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Abstract. A novel planar artificial magnetic conductor
(AMC) structure is presented for ultra-wideband radar
cross section reduction (RCSR). The structure consists of
three different AMC tiles in a quadruple triangle-type
chessboard configuration. By precise design, a 180° 30°
reflection phase difference between every two of the three
units nearly covers from 3.98 GHz to 18.84 GHz to
broaden the RCSR bandwidth. By this means, the scattered
energy is redirected into several lobes and the measured
RCSR for over —6 dB is achieved nearly from 3.62 GHz to
18 GHz with a relative bandwidth of 133.02% for both
polarizations. Both full-wave simulation and measurement
results verify the capability and potentiality of the pro-
posed design for ultra-wideband RCSR.
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1. Introduction

With the rapid development of stealth and detection
technology, there is an urgent need for electromagnetic
invisibility or transparency materials, especially in military
applications [1—4]. Artificial magnetic conductor (AMC),
as a typical artificial composite structure, has been exten-
sively applied in antenna radar cross section reduction
(RCSR) [5-9] on its advantages of low profile, easy pro-
cessing and good conformal shape. By combing AMC and
perfect electric conductor (PEC) in a chessboard configura-
tion, a 180° phase difference between reflected waves from
these two different tiles can be created [10], [11]. Conse-
quently, the destructive interference between the reflected
waves then results in RCSR in specular direction. However,
the narrow band behavior of AMC structure resulting from
its inherent resonance characteristic limits its wide applica-
tion. In general, there are mainly two methods proposed in
the previous literatures to achieve broadband RCSR. One is
to design broadband AMC structures by multilayers [12],
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low relative permittivity and thick substrate [13], [14] and
integration with active elements [15]. The other is to re-
place the conventional PEC tiles with another different
AMC tiles to broaden the effective 180° phase differential
bandwidth [16-22]. Two different-shaped AMC structures
were introduced in a checkerboard surface to obtain
a —10dB RCSR bandwidth of 41% and 85%, respectively
in [19], [20]. However, the scattered fields were redirected
into four strong lobes to the disadvantage of bistatic RCSR.
In [21], two different types of non-absorptive AMC struc-
tures were arranged in an aperiodic fashion to distribute the
scattered energy into six lobes, and a -6dB RCSR band-
width of 66.67% is achieved as a result. Similarly, in [22],
two different-sized Jerusalem Cross structures were pre-
sented in a triangular checkerboard configuration to redi-
rect the power into eight main lobes with a —10dB RCSR
bandwidth of 43%. Nonetheless, the RCSR bandwidth is
relatively narrow and the proposed structures cannot work
well at lower frequencies. Moreover, when it comes to
antenna array RCSR, especially for closely-spaced array,
the problem that limited space between array elements
cannot accommodate so many AMC units may arise, let
alone for ultra-wideband RCSR. How to increase space
utilization, in other words, to optimize the layout of differ-
ent AMCs to achieve ultra-wideband RCSR of antenna
array becomes an urgent problem. Hence, this paper is
presented to provide a feasible approach to address the
problems mentioned above.

In this paper, a quadruple-triangle-type chessboard
configuration consisting of three different AMC tiles is
proposed to achieve destructive phase difference over an
ultra-wideband. By precise design, a 180°+ 30° reflection
phase difference between every two of the three units
nearly covers from 3.98 GHz to 18.84 GHz to broaden the
RCSR bandwidth. In this way, over —3dB RCSR is
achieved nearly from 4.4 GHz to 22 GHz for both polariza-
tions, whilst the scattered energy is redirected into several
lobes to the benefit of bistatic RCSR. The prototype is
fabricated and measured. The measured results show that
an almost 133.02% relative bandwidth for over —6dB
RCSR is achieved nearly from 3.62 GHz to 18 GHz for
both polarizations, which verifies the capability and poten-
tiality of the proposed design for ultra-wideband RCSR.

