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Abstract—The effects of electromagnetic coupling on constitutive S-Parameters of bi-anisotropically designed metamaterial
(MM) structure with several boundary conditions (PEC, PMC,
UC) are analyzed. It is disclosed that in addition to the main
electromagnetic coupling effect on the constitutive parameters of
resonating MM structure, boundary conditions have an influence
on this coupling effect because of the different imaging properties
of the boundaries. The effects of electric and magnetic excitations
on SRR and the exotic symptoms of them are examined. CST
Microwave Studio is used for the simulation and extraction of
constitutive parameters of the bi-anisotropic MM slab.
Index Terms—Bi-anisotropic, metamaterials, boundary conditions, electromagnetic coupling, scattering parameters.

I. I NTRODUCTION
V.G. VESELAGO proposed a revolutionary theory in 1968
about materials having negative relative electric permittivity
(εr ) and negative relative permeability (µr ) simultaneously
over a frequency band although such materials are not existing
in the nature [1]. He called these materials left-handed materials (LHM), because of the reverse propagation of the wave
[1], [2]. These artificial materials have not been realized until
Pendry et al. who put forward two types of array structures
such that consists of cylindrical metal wires that form negative
εr and split-ring resonators (SRR) creating negative µr [3], [4].
After this work, hundreds of studies on metamaterial (MM)
structures have been made to understand and characterize the
peculiar and sophisticated nature of these MMs.
MMs can be excited by several ways depending on the
structure of the MM and the polarization of incident electromagnetic (EM) wave. First and foremost, MM can be
stimulated by an EM wave which is polarized in parallel
(the wave propagates parallel to SRR plane), just excited
by magnetic field passing through SRR and this creates
large amount of current circulating over the surface of SRRs
resulting magnetic coupling (no electric coupling in this case
because of symmetry of SRR with respect to electric field).
Second, the MM can also be stimulated by an EM wave that
is polarized in perpendicular, (the magnetic field is parallel to
SRR plane and the electric field is not parallel to symmetry
axis of the SRR) and only the electric field excites the SRR and
this produces only electric coupling. Finally, both magnetic
and electric fields excite the MM and both magnetic and

electric couplings can occur [2], [5], [6]. These types of MMs
called bi-anisotropic MMs. Bi-anisotropic MMs have unique
properties different from other isotropic MMs such as they
have different forward and backward reflection parameters and
different reflected and absorbed powers etc. [7].
In the study [8], the effects of different EM boundary conditions, perfect electric conductor, perfect magnetic conductor
and unit cell (PEC, PMC, UC respectively) are analyzed for
isotropic MM that is nested U-ring resonator (NURR). But this
study was limited to analysis on an isotropic MM structure.
Therefore we thought it worth studying and analyzing effects
of boundary conditions on bi-anisotropic MMs and EM response of them due to the peculiar behavior of them [9].
We performed our simulations with commonly used commercial 3-D design and EM analysis program, (CST Microwave Studio 2014) which is based on finite integration
technique (FIT) [10]. CST Microwave Studio allows us to
construct a computational domain and assign its boundary
conditions and proper input and output ports. By this feature
it is possible to analyze great structure arrays thanks to the
unit cell design [8].
II. S IMULATION S ETUP
In our study, we designed a SRR which is consists of two
concentric rectangular rings. Each ring has a gap at one vertical
side of it, as demonstrated in Fig. 1. For this cell, hm = 5
mm, lm = 5 mm, the metal route width w = 0.3 mm, and
the separation distance s = 0.3 mm, inner and outer gaps
respectively gi = 0.6 mm and go = 0.6 mm. Rings are
composed of copper with the metallization thickness tm = 35
µm and with conductivity σ = 5.8 × 107 S/m. Here the
copper SRR is printed on a lossy dielectric FR4 substrate with
thickness d = 0.8 mm, dielectric constant εr = 4.3 and with
loss tangent δs = 0.010. The length and height of the FR4
substrate are ls = 6 mm and hs = 10.16 mm, respectively.
The height hs fits into the upper and lower boundaries for each
domain dimension to have a continuous substrate medium to
ease the analysis as implemented in the study [8].
The computational domain is depicted in Fig. 2. Here ax ,
ay and az are the geometrical dimension parameters of the
domain. The MM structure is situated at the center of the
domain for each simulation. The boundary conditions are

Fig. 1: Geometrical Parameters of the analyzed bi-anisotropic
MM unit cell. The nested SRR is printed on a dielectric
substrate.

