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Abstract

In this paper we show that the two-sided mushroom structure with inductive loadings (as lumped
loads) at the junction of vias and metallic patches exhibits negative refraction. The transmission
properties are analysed based on the nonlocal homogenization model for the mushroom structure
with a generalized additional boundary condition for loaded vias. It is shown that it is possible to
control the negative refraction angle by varying the inductive loads.

1. Introduction

Recently, bulk material formed by periodically attaching metallic patches to wire medium (WM) [1],
has been shown to exhibit negative refraction at microwaves, with suppressed spatial dispersion (SD)
effects as originally suggested in [2]. Building on this idea, in [3] it is shown that by inclusion of the
air gap in between the metamaterial layers it is possible to control the negative refraction angle. In this
work we consider the two-sided mushroom structure formed with loaded vias (impedance insertions at
the via-to-patch connection) and demonstrate that the structure exhibits strong negative refraction. We
investigate the effect of varying the load (inductive), and show that this configuration enables the control
of negative refraction angle. The analysis is carried out using the nonlocal homogenization model with
the generalized additional boundary condition (GABC) derived in [4] at the junction with impedance
loadings.

2. Two-sided mushroom structure

The geometry of the two-sided mushroom structure with loaded vias is shown in Fig. 1 with the TM-
polarized plane-wave incidence. The patch arrays are at the planesz = 0 andz = -h and the vias are
connected to the metallic patches through lumped loads. The homogenization model for the analysis of
reflection/transmission properties of the mushroom structure is based on the spatially-dispersive model
for the wire media ([5] and references therein) with the GABC’s for the microscopic currentI(z) at the
connection of lumped loads to metallic patches [4]:
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(a) (b)

Fig. 1: Geometry of the two-sided mushroom structure with loaded vias illuminated by an obliquely
incident TM-polarized plane wave: (a) Cross-section view and (b) top view.

whereC = 2πε0εh/ log(a
2/4r0(a−r0)) is the capacitance per unit length of the wire medium,Cpatch=

πε0(εh + 1)(a− g)/log(sec πg
2a
) is the capacitance of the patch in a regular array of patches given in [6],

andZLoad1,2 are the impedances of lumped loads. We may neglect the termC/Cpatch in the GABC’s
Eqs. 1 and 2 when the gap (g) is small andCpatch ≫ hC. Since the insertion of loads in the wire
introduces non-uniformity in the current and charge distributions, the correction terms described in terms
of the parasitic capacitanceCpar and parasitic inductanceLpar should be taken into account in the above
equations for load impedances [4],

ZLoad,eff1,2= jωLpar+
1

jωCpar + (1/ZLoad1,2)
. (3)

The reflection/transmission properties can now be obtained by matching the tangential components of
the electric and magnetic fields at the air-patch interfaces by using the two-sided impedance boundary
conditions, and the above GABC’s Eqs. 1 and 2 at the connection of loaded vias to the metallic patches.

3. Results and discussion

Let us consider the case of the two-sided mushroom structure with the vias connected to the metallic
patches through lumped loads at the planez = −h and a true short circuit (SC) at the planez = 0. The
dimensions of the structure (with the notations as shown in Fig. 1) are as follows:θi = 60◦, εh = 10.2,
a = 2 mm, g = 0.2 mm, r0 = 0.05 mm, andh = 2 mm. Fig. 2 (a) demonstrates the transmission
magnitude and phase for the two-sided mushroom structure with an inductive load of 0.2 nH as a function
of frequency. The inductive load is connected to the patch through a gap of 0.1 mm. It can be seen that the
homogenization results are in a reasonable agreement with the HFSS full-wave results. It is observed that
with an increase in the inductive load, there is a decrease in the transmission resonance (corresponding
to the maximum transmission) and in the plasma frequency (plasma frequencyfp ≈ 12.14 GHz for SC
case). In order to study the emergence of negative refraction we use the formalism proposed in [8],
which is based on the analysis of the variation in the phase ofT (ω, kx) (transmission coefficient for a
plane wave characterized by the transverse wave numberkx) of the metamaterial slab with the incident
angleθi. It is observed that the transmission phase decreases with an increase in the incident angle for
the two-sided mushroom structure with an inductive load of 0.2 nH. The calculated transmission angle
θt as a function of incident angleθi at a frequency of 9 GHz is shown in Fig. 2 (b) (red curve), showing
a strong negative refraction. Also, in Fig. 2 (b), we plot the calculated transmission angle for different
inductive loads. It can be seen that with an increase in the inductive load, the negative refraction angle
increases (in comparison with the SC case) and turns to positive refraction. This is due to the decrease
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in the plasma frequency (fp ≈ 8.2 GHz for inductive load of 0.6 nH) and the structure exhibits positive
refraction when one operates above the plasma frequency.
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Fig. 2: (a) Comparison of the magnitude and phase of the transmission coefficient for the two-sided
mushroom structure structure excited by a TM-polarized plane wave incident at 60 degrees. The solid
lines represent the homogenization results and the symbols correspond to the full-wave HFSS results [7].
(b) Transmission angleθt as a function of incident angleθi for the mushroom structure with different
inductive loads calculated at the frequency of 9 GHz.

4. Conclusion

The transmission properties of the two-sided mushroom structure have been studied using the nonlocal
homogenization model with generalized ABC’s at the insertion of impedance loadings and are compared
with the full-wave results. It is observed that the mushroom structure exhibits a strong negative refraction
at an interface with air, and it is possible to control the negative refraction angle by varying the value of
the inductive load. Using the proposed concept of lumped loads it is possible to have a smaller unit cell
at the frequency of operation, without resorting to high permittivity dielectrics.
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