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Abstract

A systematic design procedure for reducing the radar
cross section (RCS) of a multiple-input multiple-output
(MIMO) antenna is presented in this paper. The RCS
reduction was achieved at 11.3 GHz, which was out-of-
band compared to the antenna’s working frequency of
2.18 GHz. The design flow started with developing an
isolation-enhancement network for the MIMO antenna that
did not disturb the RCS reduction process. An incident- and
polarization-angle-insensitive frequency-selective surface
(FSS) was next designed. The conventional ground plane
of the MIMO antenna was replaced by an FSS array. The
designed FSS was introduced in such a way thatthe antenna’s
characteristics and isolation among the antenna ports were
preserved by achieving the RCS reduction of an antenna
at the bandpass frequency of the FSS. The proposed FSS
was angularly stable, and hence an almost constant RCS
reduction was found for most of the incident angles. The
final proposed low-RCS MIMO antenna was fabricated and
measured to validate the simulation results.

1. Introduction

To meet the ever-growing demands of high data rates
and excellent data transmission in wireless communication,
multiple-input multiple-output (MIMO) technology was
introduced. Single-input single-output (SISO) technology
is being replaced by MIMO technology on all platforms.
The Defense Advanced Research Projects Agency (DARPA)
recognized the significance of using MIMO technology
in defense applications for the sake of increasing the war
fighter’s capabilities [1]. The Wireless Networking and
Communications Group (WNCG) talks about the usefulness
of MIMO technology in military applications [2].

In the defense and military environment, some

applications require low RCS materials. By using antennas
indefense applications, the RCS will be drastically increased

42

because the antennas are backed by a PEC ground plane.
To address this problem, researchers have proposed many
antenna RCS reductiontechniques. These includeusing RCS
reduction techniques based on a radar-absorbing material
(RAM) [3,4], anantenna coating [5], a frequency-selective
surface (FSS) [6, 7], a metasurface [8, 9], and an artificial
magnetic conductor (AMC) [10]. For applications where
size matters, FSS- and metasurface-based RCS reduction
techniques seem to be the most efficient, because they do
not involve any extra circuitry, unlike other techniques.
However, if the FSS-based RCS reduction technique is
to be applied to MIMO antennas, the isolation among the
antenna ports should first be addressed. The involvement
of an FSS in a MIMO antenna disturbs the surface-current
distribution, which in turn affects the isolation between the
antennaelements[11]. A compatible isolation-enhancement
network is thus needed for MIMO antennas before beginning
the RCS-reduction process.

In the literature, there are various isolation-
enhancement techniques for MIMO antennas. They can
be divided into five major categories. These are the use
of defected ground structures (DGS) [12, 13], parasitic
elements [14, 15], neutralization lines [ 16, 17], decoupling
networks [18, 19], and metamaterials [20, 21]. Among
these, isolation techniques based on defected ground
structures, neutralization lines, and parasitic elements
disturb the surface current distribution between antenna
elements to enhance the isolation between the elements.
Because the involvement of an FSS in the ground plane
of a MIMO antenna for RCS reduction also disturbs the
surface current, those three isolation techniques are not
suitable for the RCS-reduction process. A decoupling
network in a MIMO antenna provides isolation between
the antenna ports by not letting the surface waves propagate
from one antenna element to other elements. Metamaterials
utilize their bandgap nature to provide isolation among the
antenna elements of a MIMO antenna. Both these isolation
techniques are compatible with use in the RCS-reduction
process of MIMO antenna systems.
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Figure 1. A simple two-port antenna: (a) the design, and its (b) S parameters (simulated).

In this work, we developed a filter-based decoupling
network to enhance the isolation in MIMO antennas, making
it suitable for the RCS-reduction process. The novelty of
this paper is that the proposed isolation-enhancement circuit
and RCS-reduction circuitare independent. Controlling one
circuit will notaffect the other. Even though FSS-based RCS-
reduction techniques have been proposed in the literature,
they are not insensitive to the angle of incidence. In order to
provide constant RCS reduction for all the incident angles,
an angularly stable FSS was developed.

2. A MIMO Antenna Design
Having a Filter-Based Decoupling
Network

For all the designs that are provided in this paper,
the base substrate was FR4 with a thickness of 1.6 mm.

