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ABSTRACT: A novel combinatorial triangle-type artificial magnetic
conductor (AMC) structure for radar cross section (RCS) reduction is
presented in this article. The AMC part in conventional chessboard configuration is replaced with four triangle-type AMC parts, so that the
power can be transferred into more directions leading to the peak scattered field reduction. A simplified model is constructed to analyze the
behavior of the proposed structure. The simulated results show that the
peak value is reduced by more than 5 dB compared with the conventional chessboard configuration and the bistatic RCS is below 210 dB
in a wide angular range from theta 5 2258 to 258. Moreover, measurement of the monostatic RCS for the proposed structure is also conC 2015 Wiley Periodicals, Inc. Microwave Opt Technol Lett
ducted. V
57:2728–2732, 2015; View this article online at wileyonlinelibrary.com.
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1. INTRODUCTION

Electromagnetic metamaterials composed of subwavelength structures can achieve extraordinary physical properties which are not
possible for natural material, such as a negative index of refraction
[1], electromagnetic band-gap [2], or artificial magnetic conductor
(AMC) [3–6]. An AMC acts as a magnetic conductor over a certain frequency range and exhibits a reflectivity of 11 [3]. Due to
this unique characteristic, AMC plays an important role in the
radar cross section (RCS) reduction [7–13].
In [11], the RCS reduction is obtained by combining AMC and
perfect electric conductor (PEC) parts in a chessboard configuration. The working principle of this method is to make the reflected
waves produced by AMC and PEC parts interference destructively. However, the bandwidth of 10-dB RCS reduction is quite
narrow. To improve the bandwidth, the PEC cells are substituted
by another AMC cells operated at a different operated frequency.
Using the effective phase differential between two different AMC
cells, the bandwidth are significantly increased and can be more
than 40% as demonstrated in [13,14]. As the abovementioned
chessboard configuration has no lossy component, the power is
not absorbed but transferred to other directions. For the chessboard configuration, the power is mainly scattered in the diagonal
direction and the peak value of bistatic RCS is relatively high,
which is harmful for target stealth.
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Figure 1 Unit cell of the proposed combinatorial triangle-type AMC structure (a) and conventional chessboard structure. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

To reduce the peak scattered field of conventional chessboard structure, a combinatorial triangle-type AMC structure for
RCS reduction is presented in this article. Through the combinatorial triangle-type configuration, the power may be redirected
in more directions. Thus, the maximum value of the scattered
field can be attenuated due to the decentralized distribution of
power. A simplified model is developed to analyze the behavior
of the proposed structure. Simulation and measurement of the
proposed structure are also implemented to demonstrate its performance for RCS reduction.
2. OPERATION PRINCIPLE OF THE PROPOSED STRUCTURE

The working principle for RCS reduction is to design a surface
that manipulates the impinging incident wave with different
phase at the same time. This can be achieved by proper combination of AMC parts. Figure 1(a) shows the unit cell of the proposed combinatorial triangle-type AMC structure. Compared
with the chessboard configuration depicted in Figure 1(b), the
conventional AMC part is replaced with four triangle-type AMC
elements. The unit cell of the proposed structure can be modeled
as an antenna array formed by 16 elementary antennas. Thus,
the radiated field of each AMC element is represented by

ju1 ~
ju2 ~
~
~
E
AMC#1 5A1 e E element ; E AMC#2 5A2 e E element

(1)

where u1 and u2 are the phase change caused by the AMC 1
and AMC #2, A1 and A2 are the amplitude change of two AMC
elements.
The total radiated field of the array is then given as:
~ E
~AMC1  AF1 1E
~AMC2  AF2
E5