ELECTROMAGNETICS
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2. Design Principles

To clearly interpret the mechanism of RCSR, a sim-
plest conventional-chessboard metamaterial (MTM) array
consisting of 2 x 2 elements is depicted in Fig. 1(a) and the
total scattering field can be described as [23]:

E= EMTMI 'AFMTMl + EMTM2 'AFMTMZ (1)

where E and AF represent the scattered pattern and array
factor respectively.

E, i\, = E exp (J 2 ) E, i @
E\\, = E, exp (J ?, ) E, cro> 3)
AFyypyy, = exp| j(kx+ky)d / 2]+ exp[ j(—kx —ky)d /2], (4)

APy, =expl j(—hx+ky)d 12|+ exp| j(kx—ky)d /2] (5)

where E, and E, are amplitudes of the scattering field,
Ejementt and Egjemeny are polarized direction, ¢, and ¢, are
phase shifts, d is the distance between adjacent elements,
kx = 27 sinf cosp/A, ky =2z sinf sing/J.

As for our proposed design in Fig. 1(d), the total
scattering field can be described as

E = EMTMI 'AFMTMI + EMTMZ 'AFMTMz +

E AF, +E AF;

MTM3 MTM4*

(6)

MTM3 ~ MTM4

It is clearly that the distance from the central point of
each AMC tile to the origin is the same, and then we as-
sume it to be d. The total scattering field is then described as

s,
element2 eJ + (7)
Ss+E4 ej(/’4 E Sy

E=Ee"E
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element] e+ E2 € E
ip
Ee

J
element3 € element4 €

where S;=—d sinf cosp, S,=d sinf sing, S;= d sinf cosep,
S, = —d sinf sing.

For monostatic RCS with incident wave vertically im-
pinging on the MTM array, the scattering field would be
the same with the incident one, and then Eepen =
Ectemen2 = Ectements = Eclemens- Assuming that each element
totally reflects the incident wave with no absorption, then
E, = E,= E; = E,. For normal incidence with (6,p) = (0, 0),
the total scattering field can be further simplified as
®

element]*

E=E (2 e/%+e/%+el )E

To achieve 10-dB RCSR in normal direction in com-
parison with ideal scattering field with all unit cells in
phase, there will be

E[ / |E,[ <-10dB ©)
then

‘2+exp|:j((02 —(pl):|+exp[j((o4 —(01)]2 <1.6. (10)

Assume that g, —@;= p,— ¢, = @, then equation (10)
can be simplified as

Fig. 1. (a) Schematic of a traditional 2x2 MTM array;
(b) quadruple-triangle arrangement of AMCI1, AMC2
and AMCS3 tiles; (c) unit cells of AMC1, AMC2 and
AMCS3; (d) basic unit arrangement of casel; (e) basic
unit arrangement of case2.
RN
|1+ exp(Jd>)| <0.4 (11)
thus 143°< B <217°. (12)

For simplicity, we consider 180°+30° as effective
phase difference for the following analysis. And it can be
concluded that once the phase difference between ¢, and ¢,
@3 and @, varies in the range from 150°to 210°, the scatter-
ing field can be canceled in the backward direction accord-
ing to the phase cancellation principle [10]. Hence, a con-
siderable RCSR can be achieved. It is worth noting that the
proposed arrangement of sub-units (Fig. 1(b)) is not strictly
symmetric around the origin point, which might cause
a slight difference between sub-units analysis and the final
planar arrangement. Therefore, the sub-units analysis is
just used as a guidance and ideal analysis to evaluate the
RCSR bandwidth, and then to facilitate the design process
and easy-understanding of the working principle.

