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I. INTRODUCTION

We have developed the multiband single-layer frequency selective surfaces (FSSs)
by using the optimization technique based on the genetic algorithm (GA) [1]. In the
frequency responses of these FSSs for the oblique incidence, the unwanted sharp dips
appear, depending on the element shape. The similar singular characteristics have
been confirmed for the dipole element with the length of a wavelength [2]. But the
mechanism causing such singular characteristics has not been investigated for the FSS
with the complicated element shape produced by the optimization technique.

This paper makes it clear how the singular characteristics of the FSS occur in the
frequency response. Firstly, we show briefly the methods for finding the singular
frequency with the unwanted sharp dips, and also the resonant frequency yielding
the specified reflection. Then, by using an example of the FSS developed by us, we
explain the mechanism of the singular characteristics from the current distribution.
Finally, the validity of the discussion is proved experimentally.

II. ANALYTICAL METHOD

The FSS is analyzed by the method of moments (MoM) [3], and then the final
result can be expressed as the matrix equation [V]| = [Z][I]. As shown in [2], the
singular frequency can be obtained by solving the equation det[Z] = 0 (det means
the determinant of the matrix). While the resonant frequency can be obtained [4].
At the normal incidence, the imaginary part of [V'] becomes zero because [V| means
the incident wave in phase. Then, the imaginary part of the matrix equation can be
approximately expressed as [0] = [X][/], where [X] consists of the imaginary-part
elements of [Z], and [0] represents the zero vector. Therefore, we can obtain the
resonant frequency by solving det[X] = 0. It should be noted that the solutions of
det[X] = 0 include the singular frequencies.

III. NUMERICAL RESULTS AND EXPERIMENTS

A typical element of the GA-designed dual-resonant FSS [1] is shown in Fig. 1.
By solving det[Z] = 0 numerically, the singular frequencies 14.48 GHz, 24.81 GHz
and 34.97 GHz can be obtained below the onset of the grating lobe at the normal
incidence. The current distributions of the first two singular frequencies are shown in
Fig. 1, where the vectors represent the direction and the magnitude of the current.
They have the symmetric distributions and do not cause the reflection because the
current vectors totally cancel each other in the element. Noting the regions divided
by A-A’ and B-B’ planes shown in Fig. 1, the currents at 14.48 GHz are in phase
on those planes, while those at 24.81 GHz are out of phase. So, the A-A’ and B-B’
planes can be regarded to be like the electric walls in Fig. 1(a) and the magnetic walls
in Fig. 1(b). At the normal incidence corresponding to the TEM wave, the singular
characteristics disappear. On the other hand, in the case of the oblique incidence, the
current distribution in Fig. 1(a) is excited by TE-wave oblique incidence (£ field is
y polarized) rather than by TM-wave oblique incidence (£ field is = polarized), and
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(a) 14.48 GHz.
Fig. 1. Current distributions at the singular frequencies (periodic spacing:8.0 mm).
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(a) TE-wave incidence. (b) TM-wave incidence.

Fig. 2. Calculated and measured transmission responses (periodic spacing:16.0 mm).

vice versa in Fig. 1(b). Next, we can approximately obtain the resonant frequencies
19.68 GHz and 28.56 GHz (excluding the singular frequencies) by solving det[X] = 0.
We confirm that these approximate solutions are almost the same as the frequencies
at the minimum transmission points obtained by solving [V] = [Z][I] at the normal
incidence.

Figure 2 shows the comparison of the calculated results by solving [V] = [Z][I] and
the measured transmission responses at the incident angles of 6§ = 10° and 20° for
verifying the numerical results (the FSS is scaled up twice for the measurement).
The transmissions at the frequency points F; are caused by the current distributions
shown in Fig. 1. While the dips at frequency points F» are the modal interaction
nulls, which can be easily understood from the equivalent circuit theory connecting
the anti-resonant reactance circuit and the resonant one.

IV. CONCLUSIONS

We have discussed the singular and the resonant characteristics of the FSS with the
GA-designed element shape numerically and experimentally. The understanding of
these phenomena provided here will help the design of the multiband FSS.
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