 1
5

Fig. 13 The corresponding near electric and magnetic field plots of the
structure, (a) thin bowtie, (b) wide bowtie, and (¢) FLC are shown.
For modulation, the E,-field within the slot has to be
maximized.
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Fig. 14 For the given thin bowtie antenna, the FE and FOM responses with changing modulator dimensions are investigated at two distinct
cases: at resonance and off-resonance. (a) The search space of modulator capacitances for both at-resonance and off-resonance cases are given.
(b-c) For the off-resonance case, the FE and FOM responses are shown. (d-¢) The FE and FOM responses of the at-resonance case are

demonstrated.

voltage U, values across the modulator shows that the FLC
antenna provides the highest maximum field enhancement
values while the wide bowtie has the lowest one, see Table III.
Similarly, the value of the equivalent resistance R.. also affects
the ability of the antenna to radiate/capture electromagnetic
field; hence, the field enhancement behavior.

The comparison of the calculated circuit parameters of the
aforementioned antennas can reveal additional information:
The wider the antenna width, the higher the equivalent antenna
capacitance, C.. As expected, the equivalent antenna
inductance, L., is highest for the FLC antenna due to its loop-
like design.

Fig. 13 shows the near-field electric and magnetic field
distributions over these antennas. All three types have the
electric field intensity maximum occurring at the antenna slot,
where the plasmonic modulator is located. The magnetic field
has a local minimum but does not drop to zero at the slot (since
the current is non-zero between the capacitor plates of the
modulator). Also, at the antenna arm ends, the local electric
field maxima and magnetic field minima are observed (analogy
with open circuit termination). The field plots of the thin bowtie
in Fig. 13(a), and the wide bowtie in Fig. 13(b), have a similar
trend. For the wide bowtie antenna, it is observed that the
electric field is spreading into a larger area rather than localizing
(as in the thin bowtie case) since it is covering more area in
space. The reverse effect is observed for the magnetic field
plots. The loop like geometrical shape of FLC leads to a
different field distribution. As in Fig 13(c), it has this
alternating field response at the opposite sides of the antenna
arms. The maxima and minima locations also follow the theory
for both electric and magnetic field distributions. Since the
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antenna ends meet at the antenna slot, the electric field
maximum is found in the center of the structure. In a similar
way, the magnetic field is only close to zero in the middle of the
structure.

Lastly, we are aiming to find the antenna that induces the
largest phase shift. The question then is as of which antenna
provides the best FOM =FE x l,,,,4. Towards this end, we
choose the thin bowtie antenna, and we investigate the space
encompassing different modulator lengths and modulator slot
widths. This results in a capacitance plot as depicted in Fig.
14(a). Subsequently, we try find the optimum plasmonic
antenna in two ways:

In a first attempt, we study the modulator with the thin bowtie
antenna and the antenna geometry that led to the parameters in
Table III. This antenna has a resonance at 200 GHz for a
modulator with slot width wg,=1pum and a length
linoa = 14 pm (capacitance C,,, = 0.124 fF). When varying the
modulator geometry, we obtain the FE plot from Fig. 14(b). For
a given modulator slot width wg;,, one may find a maximum
FE at a specific length l,,4. Yet, this is not the global
maximum. By following the capacitance equiline (white line)
towards smaller slot widths (i.e., by staying at resonance) we
can increase the field enhancement. All of this is achieved with
the same antenna geometry. It should be noted that, in the end,
what matters is the FE x L,,,,4. The plot in Fig. 14(c) then shows
that increasing the length has still more impact. Increasing the
modulator length can indeed enhance the figure of merit.

In a second attempt, for each modulator capacitance (i.e.,
each slot width wg,, and length [,,,4 of the modulator), we
redesign a new optimum resonant antenna. The antenna with a
resonance at 200 GHz for any of the modulator capacitances.
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This process results in the FE plots of Fig. 14(d). These resonant
antennas provide the same FE at any modulator length! This is
quite an amazing result as the charges fed to the modulator need
to increase in order to maintain the same FE for all lengths. This
can be understood as follows: The antenna rescaling
redistributes the charges from the antenna to the modulator.
When subsequently multiplying the FE by the length, one
obtains the figure of merit in the plot of 14(e). As a result, we
can find the antenna with the highest figure of merit by studying
the plot. Again, the highest phase shift is found for the longer
antennas. The length of the antenna thus should be as long as
possible — yet not too long or the plasmonic losses might
become prohibitively high.

VI. CONCLUSION

In this paper, a framework for designing plasmonic
modulator antennas is presented. The method is based on the
antenna equivalent circuit theory and extracting its individual
components through computational analysis. This evaluation is
performed via field simulations as opposed to the use of lumped
port excitation, which has been found inadequate in revealing
the influence of the modulator on the antenna. Our proposed
method is thus introduced as a more accurate means of
modeling the plasmonic modulator antenna.

The comparison between half-wavelength dipole and full-
wavelength dipole with plasmonic modulator shows the impact
of this co-integration. Their equivalent circuit parameters and
field plots are analyzed in detail to explain the effects of each
design part on the performance. Furthermore, three different
structures that are used with plasmonic modulator antenna
applications, namely thin bowtie, wide bowtie, and FLC are
further analyzed. The circuit approach shed light on the field
enhancement behavior of these structures in terms of their
bandwidth and enhancement capabilities.

The fractional bandwidth of these plasmonic antenna is not
only impacted by the antenna geometry, but also highly
influenced by the plasmonic modulator. Yet, the proposed
method can be utilized to design the best possible plasmonic
antenna for any frequency. The framework offers an efficient
way based on theory rather than performing many parameter
sweeps for finding an aimed field enhancement response
despite the fact that all design parameters are coupled.

