Progress In Electromagnetics Research B, Vol. 31, 261-281, 2011

ANALYSIS AND DESIGN OF THIN PLANAR ABSORB-
ING STRUCTURE USING JERUSALEM CROSS SLOT

H. X. Liu*, B. F. Yao, L. Li, and X. W. Shi

School of Electronic Engineering, Xidian University, Xi’an 710071,
China

Abstract—A detailed analysis and design of thin planar absorbing
structure using Jerusalem cross slot (JCS) is presented in this paper.
Based on uniplanar compact high-impedance surface characteristics,
the resistance loss material layer can be directly attached to the surface
of JCS structure, thus absorbing electromagnetic waves effectively. The
improved design is characterized by its wider bandwidth and adjustable
range. The absorption frequency band can be flexibly adjusted by
the slot parameters. The influences of various structure parameters
of JCS, including incident wave polarization and variation of incident
angles on the absorption properties, are analyzed to provide guidance
on theoretical design for practical application. The loaded resistance
can be adjusted to obtain the optimum absorbing performance. The
validation and effectiveness of the proposed design are conducted by
using X-band waveguide simulation and measurement.

1. INTRODUCTION

Radar absorbing material (RAM) is a kind of special material which
can absorb the incident electromagnetic wave and greatly reduce radar
cross section (RCS). Salisbury screen is one of the most popular
classical electromagnetic absorber design techniques [1]. This structure
is composed of a resistive metallic screen and a ground plane separated
by a quarter wavelength distance, with a dielectric between them to
form the simplest resonant absorbing sandwich structure. However, the
disadvantages of the screen are its narrow band and large thickness
of an isolation layer of A\/4. Therefore, it is most desirable to find
alternative designs which can lead to much thinner absorbers with
high performance.
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Artificial electromagnetic materials, such as frequency selective
surface (FSS) [2], photonic band gap (PBG) structures [3-5], and
left-handed materials [6,7] are broadly classified as metamaterials,
which are typically created by using two- or three-dimensional periodic
metallic and dielectric structures. They have attracted significant
research interest in recent years due to their special electromagnetic
properties [8-10], which are widely applicable to antennas and
microwave devices [11,12]. The absorbing frequency band is expanded
by replacing the traditional Salisbury screen with FSS [2, 13, 14]. It has
been shown by Engheta [15] that there is the possibility of existing thin
absorbing screens using metamaterial surfaces. Kern and Werner [16]
in 2003 designed a new ultra-thin absorber based on electromagnetic
bandgap metamaterials by utilizing a genetic algorithm to optimize
the pattern. Gao etal., proposed a novel ultra-thin RAM employing
the mushroom-like EBG structure [17]. The absorption mechanism
and polarization sensitivity of ultra thin absorbers were discussed and
analysed in [18-24].

Based on a uniplanar compact high-impedance (UC-HIS)
structure, this paper proposes an improved design of thin planar
absorbing structure using Jerusalem cross slot (JCS). The in-phase
reflection characteristics support that the resistance loss material
layer can be directly attached to the surface of UC-HIS structure.
By parameter analyses, the influences of the various structural
parameters of JCS, the polarization and incident angles of the incident
electromagnetic wave, and loaded resistors on the absorbing properties
are studied in depth. The correctness of the design of novel absorbing
material is effectively validated by X-band waveguide simulation and
measurement.

2. THEORETICAL ANALYSIS AND DESIGN

The major work of designing the absorbing material is to deal with
two problems: one is how to maximize the incident electromagnetic
wave into the material instead of reflecting off, and the other is how
to attenuate the electromagnetic waves which enter into the material
effectively. The former is essentially the impedance matching problem
of absorbing material, and the latter is the attenuation characteristic
of the material. Generally speaking, the two aspects are correlative
dependence and interaction. The field reflection coefficient of the
Salisbury screen is given as follows [1]:

R= J(1 = B)sinkidy — Yi(1 — aq) coskidy el 2kod

= 1
J(1+ B1)sinkid; + Yi(1 + aq) cos krdy ’ (1)
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Figure 1. The absorbing equivalent circuit of high impedance surface.

where a; and f; are the normalized complex magnetic surface
impedance and electric surface admittance of the Salisbury screen. ki,
Y: and d; are the dielectric wave number, characteristic admittance
and thickness of Salisbury screen, respectively.