The design process started with the two-element
antenna shown in Figure 1a. The two monopole antennas

are shown in Figure 1a: they were closely spaced, without
any decoupling network. The isolation was hence very
poor in between them at the antenna’s resonant frequency
0f2.08 GHz, shown in Figure 1b. To enhance the isolation
between the antenna elements, a decoupling network was
designed at 2.08 GHz, as shown in Figure 2a. From its S
parameters, as shown in Figure 2b, a band-stop property
could be identified at 2.08 GHz.

In the next step, this band-stop filter was inserted in
between the antenna elements of a two-port MIMO antenna,
shown in Figure 3a. By directly inserting the decoupling
network, isolation was achieved, but with the resonant
frequency of the antenna shifted away from 2.08 GHz as
shown in Figure 3b. To achieve both resonance and isolation
atthe same frequency, i.e., at 2.08 GHz, amatching network
in the form of stubs was therefore used. The final proposed
MIMO antenna, along with matching and decoupling
networks, is shown in Figure 4a. The dimensions of the
elements in Figure 4a were a =58, =50, ¢=41.9,
d=195,e=185, f=15, g=12.7, h=12, i=10.6,
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Figure 2. The decoupling network (band-stop filter): (a) the design, and its (b) S parameters (simulated).
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Figure 3. The two-portantenna with decoupling network: (a) design, and its (b) S parameters (simulated).

j=885,k=725,1=41,m=3,n=1.9,and 0o =1 (all
inmm). From its S-parameter plot, shown in Figure 4b, one
could observe that more than 16 dB isolation was achieved
in the antenna’s working band.

To get a clear idea of how the isolation was enhanced
by using the decoupling network, the surface-current
distribution is shown on the MIMO antenna at 1 GHz and
2.08 GHz in Figure 5. Both of the plots in Figure 5 were
obtained by exciting only one port while terminating the
other port with a matching impedance. From Figure 4b,
at 2.08 GHz, the isolation was very high as compared to
the isolation at 1 GHz. The same could be observed by
looking at Figure 5. In Figure 5a, the surface current from
the excitation port was not flowing towards the terminated
port. In contrast, in Figure 5b, a maximum surface current
was flowing. This was the reason for less isolation at | GHz,
as shown in Figure 4b.

The fabricated MIMO antenna’s top and bottom
portions are shown in Figures 6a and 6b, respectively. The
simulated S parameters were validated by measuring them,
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as shown in Figure 7a. Good agreement was found between
measured and simulated results. The proposed MIMO
antenna exhibited around 2 dBi peak gain and more than
70%radiation efficiency atthe antenna’s working frequency,
as shown in Figure 7b. The peak gain in Figure 7b was a
measured result, whereas the radiation efficiency was a
simulated result. In both the xz and yz planes, the measured
two-dimensional radiation patterns along with the simulated
patterns are shown in Figure 8. These radiation patterns
were calculated at the antenna’s resonant frequency of
2.08 GHz. The given radiation patterns were obtained
by exciting only one antenna element. However, because
both of the antenna elements were symmetrical, similar
kinds of radiation patterns with a 180° phase shift could
be obtained by exciting the other antenna element. The
envelope correlation coefficient (ECC) and capacity loss are
important parameters for estimating MIMO performance.
In this paper, both of these parameters were measured and
are shown in Figure 9. In the antenna’s working band, both
ofthese MIMO parameters were within the allowable limits
[22, 23]. It hence could be said that the proposed two-port
antenna was a suitable candidate for MIMO applications.
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Figure 4. The proposed two-port MIMO antenna: (a) the design, and its (b) S parameters (simulated).
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Figure 5. The surface-current distribution on the MIMO antenna at (a) 2.08 GHz and (b) 1 GHz.

3. Reducin g the RCS of the presented in this section. The first step in an RCS-reduction
MIMO Antenna process is designing an FSS at a frequency where the RCS

reduction of the MIMO antenna is needed. Here, two FSS
designs are presented to explain the importance of an
angularly stable FSS in making the RCS reduction incident-
angle insensitive. The first FSS is denoted as FSS 1, and

Inthe previous section, the design ofa MIMO antenna
using a filter-based decoupling network was shown. The
procedure for reducing the RCS of the designed antenna is
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Figure 7. (a) A comparison of simulated and measured S parameters, and (b) the peak gain (measured) and
radiation efficiency (simulated) of the antenna.
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Figure 9. The measured MIMO parameters (ECC and
capacity loss).

the second FSS is identified as FSS 2. The design of a
single unit cell of FSS 1 is shown in Figure 10a, and a
plot of its S parameters is shown in Figure 10b. FSS 1
exhibited bandpass characteristics at 10.6 GHz, with
reflection coefficient ( R ) and transmission coefficient
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Figure 8. MIMO antenna radiation patterns at 2.08 GHz in (a) the xz plane and (b) the yz plane.