3. Simulation and Discussion

3.1 Design and Analysis of the Unite Cell

The each single sub-unit of the three different AMC
tiles is depicted in Fig. 1(c), nominated as AMC1, AMC2
and AMC3, respectively. All of the three units are com-
posed of two metallic layers separated by an exactly same-
sized substrate with a dielectric constant of 2.65 and a loss
tangent of 0.002. Moreover, despite of the top metallic
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layers with different shapes, all of the three units are
backed by a full metallic ground with the same periodicity.
To create destructive interference in the largest band-width,
full-wave numerical simulations have been carried out to
optimize the parameters in the Ansoft HFSS v.14.0. Floquet
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Fig. 2. Reflection characteristics of AMCI, AMC2 and

AMCS3: (a) TE polarization; (b) TM polarization.
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Fig. 3. Reflection phase differences between every two of the
three AMC unit cells: (a) TE polarization; (b) TM
polarization.

port excitations and master/slave boundaries are performed
on each single sub-unit to simulate the infinite 2D periodic
boundary condition. The finally optimized parameters are
as follows: P =9 mm, a = 1.4 mm, q; = 2.45 mm, b =
0.6 mm, b; = 2.4 mm, b, = 0.86 mm, W = 0.4 mm, W, =

07mm, Wo, =1 mm, W3 =1 mm, L, = 7.6 mm, L, =
2.44 mmand L; = 1.1 mm.

Figure 2 and 3 plot the reflection characteristics of the
three different AMC units against frequency as well as the
phase differences between every two of them. As depicted
in Fig. 2, when the normal incidence is TE polarized with
electric field along y-axis, the reflection magnitudes main-
tain upon 0.98 from 2 GHz to 21.5 GHz, indicating that the
energy is almost reflected with no absorption. The simu-
lated result meets the requirement to the elements in phase
cancellation principle. Furthermore, it is clearly shown that
AMCI exhibits only one 0° reflection phase point at
10.9 GHz, while AMC2 and AMC3 demonstrate dual 0°
reflection phase points at 7.15 GHz and 18 GHz, 3.98 GHz
and 19.18 GHz, respectively. Meanwhile, the phase differ-
ence covering the range of 180°+30° between every two of
the three AMC units nearly ranges from 3.98 GHz to
18.84 GHz except from 4.2 GHz to 6.9 GHz. Therefore,
we can infer that by combining the three different AMC
units in an adequate configuration, the 180° reflection
phase difference bandwidth would be broadened, implying
RCSR in a wider frequency band based on the phase can-
cellation principle. The situation of TM-polarized normal
incidence with the electric field along x-axis is the same
with TE-polarized incidence, revealing obvious independ-
ence on the polarization of incident wave. The reason can
be ascribed to the completely symmetric geometry of each

single sub-unit.

3.2 Ultra-Wide Band AMC Design

For two different kind of AMC units, the classical
chessboard arrangement has been extensively used to
achieve broadband RCSR [16-20]. As for the three differ-
ent AMC units proposed in this paper, a quadruple-trian-
gle-type chessboard configuration is proposed to further
broaden RCSR bandwidth and achieve bistatic RCSR sim-
ultaneously. In order to balance the RCSR performance in
the low and high frequency band, on the basis of the simu-
lated reflection phase differences shown in Fig. 3, the
AMCTI is chosen as the mediator, which accounts for two-
quarters of the quadruple-triangle configuration. In this
way, the AMCI1 tiles can be always surrounded by AMC2
and AMC3 tiles to guarantee good RCSR performance in
as wide frequency band as possible.

In order to broaden RCSR bandwidth and achieve sat-
isfactory RCSR performance simultaneously, two different
arrangements named casel and case2 have been considered.
For casel, the basic unit is made up of the three AMC tiles
in a quadruple-triangle configuration, as depicted in
Fig. 1(b) and (d). As for case 2, by rotating the basic unit in
casel 90° counter-clockwise around z-axis, we get the
other basic unit. These two basic units are then orthogonally
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Fig.5. RCSR versus frequency of the proposed design
normalized by a same-sized metallic plate.

arranged with respect to its neighbor in a chessboard con-
figuration as shown in Fig. 1(e). It is worth noting that the
three AMC tiles can be arranged in other alternative
configurations.

