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Abstract

A multi-trace surface integral equation (MT-SIE) solver is proposed to analyze electromagnetic field interactions on

graphene-based devices. This solver decomposes the computation domain into an exterior subdomain (the background

medium where the device resides in) and an interior subdomain that represents the device’s dielectric substrate. The

infinitesimally thin graphene sheet partially covers the interface between these two subdomains. On the graphene

surface and the rest of this interface, resistive Robin transmission conditions (formulated for the first time in this

work) and the traditional Robin transmission conditions are used to “connect” these two subdomains, respectively.

In each subdomain, the electric and magnetic field equations are used as the governing equations. Various numerical

examples are presented to demonstrate the accuracy and the applicability of the proposed MT-SIE solver.

I. INTRODUCTION

In recent years, graphene has become one of the fundamental building blocks in the design and fabrication of

electromagnetic devices and systems mainly because its surface conductivity depends on several variables such as

temperature, chemical potential, bias static magnetic field, some of which can be dynamically tuned to manipulate

electromagnetic fields [1].

To efficiently simulate electromagnetic field interactions on these devices and systems, often the graphene sheet

is modeled as an infinitesimally thin surface and resistive boundary conditions (RBCs) are enforced this surface

to relate the electromagnetic fields on its two sides [2]. Indeed, this approach has been successfully incorporated

within finite-difference time-domain method [3] and discontinuous Galerkin time-domain scheme [4]. Although
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these methods are highly capable of handling geometrically intricate devices, they still suffer from the well-known

shortcomings of differential-equation solvers.

These shortcomings can be addressed by switching to a surface integral equation-based approach. For example,

the approach proposed in [5], first, formulates the electromagnetic field interactions on a graphene sheet in the form

of a volume integral equation and then reduces this equation into several surface integral equations (SIEs) under

the thin dielectric sheet approximation [6].

In this work, a multi-trace (MT) SIE solver is proposed to efficiently simulate electromagnetic field interactions on

graphene-based devices. The computation domain is decomposed into two subdomains: an exterior subdomain that

represents the background medium where the device resides in and an interior domain that represents the device’s

dielectric substrate [7], [8]. RBCs are enforced on the graphene sheet that is located on the interface between these

two subdomains. Resistive Robin transmission conditions (RRTCs) are formulated for the first time in this work

to incorporate these RBCs within the MT-SIE formulation. The electric and magnetic field SIEs are used as the

governing equations in each subdomain. These SIEs are then coupled to each other using RRTCs (that represents

the graphene) and “traditional” RTCs (that represent the tangential electric and magnetic field continuity) [9].

II. FORMULATION

The graphene sheet is modeled as a surface with conductivity σg. RBCs on this surface are expressed as [10]

n̂1 × (E1 −E2) = 0

n̂1 × (H1 −H2) = −1

2
σg · [n̂1 × n̂1 × (E1 +E2)]

(1)

where {E1,H1} and {E2,H2} are the electromagnetic fields on the two sides of the graphene sheet and n̂1 is this

surface’s unit normal vector pointing into side 1. For traditional domain-decomposition formulations, RTCs are used

to ensure the continuity of the fields on two sides of an interface that divides a domain into subdomains [7]–[9].

These traditional RTCs are given by [9]

J1 − n̂1 ×M1 + J2 + n̂2 ×M2 = 0

n̂1 × J1 +M1 − n̂2 × J2 +M2 = 0.
(2)

Here, J1 = n̂1×H1, J2 = n̂2×H2, M1 = −n̂1×E1, M2 = −n̂2×E2, and n̂2 is the unit normal vector pointing

into side 2. Assume that the graphene sheet is located on an interface between two subdomains. Then, RTCs in (2)

are modified to account for RBCs in (1). This modification yields RRTCs that are expressed as

J1− n̂1 ×M1 − σg · (n̂1 ×M1) + J2 + n̂2 ×M2 = 0

n̂1 × J1+M1 + σg ·M1 − n̂2 × J2 +M2 = 0

J2− n̂2 ×M2 − σg · (n̂2 ×M2) + J1 + n̂1 ×M1 = 0

n̂2 × J2+M2 + σg ·M2 − n̂1 × J1 +M1 = 0.

(3)
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Fig. 1. Co- and cross-polarized RCS of the THz polarization converter.

In the each subdomain, RTCs (2) and RRTCs (3) are used to “connect” the electric and magnetic field SIEs that are

used as the subdomain’s governing equations [7], [8]. Using Rao-Wilton-Glisson (RWG) functions [11] to discretize

the resulting coupled system of equations yields A1 M12

M21 A2

I1
I2

 =

V0

0

 . (4)

Here, dense matrices Am and sparse matrices Mmn represent the “self” interactions in each subdomain and the

coupling between them, respectively. Im store the unknown coefficients of the RWG expansions and V0 stores the

tested incident fields. The matrix system (4) is solved iteratively using the generalized minimal residual method

scheme (GMRES) [12]. The multiplication of Am by a vector is accelerated using the multilevel fast multipole

algorithm (MLFMA) [13], [14].

III. NUMERICAL RESULTS

In this example, scattering from the tunable THz reflective linear polarization converter described in [15] is

analyzed. The excitation is an x̂-polarized planewave propagating in −ẑ direction and the frequency is 1THz. The

surfaces of the device are discretized using 7 580 triangular patches, which corresponds to an average edge length

of 13µm (λ0/25 at 1THz). The GMRES iterations are terminated when the relative residual reaches 0.001.

Fig. 1 plots the co- and cross-polarized bistatic radar cross section (RCS) (on ϕ = 0 plane) obtained using the

equivalent currents computed by the MT-SIE solver and compares it to RCS obtained using HFSS. Results agree

well. Table I compares the computational requirements of the MT-SIE solver to those of HFSS, and clearly shows

that the MT-SIE solver is faster and uses significantly less memory.
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TABLE I

COMPUTATIONAL REQUIREMENTS FOR SIMULATIONS OF THE THZ POLARIZATION CONVERTER.

Time Memory Iterations

MT-SIE 30m 2.99GB 30

HFSS 1 h 54m 42.1GB N/A
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