(T ) valuesofaround —15 dBand 0dB, respectively. FSS_1
was arranged in the ground plane of the MIMO antenna in
such a way that the upper conductive microstrip line part
was backed by a PEC [7], as shown in Figure 11a. With
this arrangement, not only radiating part of the antenna but
also the decoupling network did not get disturbed. Reducing
the RCS was hence possible without disturbing both the
antenna characteristics and the isolation between the antenna
elements. If a different isolation-enhancement network
other than the decoupling network was used, then it would
not have been easy to maintain high isolation between the
antenna elements by arranging the FSS array in a ground
plane. From Figures 4b and 11b, it was observed that the
S parameters remained same for the MIMO antenna when
backed by either a PEC or FSS 1.

Since FSS_1 acted like a transmitter of an EM wave
at 10.6 GHz, an RCS reduction of more than 15 dB was
achieved at the same frequency by the MIMO antenna
backed by FSS 1ascomparedtothe MIMO antennabacked
by the PEC, as shown in Figure 12b. Since FSS 1 had four-
fold symmetry, it remained polarization-angle insensitive.
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Figure 10. (a) The FSS_1 unit cell and its (b) reflection and transmission properties (simulated)

(p=6mm, ¢g=2mm, =1 mm).
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Figure 11. (a) The design of the MIMO antenna with an array based on FSS_1 as its background, and its

(b) simulated S parameters.

However, by increasing the angle of incidence, reflections
from FSS 1 drastically increased, as shown in Figure 12a.
For incident angles of more than 60°, FSS 1 almost lost
its bandpass property at 10.6 GHz. From Figure 12b, it
could be observed that the amount of RCS reduction also
drastically decreased for higher incidence angles. From
Figures 12a and 12b it could thus be concluded that the
reflections from FSS 1 played a prominent role in finding
the RCS of the proposed design.

To understand this theoretically, an explanation using
ray theory was given. The FSS reflection coefficient under
normal incidence can be written as

NEss — 1
T pgs = FSS o, (1
NMrss + Mo
HFss
TIFss = Mo >
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where Upgs, €pgg, and 7pgg are respectively the
permeability, permittivity, and intrinsic impedance of the
FSS. I'ggg is the reflection coefficient of the FSS under
normalincidence. 7, isthe free-space intrinsic impedance.

When the permittivity and permeability of the FSS
in Equation (1) become equal to the free-space intrinsic
impedance, reflections from the FSS become very small,
and a reduction in the RCS is possible for the MIMO
antenna with the FSS as compared to a MIMO antenna
with a PEC. However, it is not that simple to analyze
the reduction in RCS when the antenna is under oblique
incidence. The reflection coefficient at oblique incidence
for TE polarization can be written as

NFss €08 6; — 119 cos 6,

Lore = @)

Nss €086, +175cos 6,

where I' is the oblique-incidence reflection coefficient,
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Figure 12. (a) The simulated 7~ and R- for FSS_1 at oblique incidence, and (b) the simulated RCS of

the MIMO antenna with FSS_1 at oblique incidence.
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Figure 13. (a) The unit cell of FSS_2, and its (b) simulated reflection and transmission (s =6
mm, ¢=2.136 mm, ¥ =0.659 mm, Cl=(3 mm, 3 mm), Rl=2.7 mm).

and 6; and @, are the angles of incidence and transmission.
By using Snell’s law, the relationship between the intrinsic
impedance of free space and the impedance of the FSS
can be written as

Mo _ sin g, 3)

Nrss  sing;

By solving Equations (3) and (2), the minimum reflection
condition can be obtained:

2 2 2 2
MR,; = ppssérpss —Erss Sin” 6; — ppgg cos”™ 6, =0 (4)

Forthe TM-polarized wave, the reflection coefficient under
oblique incidence can be written as

VIKUD (aBsm)

NFss €08 6, — 19 C0s 6;

®)

Corm = :
° 1Ess €08 6; +17g cos

By following a similar procedure, the minimum-reflection
condition for TM polarization was calculated:

MR

erin, = HMpss — Erss Sin° 0; — pipgsEpss 00s” 6; = 0(6)
It could be observed from Equations (4) and (6) that when
the incidence angle changed, reflections from the FSS
also drastically varied for both TE and TM polarizations.
Since reflections from the FSS increased with an increase
in incidence angle, the RCS of the MIMO antenna backed
by the FSS also increased. To make the RCS of the MIMO
antenna insensitive as a function of incidence angle for
both the polarizations, an angularly stable FSS needed to
be designed.
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Figure 14. The final proposed low-RCS MIMO antenna: (a) design and (b) simulated monostatic RCS.
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Figure 15. Fabricated (a) top and (b) bot-
tom portions of the proposed low-RCS
MIMO antenna.