(2)

where the antenna array factor AF1 and AF2 are described as:
AF1 5ejðwx =41wy =2Þ 1ejð3wx =41wy =2Þ 1ejð2wx =42wy =2Þ 1ejð23wx =42wy =2Þ
1ejðwx =22wy =4Þ 1ejðwx =223wy =4Þ 1ejð2wx =21wy =4Þ 1ejð2wx =213wy =4Þ
(3)
AF2 5ejðwx =21wy =4Þ 1ejðwx =213wy =4Þ 1ejð2wx =22wy =4Þ 1ejð2wx =223wy =4Þ
1ejðwx =42wy =2Þ 1ejð3wx =42wy =2Þ 1ejð2wx =41wy =2Þ 1ejð23wx =41wy =2Þ
(4)
where wx 5kd sin h cos u; wy 5kd sin h sin u, k52p=k is the wave
number, d is the center distance of the adjacent same AMC element.

Figure 2 Two-dimensional plot of the scattered field for the proposed structure (a) and chessboard structure (b) with the same dimensions. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 (a) Jerusalem Cross shaped structure unit, (b) combinatorial triangle-type structure based on Jerusalem Crosses. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

Considering that each element radiates the same amount of
power (A1 5A2 ), the radiated field can be simplified as the following equation under normal incidence (h50 ; u50 ):


~element 11ejðu2 2u1 Þ
~ ju1 E
E5e

(5)

It can be found from (5) that by tuning the phase difference
in the range of 1808 6 308, a good monostatic RCS reduction is
achieved. Meanwhile, to obtain a wideband RCS reduction, we
could make above phase difference range occur in the largest
possible frequency band by adjusting the resonant frequencies of
two AMC elements.
Due to the reallocation of array factors, the distribution of
scattered field of the proposed structure should be different from
the chessboard structure. This is demonstrated by twodimensional plot of the scattered field for both structures with
the same dimensions shown in Figure 2. As can be seen obviously in this figure, the power is mainly scattered in the diago-

Figure 4 Reflected phase difference versus frequency between AMC
#1 and AMC #2
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nal direction for the chessboard structure. However, for the
proposed combinatorial triangle-type structure, the power is
decentralized and diffracted into more directions, making the
attenuation of peak scattered field value possible, which will be
further verified in the following section.
3. EXPERIMENTAL VERIFICATION AND DISCUSSION

To demonstrate the performance of the proposed combinatorial
triangle-type configuration, the Jerusalem Cross shaped structure
unit shown in Figure 3(a) is selected because it has no vias that
can simplify the design and fabrication process. More importantly, the frequency response of this structure shows that the
variation of the reflected wave phase at the operated frequency
region is slower compared with other shaped structures [14],
which is very helpful for wideband monostatic RCS reduction

Figure 5 Monostatic RCS response of the combinatorial triangle-type
configuration and chessboard configuration normalized by an equal size
metallic plate. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 6 Scattered fields at 18.5 GHz of (a) the chessboard structure and (b) the combinatorial triangle-type structure. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]

as described by (5). The proposed structure based on Jerusalem
Crosses is depicted in Figure 3(b) and the Rogers 6010 substrate
with a thickness of 1.27 mm and a dielectric constant of 10.2 is
used in the simulation and fabrication.
The AMC #1 and AMC #2 are simulated with the help of
the full-wave solver Ansoft HFSS. The unitary cell model with
appropriate periodic boundary condition is established to calculate the frequency band in which the periodic structure behaves
as an AMC. The final optimized values of a, b, c for AMC #1
and AMC #2 are 1.06 mm, 1.74 mm, 0.22 mm, and 0.57 mm,
0.93 mm, 0.12 mm, respectively, and the period p is chosen to
be 4.0 mm. The reflected phase difference between both AMC
structures verse frequency is shown in Figure 4. It can be found
that the phase difference in the range of 1808 6 308 is from 14.3
to 22.1 GHz. Thus, a good monostatic RCS reduction can be
expected in this wideband frequency region. To validate this
behavior, the chessboard structure and the proposed combinatorial triangle-type structure with the same total dimension of
96 mm 3 96 mm are simulated.