It is known that 2D planar EBG structures have high impedance
surface characteristics [8-10]. We use this kind of structures to
construct in-phase reflection screen, on which electrical loss materials
are loaded. By adjusting the resistance of electrical loss material, the
equivalent surface impedance of the whole structure can approach to
the wave impedance of free space, thus achieving the effectiveness of
absorption. The absorbing equivalent circuit of the high impedance
surface is shown in Fig. 1, in which equivalent inductance L and
equivalent capacitance C' deriving from the topology itself of HIS
structures and form a parallel resonant circuit. The resistor R contains
dielectric loss and loaded resistance loss. The calculation of reflection
coefficient of the structure is shown in formula (2), in which Zg,
denotes the equivalent surface impedance of the absorbing structure
and approximates a pure resistance at the resonant frequency, and ng

is the wave impedance in free space.
Zo
= surf 1o (2)

Zsurf + 1o

2.1. Design of Absorbing Structure with JCS

In this paper, we present a new thin planar absorbing structure with
JCS, as shown in Fig. 2(a). The infinite periodic element of the
absorbing structure with JCS is simulated by using the model shown
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Figure 2. (a) Geometry of JCS. (b) Simulation model of infinite
periodic element of absorbing structure using JCSin which the periodic
boundary conditions (PBC) are put around the JCS cell.
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in Fig. 2(b), around which periodic boundary conditions and Floquet

port are set. The dielectric substrate is set as metal ground plane.

a is the unit period and w is the width of square metal cell. The

JCS has the slot width of d and n, and the slot length [ and m. The

loaded resistances R are set at four sides symmetrically. The relative

permittivity and thickness are €, = 4.4 and h = 1.5 mm, respectively.
The initial parameter values are

a = 5.08mm, w=42mm, d=0.2mm,
n=02mm, [=30mm, m=12mm, R =2660hm, (3)

which are used as a reference length to define the physical dimensions
of the various JCS absorbing structures studied in this paper. HFSS
full-wave simulation [25] is used to obtain amplitude and phase
characteristics of reflection coefficient of a plane wave with normal
incidence, as shown in Fig. 3.
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Figure 3. Reflection coefficient characteristics of Jerusalem cross slot
absorbing structure versus frequency.

It can be seen that the absorbing peak of the structure is in
accordance with the reflection phase zero-point, which takes on the
characteristic of a magnetic wall. After adding appropriate lumped
loss resistors, the reflection coefficient reduces to —30dB below at the
central frequency, which shows that the better absorbing effect can be
achieved and the absorption bandwidth depends on band gap of JCS
structure. Zero-point of reflection phase is approximately 9.6 GHz, and
the relative bandwidth is about 15.1%. Compared with the structure
using mushroom-like screen proposed by [16], the absorbing frequency
band is wider and the unit size is smaller.
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2.2. Parameters Analysis

In this section, we will discuss the effect of different values of JCS
structure parameters on the absorbing performance, such as width
of slot (d and n), length of slot (I and m), width of square metal
patch (w), substrate thickness (h) and permittivity (e;,), and loaded
resistance (R).

2.2.1. Slot Length Effect

Slot length plays an important role in determining the absorbing
frequency band. To study the effect of the JCS length, other
parameters are kept the same as in (3). First, the slot length [ is
changed from 2.7mm to 3.6 mm. Fig. 4 shows that the characteristics
of reflection coefficient and equivalent surface impedance of absorbing
structures with different slot length [.

The results show that zero-point of reflection phase which is the
same as absorbing peak, shifts to lower frequency with the increase of
JCS length [, i.e., from 9.7 GHz to 9.0 GHz. When [ is changed as 2.7,
3.0, 3.3, and 3.6 mm, the corresponding values of magnitude of Sy; are
—26,—34,—31, and —23.5 dB, respectively. It is shown in Fig. 4(c) that
the equivalent surface impedance Z,s of JCS reduces as increasing
JCS length [ from 418 to 3320hm. When [ = 3.0mm, Z, is so
closed to ng that absorption effect is the best. It is worthwhile to point
out that a sudden change of the phase of S11 occurs when [ = 3.3 mm
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Figure 4. (a) Amplitude of Reflection coefficient. (b) Phase of

reflection coefficient, and (c) equivalent surface impedance versus JCS
length .

and 3.6 mm. The reason is that the surface equivalent impedance Z s
of the absorbing structure is less than wave impedance 79 in those
cases. Therefore, a smooth phase curve of reflection coefficient can be
obtained as long as the value of surface equivalent impedance Zg,,s is
under control. Similar phenomena can be found in other parameters
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analyses.

Second, the length m of JCS is changed as 1.2, 1.4, 1.6, and
1.8 mm, respectively. The reflection coefficient and effective surface
impedance of absorbing structures varies with m, as shown in Fig. 5.
It can be seen that the effect of m is the same as [, the resonant
frequency will decrease from 9.6 to 9.0 GHz with m increasing from 1.2
to 1.8mm. When m = 1.4mm, Z,s is best match with 1 so that the
maximum absorption can be obtained.