In Figure 13, a polarization and incidence-angle-
insensitive FSS is shown. The four-fold symmetry of the FSS
contributed to polarization-angle insensitivity, and the four
circular sectors present in the FSS contributed to incidence-
angle insensitivity. The designed angularly stable FSS was
denoted FSS 2.InFigure 14a,FSS 2 wasincorporated into
the ground plane ofthe MIMO antenna. At 11.3 GHz,FSS 2
exhibited bandpass characteristics, as shown in Figure 13b.
At the same 11.3 GHz, the maximum RCS reduction was
hence achieved by the proposed antenna as compared to the
reference antenna, as shown in Figure 14b. With FSS_2,the
reduction in RCS was achieved from 6 GHz to 15 GHz with
amaximum value of more than 15 dB at 11.3 GHz. The top
and bottom views of the final fabricated low-RCS MIMO
antenna (i.e., the MIMO antenna with FSS_2) are shown in
Figures 15a and 15b, respectively. In Figures 16a-16c, the
reflection and transmission properties of FSS_2 are shown
when it was under different polarizations and incidence
angles. For all the polarization angles, FSS 2 provided a
stable response as shown in Figure 16a. Up to incidence
angles of 60°, the reflection and transmission properties of
FSS_2 remained stable for both polarizations, as shown in
Figures 16b and 16¢.
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It could also be observed from Figures 16b and 16¢
that the transmission and reflection properties of FSS 2 at
different incidence angles were not affected by a change in
polarization from TM to TE. The RCS ofthe MIMO antenna
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Figure 16. The simulated 7. and R of FSS_2 at
different (a) polarization angles and (b) incidence
angles for a TE plane wave, (¢) and incident angles
for a TM plane wave.
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Figure 17. The RCS of the MIMO antenna with
FSS_2 at various oblique incidence angles under
TM polarization.

with FSS_2 at various oblique incidence angles hence also
remained unchanged with a change in polarization from
TM to TE. Because of this, we measured the RCS of the
MIMO antenna with FSS_2 only for TM polarization. The
measured RCS results are shown in Figure 17. The same
results were also valid for TE polarization, except for small
variations that were due to the upper conductive microstrip
part. Up to incidence angles of 60°, an almost constant
RCS reduction was achieved by the proposed antenna as
compared to the reference antenna, as shown in Figure 17.
The simulated S parameters were validated by measuring
them, as shown in Figure 18. With the proposed technique,
the reduction in RCS was achieved while preserving the
antenna’s characteristics. This statement can be verified
using Figure 19, in which the measured radiation patterns
of MIMO antennas backed by both PEC and FSS 2 are
shown. In both the xz and yz planes, the radiation patterns of
the final low-RCS MIMO antenna perfectly matched with
the MIMO antenna backed by the PEC. By just replacing
the PEC with the angularly stable FSS, the proposed MIMO
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Figure 18.A comparison of measured.S parameters of
the MIMO antenna whenbacked by PEC and FSS_2.

antenna with afilter-based decoupling network has achieved
great practical usefulness.

4. Conclusion

Inthis paper, atechnique for achieving RCS reduction
for a two-port MIMO antenna has been presented. Before
directly moving into the RCS reduction process, a filter-
based decoupled network was designed to improve the
isolation among the antenna ports in the MIMO system.
Since the decoupling technique presented in this paper is
a generalized technique, it can be easily applied to multi-
band multi-port MIMO antennas; however, in that case,
a multi-frequency band-stop filter would be required. By
accommodating an FSS in the ground plane of a MIMO
antenna, a reduction in RCS was achieved from 6 GHz
to 15 GHz. Unlike previously published RCS reduction
techniques, this paper achieved a constant RCS reduction
for incidence angles of up to 60°.
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Figure 19. A comparison of the radiation patterns of the MIMO antenna when backed by PEC and
FSS_2 in (a) the xz plane and the (b) yz plane (measured results).
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