Figure 7 Bistatic RCS of the chessboard structure and combinatorial
triangle-type structure at 18.5 GHz for phi cut with the max scattered
field occurred. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 5 shows the monostatic RCS under normal incidence
for the proposed triangle-type configuration and chessboard configuration, where the results are normalized by an equal size
metallic plate. As can be seen in this figure, a wide bandwidth of
nearly 10-dB RCS reduction is obtained from for both structures.
The achieved RCS reduction bandwidth is in good agreement with
the predicted bandwidth based on the 1808 6 308 phase difference
given in Figure 4. Moreover, it is worth mentioning that the RCS
reduction of the proposed triangle-type structure is more obvious
than the chessboard structure in most of the frequency band.
The scattered field of both structures at 18.5 GHz under normal incidence is presented in Figure 6. It can be clearly seen
that the proposed structure has more grating lobes than the
chessboard structure. Two cuts with the max scattered field of
both structures are selected and shown in Figure 7 for better
comparison. In phi 5 458 cut of the chessboard structure, the
power is mainly redirected to theta 5 6118 at the calculated frequency. While in phi 5 178 cut of the proposed structure, the

Figure 8 Photograph of the fabricated combinatorial triangle-type
structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 9 Simulated and measured monostatic RCS of the combinatorial triangle-type AMC structure normalized by an equal size PEC plate.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

power is mainly concentrated on theta 5 6318. Meanwhile, there
exists some grating lobes around theta 5 6158, 6558 with quite
low value of the scattered field for the proposed structure, which
is resulted from the reallocation of array factor as described in
previous section. We could also find that peak value of the
bistatic RCS of the PEC plate, the chessboard structure and the
proposed structure are 5.53 dB, 20.52 dB, and 25 dB, respectively. Therefore, the peak scattered value is reduced by more
than 5 dB compared with the chessboard structure.
Figure 8 depicts the photograph of the combinatorial triangle-type
AMC structure. The fabricated structure is mounted in a vertical
plane of the anechoic chamber and its monostatic behavior is evaluated through reflection coefficient characterization of the horn
antenna. Due to the limited experimental condition, the test frequency
can only be provided up to 16 GHz. The simulated and measured
result of the monostatic RCS normalized by an equal size PEC plate
is shown in Figure 9, where a good agreement is achieved between
the simulation and measurement. It is found that the RCS reduction
region is shifted to lower frequency in the measurement. This can be
explained by that the operated frequency of AMC #1 and AMC #2 is
changed for the fabricated structure due to the manufacturing error
and the imperfect property of the used substrate.
4. CONCLUSION

A novel combinatorial triangle-type AMC structure for RCS reduction is presented in this article. A simplified model is developed to
analyze the behavior of the proposed structure and the Jerusalem
Cross shaped unit is used to demonstrate its performance. The simulated results show that the wideband monostatic RCS reduction of
the proposed structure is obtained, and the peak value of scattered
field is reduced more than 10 dB than the chessboard structure. Moreover, low bistatic RCS below 210 dB can be kept in a large angular
domain from theta 5 2258 to 258. Measurement of monostatic RCS
of the fabricated triangle-type AMC structure is conducted and the
discrepancy between simulation a d measurement is discussed.
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ABSTRACT: A reduced size of log-periodic fractal Koch antenna
(LPFKA) design with rectangular slots for Television White Space Spectrum (TVWS) bands application is proposed in this letter. The new introduced design technique of tilted rectangular slots into the fractal Koch
radiating elements found out to enhance the impedance bandwidth as
well as realizing high gain and reducing the size of log-periodic
antenna. The 10 LPFKA’s radiating elements are located on both sides
of the substrate in a crisscross arrangement and obtained 15.3% miniaturization as well as 50.79% bandwidth and maximum of 36% gain
increment. The proposed antenna has a largest dimension of 305 3
280 mm2, that is 0.44k 3 0.48k over the lowest operating frequency of
the 0.47–0.79 GHz TVWS bands. This antenna exhibits high gains of
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