2.2.2. Slot Width Effect

When the width d of Jerusalem cross slot is set as 0.2, 0.4, 0.6, and
0.8 mm, respectively, the magnitudes of S1; of the absorbing structures
are shown in Fig. 6(a). It can be seen that there is only a slight
fluctuation, which means that the d of JCS has a little influence on the
absorbing properties.

While the width n of Jerusalem cross slot is set as 0.2, 0.4, 0.6, and
0.8 mm, respectively, the resonant frequency shifts to lower frequency
from 9.6 GHz to 9.4 GHz, as shown in Fig. 6(b).

2.2.8. Square Metal Cell Effect

The width of square metal patch w is an important parameter to
determine the absorbing frequency range. When other parameters are
kept the same as (3), and the cell size is changed from 3.8 to 4.4 mm,
which is restricted by the period of JCS, the reflection coefficients of
JCS absorbing structures with different w are shown in Fig. 7. The
results show that the zero-point of reflection phase corresponding to
absorbing peak will shift to lower frequency with the increase of square
metal cell size w, i.e., from 10.8 to 8.9 GHz. The relative bandwidth
has a little decrease from 15.7% to 14.3%.

2.2.4. Loaded Resistance Effect

The loaded resistance R should be adjusted to get the optimum
absorbing property. The reflection coefficient of absorbing structure
will vary when load resistance R is set as 226, 246, 266 and 286 Ohm,
respectively, as shown in Fig. 8(a). It can be seen that the loaded
resistor used to adjust the impedance match and dissipate power does
not affect the resonant frequency of the absorbing structure that is
only determined by JCS geometry parameters. Fig. 8(b) shows that
surface equivalent impedance Zg,s increases from 334 to 420 Ohm
as the increase of load resistor R, When R = 266 Ohm, Z,s is so
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matched with the wave impedance of free space that a minimum value
of amplitude of reflection coefficient can be gained.

When R = 00Ohm which is a short circuit and equivalent to a
small metal film connected adjacent cells, the structure would take on a
total reflection, as shown in Fig. 9(a). In terms of the equivalent surface
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Figure 5. (a) Reflection coefficient curve. (b) Effective surface
impedance of variation with JCS length m.
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impedance in this case, the real part approaches zero and the imaginary
part takes on a high admittance near resonant frequency, as shown in
Fig. 9(c). If R = 5000 Ohm, the structure would be an open circuit and
equivalent to coupling capacitive connection between adjacent cells.
When the structure is resonant, it appears almost total reflection, and
the surface impedance is a large real resistance. Therefore, even if
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Figure 6. Reflection coefficient variation with JCS width d and n.
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the large loss resistor is loaded, the effective absorption performance
would not be achieved, due to mismatching. But the reflection phase
characteristics also appear in-phase reflection property in the two
situations, which are the equivalent magnetic conductor characteristics
of UC-HIS structure, as shown in Fig. 9(b).
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Figure 7. Reflection coefficient variation with the width of square
metal patch w.
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Figure 8. (a) Reflection coefficient curve of variation with load
resistance R. (b) Effective surface impedance characteristics of
variation with load resistance R.

2.2.5. Substrate Thickness and Permittivity Effect

It is significant to design a thin absorbing material. We analyse the
effect of substrate thickness which is changed from 0.5 mm to 3.0 mm,
when other parameters are kept the same as (3). It can be seen



Progress In Electromagnetics Research B, Vol. 31, 2011 273

from Fig. 10(a) that with the increase of thickness from 0.5mm to
3.0mm, the resonant frequency decreases from 11.7 GHz to 6.6 GHz
remarkably, and the absorbing relative bandwidth increases from 3.2%
to 21%. The results also show that the reflected magnitudes of all cases
are below —10dB. It is worthwhile to point out that the absorbing
performance can be improved by adjusting the geometry parameters
of JCS or loaded resistor R. For example, when the substrate thickness
is very thin (h = 0.5mm, 0.02)¢), we can adjust the loaded resistor
R = 500 Ohm to further reduce Si;.

In addition, the absorbing frequency band can be effectively
adjusted by changing substrate permittivity. As shown in Fig. 10(b),
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Figure 9. (a) Reflection coefficient amplitude of variation with
load resistance R. (b) Reflection phase characteristics. (c) Surface
equivalent impedance of variation with R.

the resonant band decreases with the increase of permittivity, as well
as the bandwidth decreases.