To evaluate the RCSR performance of the above two
cases, the monostatic RCS against frequency under normal
incident wave have been investigated for comparison. The
simulated monostatic RCS value normalized by that of a
completely metallic plate with exactly the same dimension
is demonstrated in Fig. 4. For case 1, an ultra-wideband
RCSR over —6 dB is achieved from 4.52 GHz to 4.86 GHz
(7.2% bandwidth) and from 5.9 GHz to 19.9 GHz (108.5%
bandwidth). Moreover, a —3dB RCSR is obtained nearly
from 4.4 GHz to 22 GHz with a relative bandwidth of
133.3% for both TE and TM polarizations. For case 2, over
—6dB RCSR bandwidth is 4.25~4.61 GHz (8.13% band-
width), 5.8~14.43 GHz (85.32% bandwidth) and between
15.39 and 19.81 GHz (25.11% bandwidth), while over
—3dB RCSR is achieved from 4.16 GHz to 22 GHz
(136.39% bandwidth). It is clearly demonstrated that case 2
exhibits better RCSR performance in the relatively low
frequency band (2~10 GHz) compared with case 1, whilst
the frequencies of the three RCSR hollows shift slightly to
lower frequency located at 4.4 GHz, 6.9 GHz and
10.1 GHz, respectively. On the contrary, in the relatively
high frequency band (10~16 GHz), case 1 presents a better
performance in monostatic RCSR. The difference can boil
down to the break of the periodicity by rotating the basic
unit in case 2.

In order to comprehensively illustrate the scattering
performance of the finally proposed design (case 1), the
monostatic RCS against frequency for TE- and TM-polar-
ized normal incidence has been investigated, as shown in
Fig. 5. It can be seen that the three peak RCSR points are
obtained at 4.7 GHz, 10.4 GHz and 16.8 GHz with a maxi-
mum RCSR value of 17.2 dB, 27.9 dB and 20.6 dB, which
is slightly different from the points of 180° phase differ-
ence as depicted in Fig. 3. The discrepancy could be as-
cribed to the finite AMC unit arrangement. Moreover, the
consistency between TE-polarization and TM-polarization
can be attributed to the four-fold symmetric structure of
each single sub-unit.

The simulated 2-D bistatic scattering pattern against
the elevation angle has been explored under normal inci-
dence at 4.7 GHz, 10.4 GHz and 16.8 GHz separately for
both TE and TM polarizations. For ¢ = 0° cut plane, the
simulated results of the proposed design are compared with
an equal-sized metallic surface, as revealed in Fig. 6. It is
evident that RCSR performance is achieved around bore-
sight direction for all frequencies. The peak RCS is re-
duced by 6.8 dB, 11.9 dB, 15.6 dB at 4.7 GHz, 10.4 GHz
and 16.8 GHz, respectively. Meanwhile, the reflected en-
ergy is divided into three main lobes at 6 = 61°, 24°, 14°
besides 0° for 4.7 GHz, 10.4 GHz and 16.8 GHz. The max-
ima of the side lobes are reduced by 16.2 dB, 9 dB and
10.5 dB compared to the maximum of the corresponding
metallic surface at these three frequencies. For ¢ = 45° cut
plane, the simulated bistatic RCS results with normal inci-
dence has also been given. As plotted in Fig. 7, the RCS
values of the proposed design decreased obviously around
normal incidence direction for all three frequencies. The
maximum RCS is reduced by 9.8 dB, 16.9 dB, 19.2 dB at
4.7 GHz, 10.4 GHz and 16.8 GHz, respectively. Since the
incidence energy cannot be absorbed by the proposed
AMC structure, the scattering field inevitably increases off
the normal incidence direction as a result. Whereas, with
the quadruple-triangular arrangement proposed in this
paper, the scattering waves distribute more evenly over the
entire space as a result of phase cancellation, which con-
tributes a lot to the bistatic RCSR. As clearly observed
along ¢ = 45° plane, the incident waves are redirected into
seven lobes and eleven lobes at 10.4 GHz and 16.8 GHz,
respectively. It is noteworthy that the redirected main lobes
do not perfectly split in the same amplitude for both ¢ = 0°
and 45°. The reason is that the physical design geometry is
not perfectly symmetric along these two planes together
with the effect of edge diffraction.