While this paper gives insights into the physics of the antenna
modulator, it should be stressed that for a practical
implementation one has to include not only substrates and
cladding materials but also reflections at interfaces.

APPENDIX

Appendix I : Lumped Port Excitation

The details of the lumped excitation is explained in this
Appendix. As discussed previously, the lumped port is
connected to a source with a generator voltage U, and a
generator impedance of R,. The voltage U, is induced across the
port with a port current of /,. The generator voltage U, excites
an incident field with an electric field component of E; and a
magnetic field component of H;. At the lumped port, the
scattered field with an electric field component of E,.r and a
magnetic field component of H.r also radiates. The
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transmission line current is also represented as a surface current
density J; with an opposite direction to the electric field. The
lumped port details are given in Fig. 15.

The incident and reflected electric and magnetic fields are
related through the surface impedance as follows

ﬁxﬁi=—ziﬁx(ﬁx§i) (17)

— 7 1> — =1

X ref=z—snx(n><Eref). (18)

Summing (16) and (17) results in the following equation.

= — — 1 = - -

7t X (H; + Hyep) =5 Ax [78 % (Erer — E1)] (19)

7 X (H; + Hyep) = -7 X |7 X | By + E; — 2, (20)
H —F

— 7 1> — =1 2 > = =1

n><H=Z—SnX(nXE)—Z—Sn><(n><EL-) (21)

In order to obtain the boundary condition defined over electric
field, the derivative of (21) is taken.

X E(”%)] =leﬁx(ﬁx2—f)—z%ﬁx(ﬁxaa—?) (22)

The first Maxwell’s equation, V X E= —u Z—Z, is then utilized
to reach the final form of the boundary condition.

ﬁx(iVxﬁ)=—Zlﬁx(ﬁxg—f)+zisﬁx(ﬁxaa—ii) (23)

S

ﬁx(iVXE)+iﬁx(ﬁx"—E)=iﬁx(ﬁx%) (24)
u Zs at Zs at

Appendix II: Equivalent Circuit Parameter Derivation

The details of the derivation of the equivalent circuit model
parameters from the computed values is explained in this
Appendix.

As illustrated in Fig. 3, 3-D FEM simulations are performed
to obtain the antenna current (/,), the scattered power from the
antenna (P,) over the surface of the air domain, and the time-
average electric (W.) and magnetic (W,) energies of the
scattered field in the air domain. Hereafter, the decomposition
of the radiating and near-field parts of the time-average energies
are obtained as expressed by (5)-(7). The time-average electric
energy of the near-field (W."*") and the time-average magnetic
energy of the near-field (W,"*) are then required for
computing the antenna capacitance (Ce.), the inductance values
( L¢c) and the antenna resistance (Rec).

The value of the antenna capacitance C,. can be derived from

the electric energy of the near-field (W."“"") by using
1

wnear — S Coc Ugec , (25)
where U, is the voltage across the antenna capacitance
Iq
Ue,. = Tate (26)
Solving (25) with (26) for C,. gives
13
Cec = Fowpear - @7

The remaining equivalent circuit parameters, namely antenna
inductance (L..) and antenna resistance (R..) are extracted by
utilizing the computed values, as well as Kirchhoff’s circuit
laws.
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Lumped Port

Fig. 15 A simple lumped port representation is illustrated. The
source generates the port voltage U, and the port current /, at the
lumped port. As a result of this excitation, the incident field with
an electric field component of E; and a magnetic field component
of H; is induced. The scattered field at the lumped port has an
electric field component of Er.rand a magnetic field component of
Hyer. The port has a height 4, and a circumference wp. The
transmission line current is also represented as a surface current
density Js with an opposite direction to the electric field. More
details can be found in the text.

We first use the Kirchhoff’s law to derive the currents I, and
I; flowing in the circuit of Fig. 3. Kirchoff yields the following
equations
LRee — jwLec; =0, (28)
I,=1+1I. 29)
By inserting (29) into (28), the current I, flowing through the
antenna resistance can be found as follows

__JjwLecli _ jwLec(Ig—Iy)
= T e 0)
and solving (30) for I, yields
JwLec (3 1)

T RectjwLec @
Similarly, the current flowing through the antenna inductance
can be obtained by using (29) and (31) as

[ =—Re . (32)

- Rectjwlec *

The power radiated from the antenna (P;) is equal to the power
consumed by the antenna resistance (Pp,,_)

P =Pg,. = %Rechg

The time-average near-field magnetic energy is given by

Witee" =~ LocI?. (34)

The power radiated by the antenna and the time-average near-
field magnetic energy given in (33) and (34) can be written in
the following form by inserting the current expressions into (31)
and (32), respectively.

1 1
PT = ERECIE = ER

(33)

w?1%,
ec p2 2,2
Rgc+w*Lg,

I3, (35)

R3c 2

1 1
Wi = ~LeoIf =~ L I2. (36)

2 €€ RZ +w21Z,

To extract the antenna resistance and the antenna inductances
from (33) and (34), (35) and (36) can be combined as follows

2 1 w?R3:L%:
P? + w?Wjear” = PYRwCTER 12, 37
Using (37) with (35) and (36), respectively, allows one to
extract the two values
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2

2(P2+w2Wnear )
Ry = 28+ Wm ) and (38)

P2
2
2(PE+w?WHe™) P
Lee = =5 mearz— = Rec —5-wear - (39)
W Wp"" g W“Wp,

The rest of the parameters such as source voltage, U, and
antenna voltage, U, are calculated by using Ohm’s law.
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