3. ANALYSIS OF OBLIQUE INCIDENT PLANE WAVE

This paper takes into account the influence of various plane wave
polarization and angles of incidence on absorbing characteristics of
JCS. The structure parameters are selected as (3). First, TE polarized
plane wave is oblique incident on the JCS structure. The incidence
angles are set as 30°, 45°, and 60°, respectively. The reflection
coefficients of the JCS absorbing structure are shown in Fig. 11.
Similarly, the results corresponding to TM polarized plane wave
incidence are shown in Fig. 11 for comparison. Compared with normal
incidence (0§ = 0°) in Fig. 11, the absorbing peak shifts to high
frequency in the case of both TE and TM polarization with the increase
of incidence angles 6. The resonant frequency of TE polarized incidence
increases from 9.6 to 9.9 GHz, but it increases from 9.6 to 10.2 GHz for
TM polarized incidence. The absorbing property of TE polarization
is in accordance with that of TM polarization, which shows that the
JCS has good polarization stability. However, when the incident angle
is larger than 60 deg, the JCS absorbing structure does not work well.
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Figure 10. Reflection coefficient variation with (a) substrate thickness
effect, (b) substrate permittivity effect.

4. WAVEGUIDE SIMULATION AND EXPERIMENTAL
VERIFICATION

In order to validate the design of the absorbing material using JCS,
the simple and effective waveguide simulation and measurement are
performed in this paper. X-band standard rectangular waveguide
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Figure 11. Reflection coefficients characteristics when TE and TM
polarized plane wave oblique incidence on JCS absorbing structure.

(WR90) is used, and the dimensions of WR90 waveguide are W, =
22.86 mm and W, = 10.16 mm. According to the size of waveguide
structure, we conducted an optimization design for the absorbing
structure consisting of 2 x 4 Jerusalem cross slot cells. The unit
period ¢ = 5.0mm, square metal cell w = 4.16mm, JCS width
d = n = 0.22mm, JCS length [ = 2.98mm and m = 1.18 mm,
loaded resistance R = 280 Ohm. The relative permittivity e, = 4.6
and thickness h = 1.5 mm. The waveguide simulation model is shown
in Fig. 12(a), and the simulation result of Sj; of the JCS absorbing
structure is shown in Fig. 12(c). It can be seen that the designed JCS
structure has a good absorbing characteristics.

To verify the absorbing phenomenon, a JCS plate with 4 x 2 cells
was fabricated to perform a waveguide experiment. In order to match
the inner aperture of WR90 exactly, a small dielectric fringe is added
to the test sample. After calibration, we connected the waveguide to
a port of Agilent vector network analyser Agilent 8719ES, and mount
the absorber which with the same size exactly as the inner aperture of
waveguide into the port of the waveguide, as shown in the Fig. 12(b). A
waveguide-coaxial adaptor is used to measure Sq1 of the JCS absorber,
and cover the port with a metal plate tightly to prevent any leaky
waves. The measurement result is also shown in Fig. 12(c).

It can be seen that the zero-point of reflection phase of finite
periodic unit structure shifts to higher frequency compared with that
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of infinite periodic unit structure, which is caused by the finite periodic
unit boundaries and TE-polarized oblique incidence in the waveguide
measurement. The absorbing properties can be improved by increasing
the number of periodic unit. The agreement of the simulation results
with the experiment results verified the practicability and credibility of
the model. The equivalent incident angle in the waveguide experiment

is \
o —1

0 = 90° — cos (2wa) (4)
where A is operating wavelength, w, is broadside of the waveguide.
When working frequency is 9.7 GHz, the equivalent angle of incidence
in the waveguide in testing is § = 42.6°. Setting the angle of incidence
in the infinite periodic model as 8 = 42.6°, we calculated the reflection
coefficient and added in Fig. 12(c). The results show that zero-point of
reflection phase of simulation model in the waveguide is agreement with
that of infinite periodic model, except that the amplitude of reflection
coeflicient has an offset error that is caused by the finite periodic unit
boundaries in waveguide experiment.

JCS Absorber

WR90
Waveguide

(a)

(b)
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Figure 12. (a) Waveguide simulation model. (b) Test sample
is mounted in the port of a waveguide, and a waveguide-coaxial
adaptor for Si; measurement of the JCS absorber. (c) Comparison
of measurement results with simulation results in waveguide model,
in which the results calculated by using infinite periodic model for
normal incidence and oblique incidence (# = 42.6°) are also given for
comparison.

5. CONCLUSION

In this paper, a detailed analysis and design of thin planar absorbing
structure with Jerusalem cross slot based on UC-HIS is proposed. The
influence of structure parameters of JCS on absorbing characteristics
is studied deeply. The absorbing frequency band is determined by
the resonant frequency of JCS structure. The loaded resistor can be
directly attached to the surface of JCS which is significantly used
to adjust the matching and absorption ratio. The JCS absorbing
structure has the advantages of wider bandwidth and adjustment
parameters, which is helpful to practical applications. Finally, the
accuracy and effectiveness of the proposed JCS structure design
was validated by a simple and effective waveguide simulation and
measurement.
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