Fig. 2: Computational domain view of the unit cell. The
electric field is polarized in +y, the magnetic field is polarized
in +x direction and the EM wave propagates in -z direction.
applied on upper, lower surfaces (x - z planes), and front,
back surfaces (x - y planes) of the domain. Open boundary
conditions are defined on input and output ports. The ports
where the EM waves produced and received are also shown
in the figure. Finally, the left and right sides of the MM slab
are taken as reference plane to get proper values by calculating
distance (Ddeembedding) between ports and reference planes.
III. PEC,PMC AND UC B OUNDARY C ONDITIONS
Here, we had better if we mention about the properties of
boundary conditions. Firstly, the PEC boundary plane acts as
follows, if an electric charge (here flow of circulating current
on the SRR) moves parallel to the PEC wall, the image of
current, flows the opposite way round, and if the current flows
directly towards to the PEC wall, the image of the current
flows in the same direction. Secondly, for the PMC plane,
if a current on a wire flows parallel to the boundary, the
image of current flows in the same direction and if the current
flows towards to PMC wall, the image of the current flows
in reverse direction, i.e. the PMC boundary acts just as a
mirror for electric charges [11]. All these properties is shown
in Fig. 3. Finally, for UC boundary condition, it is a feature of
the CST Microwave Studio that provides creation of an array
which is totally composed of the unit cell, i.e. the unit cell

Fig. 3: Behavior of boundary conditions to electric charges
and currents [11].

is repeated entirely along the construction. Therefore, these
effects of imaging must be considered to truly understand the
MM structures.
Due to the symmetric geometry of our bi-anisotropic MM
design with respect to z- axis, the overall MM structure has
the same orientation and the same surface current density
direction. Under favor of the imaging effects of boundary
conditions, as mentioned above, the MM slab i.e. unit cell,
turns out to a MM array, a large periodic MM structure. The
main SRR interacts with the other imaging SRRs and EM
coupling occurs between neighbor SRRs which affects the
overall EM response of the system. The effect of geometry
on coupling is very important and explained in detail in the
following sections.
IV. E FFECTS OF D IFFERENT B OUNDARY C ONDITIONS
ON R ESPONSE OF B I - ANISOTROPIC MM S AND
C OMPARISON WITH I SOTROPIC MM S
To perform EM experiment or simulation within PEC/PEC
(rectangular metallic waveguide) boundaries, the physical dimensions of computational domain must be chosen carefully,
to allow EM wave to propagate through the waveguide.
Dimension of this volume is picked up with respect to the
working frequency band of the rectangular waveguide. We
used X–band rectangular waveguide, whose cut off frequency
is fc = 6.557 GHz and the frequency limits are 8.2 GHz—
12.4 GHz with transverse dimensions ax = 22.86 mm and
ay = 10.16 mm, for the simulation to characterize the MM
slab. Because X–band waveguide just allows the dominant
TE10 mode to propagate through waveguide therefore it is
easier to analyze the outcomes.
To compare accurately the effects of boundary conditions
on the MM slab, we used the same size of X–band waveguide dimensions for each simulation. For the PEC boundary
condition, because of symmetry of our bi-anisotropic MM
with respect to z−axis, the image of SRR according to image
theory is exactly the same geometry. Also, if the image of
surface current density on the SRR is examined, again the
same surface current directions are observed on each SRR.

(a)

(b)

Fig. 4: The overall structure topology formed by the applied boundary conditions. (a) For PEC/PEC and PEC/PMC, layout of
the whole structure is the same but surface current directions are in reverse for first and second case (b) For UC, each cell has
the same geometry and surface current directions

(a)

(b)

Fig. 5: (a) Surface current densities of SRRs with PEC/PEC and PEC/PMC boundary conditions (upper and lower boundaries
PEC) and (b) with PEC/PEC and UC boundary conditions (the unit cell is repeated through the whole structure)

This is the same of sequence of UC boundary condition
for PEC/PEC and PEC/PMC boundaries. In other words, the
same topology is created on y−axis for the three cases. The
difference of them is just the arrangement of MM slab images
on x−axis depending on boundary conditions of the front
and back walls of the computational domain. This means
that, the three case have the same coupling from y−axis and
the overall characterization of the system is designated by
couplings in x−direction. The overall structures formed by
the three boundary conditions can be seen in Fig. 4 (a) and
(b). (Refer to Fig. 3.)
If we observe the surface current densities on the SRRs
shown in Fig. 5 (a) and (b), it is understood that, the SRR with
the arrangement PEC/PEC has the strongest surface current
density, and the surface current density of PEC/PMC case is

slightly stronger than UC case. This refers that, the first case
has strongest EM coupling than the other two cases, and the
second case has more EM coupling than the third case, in view
of the case that, the EM coupling type and strength highly
depends on the geometry of the structure of SRR design.
For our design mostly, strong inductive couplings occurs in
y−direction, due to coupling with the no-gap sides of SRRs
where strong stimulated surface currents flow. In z−direction,
both capacitive and inductive couplings take place.
When we investigate the behaviour of the constitutive Sparameters of bi-anisotropic MM structures for the aforementioned boundary conditions, we observe reasonable findings.
Magnitudes of complex, forward transmission (S21 ) and backward reflection (S22 ) parameters versus frequency are plotted
in Fig. 6 and Fig. 7 respectively.