To demonstrate diffusion effect of the proposed de-
sign more intuitively, the 3-D bistatic scattered patterns
have also been exploited. The simulated 3-D bistatic scat-
tered patterns at 4.7 GHz, 10.4 GHz and 16.8 GHz are
plotted in Fig. 8. We can see clearly that instead of a strong
peak RCS, the scattered energy at 4.7 GHz is redirected
into five main lobes along xoz and yoz planes, while that of
10.4 GHz and 16.8 GHz distribute more evenly with even
more lobes over the entire space, resulting in a significant
RCSR around the boresight direction as expected.
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4. Fabrication and Measurement

In order to validate the simulated results and further
verify the ultra-wideband RCSR characteristic, the proto-
type was fabricated and measured for normal incidence in
a microwave anechoic chamber, as exhibited in Fig. 9. As
clearly depicted, the structure was built on a F4B dielectric
board through standard printed board technology with
an overall dimension of 432 x 432 mm?, and one period of
the chessboard configuration consists of four triangular
tiles with the three aforementioned AMC sub-units. The
fabricated board was placed vertically on the center of
a rotation table, while two identical linear-polarized pyram-
idal horn antennas working at 1-18 GHz were placed adja-
cently as transmitter and receiver, respectively. Gate-re-
flect-line calibration in time-domain analysis kit of vector
network analyzer (VNA) has been employed to further
eliminate undesirable signals. The vector network analyzer
Agilent N5230C was utilized to evaluate monostatic RCS
value on transmission coefficients. Restricted by the exper-
imental equipment, only the monostatic RCS value ranging
from 2 GHz to 18 GHz has been measured. The measured
monostatic RCS of the fabricated board was normalized
by that of a same-sized metallic board. As shown in Fig. 10,
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Fig. 9. Photograph of the fabricated prototype and the
experimental setup.
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Fig. 10. Measured RCSR normalized by a same-sized metallic
plate under normal incidence with TE and TM

polarizations.
Similar works fre(c)le:;;; ri?lglz((jgiz) Bandwidth (%)
[4] 14.1~23.1 48.39
[5] 9.1~23.8 89.36
[6] 8.9~17.8 66.67
[7] 14225 46.58
This work almost 3.62~18 nearly 133.02

Tab. 1. Experimental comparisons between this work and
earlier similar works.

a—6dB RCSR is achieved from 3.62 GHz to 18 GHz ex-
cept from 4.9 GHz to 5.7 GHz for both TE and TM
polarizations. The peak RCSR value can reach up to
37.6 dB. An excellent agreement between simulation and
measurement verifies the ultra-wideband RCSR capability
of the proposed design. The slight discrepancies result
from the tolerance of fabrication and measurement. In
order to highlight the advantages of our work, a measured
results comparison between this work and earlier similar
works has been made in Tab. 1, which clearly shows that
the RCSR bandwidth is significantly enhanced by our
design method.

5. Conclusion

A novel planar AMC structure has been designed,
fabricated and measured for ultra-wideband RCSR. The
structure consists of three different AMC tiles arranged in

a quadruple triangle-type chessboard configuration. The
three sub-unit cells are optimized to achieve destructive
phase difference over an ultra-wideband nearly from
3.98 GHz to 18.84 GHz. By this means, the scattered en-
ergy is redirected into several lobes to attenuate the peak
scattered filed for the advantage of bistatic RCSR. And
a measured —6dB RCSR is achieved nearly from 3.62 GHz
to 18 GHz with a relative bandwidth of 133.02%. Both
simulated and measured results demonstrated that the pro-
posed design performs the capability and potentiality for
ultra-wideband RCSR. The proposed design provides
a feasible approach to broaden the bandwidth of RCSR
while achieving bistatic RCSR simultaneously. Moreover,
the novel arrangement provides a novel way to address
ultra-wideband RCSR of closely-spaced antenna array,
which leads to the direction of our further work.
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