Fig. 6: Magnitudes of transmission scattering parameters of
bi-anisotropic MM slab with boundary conditions, PEC/PEC,
PEC/PMC, UC with the resonance frequencies fP EC/P EC =
9.1408 GHz, fP EC/P M C = 8.7922 GHz, fU C = 8.6578
GHz, respectively.

Fig. 7: Magnitudes of reflection scattering parameters of bianisotropic MM slab with boundary conditions, PEC/PEC,
PEC/PMC, UC with the resonanace frequencies fP EC/P EC =
10.308 GHz, fP EC/P M C = 10.245 GHz, fU C = 9.9976
GHz, respectively.

As seen in the figure, the magnitude of the transmission
scattering parameter, |S21 | of PEC/PEC case has the strongest
and highest resonance and has more shift distance than resonance curves of the other two boundary conditions. It is
clearly seen in Fig. 6 and 7, how important the boundary
conditions are, on the behaviour of MM structure. It should
be noted that, the main reason behind this boundary effect is
EM coupling effect. We have already seen this from density
of circulating surface current on the SRR in Fig. 5. It is
possible to see different EM coupling effects depending on
coupled SRRs interacting shape. For example, if no-gap side
of a SRR couples with itself, leads to a strong inductive
coupling, if gap bearing side of the SRR couples this leads to a
capacitive coupling [12]. |S21 | resonance curve for PEC/PEC
boundaries is distinct from the other two resonance curves,
and PEC/PMC and UC cases are close to each other. This
can be explained by, understanding layout organization of
overall MM structure. PEC/PEC case has the layout in Fig.
4(a) and current directions are reverse with opposing SRRs,
distinct from the other cases. But PEC/PMC (layout in Fig.
4(b) ) and UC (layout in Fig. 4(b) ) cases have almost
same structure organization, same geometry and same surface
current directions, just there is a difference in the existence
of reversed substrate + SRR arrays in every 2 columns of
the structure. That is, small distance shift for the SRR and
a side change for the SRR and substrate. As a result of this
orientation, resonance curve of second and third cases show
slight difference for |S21 | parameter.
To analyze the effect of boundaries conditions on the frequency shift of resonance curves of scattering parameters S21
and S22 , we examined and compared the resonance frequencies
of the three boundary conditions taking UC case as the
reference with respect to the Equation 1. Also to understand
bi-anisotropy, we compared these results with isotropic MM

structure with exact other parameters. The results are shown
in the Table I. We note that, distance of resonance curves
of PEC/PEC from resonance curve of UC case, for S21 in
bi-anisotropic and isotropic orientation, are greater than S22
parameter and shift in S21 for isotropic MM is much greater
than bi-anisotropic MM. This manner turns reverse in S22 for
bi-anisotropy and isotropy.
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TABLE I: The resonance shift comparison for bi-anisotropic
and isotropic MMs calculated by the formulas in Equation 1.
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Fig. 8: Magnitudes of reflection scattering parameters of
isotropic MM slab with boundary conditions, PEC/PEC,
PEC/PMC, UC
V. C ONCLUSION
From our analysis, we note that, for an identically same
MM slab and computational volume, the boundary effects
are important on the behaviour of MM structure and the
EM couplings play the key role in this. We also got the
following remarkable results. First, compared with the resonance frequency of S21 and S12 of bi-anisotropic MM slabs,
the resonance frequency of S21 and S12 of isotropic MM
slabs is changing much more for a computational volume
with boundary conditions of either PEC/PEC or PEC/PMC
in reference to UC boundary condition. Second, we have an
opposite situation that resonance frequency of S11 and S22
of bi-anisotropic MM is changing much with a change of
boundary condition from UC to either PEC/PMC or PEC/PEC.
The reason for such results is thought to be arising from the
presence of simultaneous electric and magnetic excitations
for bi-anisotropic MMs in converse with electric-only or
magnetic-only excitation for isotropic MMs.
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