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Decoupling technique of patch antenna arrays with shared substrate
by suppressing near-field magnetic coupling using
magnetic metamaterials™
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In this paper, we propose the decoupling technique of patch antenna array by suppressing near-field magnetic coupling
(NFMC) using magnetic metamaterials. To this end, a highly-integrated magnetic metamaterials, the substrate-integrated
split-ring resonator (SI-SRR), is firstly proposed to achieve negative permeability at the antenna operating frequency. By
integrating SI-SRR in between two closely spaced antennas, magnetic fields are blocked in the shared substrate due to
negative permeability of SI-SRR, reducing NFMC between the two antennas. To verify the technique, a prototype was
fabricated and measured. The measured results demonstrated that the isolation can be enhanced by more than 17 dB even
when the gap between the two patch antennas is only about 0.0674. Due to high integration, this technique provides an

effective alternative to high-isolation antenna array.
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1. Introduction

Multiple input multiple output (MIMO) systems have
been researched for many years since they can provide a
significant increase in wireless channel capacity without the
need for additional transmitting power or spectrum.!’? On
the other hand, patch antennas are pervasively used in com-
munication systems for the reason that they can provide high
directivity, narrow beam, large aperture efficiency and a vari-
ety of radiation patterns. Most importantly, they can be con-
veniently conformed to curved objects. For these reasons,
patch antennas are preferred in MIMO systems for commer-
cial applications.’]

High isolation among adjacent antenna elements is one of
the key requirements in MIMO systems. In order to solve the
conflict between compactness and isolation, researchers have
done a lot of research work and many techniques for reducing
the mutual couplings between antenna array have been pro-
posed, typically including: (i) the electromagnetic band-gap
(EBG) structure,*>! which forms a narrow stop-band for sur-
face waves along the substrate surface into substrate between
the space of adjacent antennas; (ii) electromagnetic isolation

(EMI) walls, which are used along the radiating edges of a
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patch on a ground plane!® to isolate fields above the substrate;
(iii) polarization modulation of different antennas,!”! which
make transmission antennas and received antennas with dif-
ferent polarization states; (iv) etching metallic patterns!®-10]
between patch antennas to suppress surface waves; (v) dou-
ble ground-plane side walls defected with a lattice pattern of
slots to form a defected wall structure (DWS) that are erected
vertically next to adjacent antennas.!!!l Most of the above-
mentioned techniques aim to suppress surface waves above the
substrate. In fact, the mutual coupling between adjacent anten-
nas in the substrate is much stronger since the fields in the sub-
strate is confined in the narrow space between the patch and
ground plane and the field intensity is greatly enhanced due
to the low profile, especially the magnetic field component.
Because of this, strong near-field magnetic coupling (NFMC)
exists in the substrate for adjacent patch antennas. Therefore,
it is significant for high isolation patch antenna array if NFMC
in the substrate can be suppressed.

In this paper, we propose decoupling technique of patch
antenna array by suppressing NFMC in substrate using mag-
netic metamaterials. To this end, a magnetic metamaterials

unit cell (MMUC), which is a substrate-integrated split-ring
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resonator (SI-SRR) is firstly designed. The MMUC responds
strongly to magnetic fields and exhibit negative effective per-
meability in the resonance regime. By careful design, the res-
onant frequency of MMUC is made the same as the operating
frequency of the patch antennas. Due to negative permeabil-
ity, most of the near-field magnetic fields threading through the
SI-SRR are bounced back and cannot penetrate into the sub-
strate region of adjacent patch antenna. The center-to-center
spacing between the two adjacent patch antennas we proposed
is about 0.35A4 and the gap between the two antenna patches
is about 0.067A. Both the simulation and experiment show
that this technique can enhance the isolation by about 17.1 dB.
This method provides a new mechanism to suppress mutual
coupling of antennas such as in MIMO systems, and it is suit-
able mostly to size and cost-limited MIMO applications that
require high isolation.

2. Structure design and analysis
2.1. Magnetic metamaterials design and analysis

As we all know, magnetic metamaterials can achieve neg-
ative permeability in its resonance regime. Since the effective
permeability is negative while the permittivity is still positive,
the propagation constant of electromagnetic (EM) waves in
magnetic metamaterials is purely imaginary, and hence EM
waves cannot transmit through it. One of the most typical
magnetic metamaterials is the split-ring resonator (SRR).!!?]
SRR is excited by the external magnetic fields and require
magnetic fields lines to thread through the structure to obtain
the negative permeability.!'3 Large number of numerical sim-
ulations has been taken to study the properties of transmission
spectral!*13] of SRRs. We model the MMs as a dispersive
anisotropic medium, which can be characterized by the per-

meability tensor fi:!'?!

1
fi=10
0

where u, (@) follows a Lorentz model:

2
%
o —iyw — o’

() o (1)
in which @, = 14.55 x 10° rad-s~!, @y = 46 x 10° rad-s!,
y=1x108 rad-s~!.

To conserve the low-profile property of the patch antenna
array, the normal-incidence SRR must be used. There by, we
designed the normal-incidence MMUC, as shown in Fig. 1(a).
The MMUC is composed of a grounded FR-4 dielectric sub-
strate (¢, = 4.3, tand = 0.025) with two metalized vias con-

nected metallic patterns on both of sides. One side of sub-

strate is etched with copper patterns and the other side is cov-
ered fully with copper. Two metalized via holes with the ra-
dius 7 = 0.4 mm connect copper ground and the metallic pat-
tern on the substrate. Geometrical sizes of the MMUC are:
wi =3.0mm, /; =12.0 mm, t = 1.6 mm, wp, = 2.5 mm,
w3 = 0.4 mm, [ = 4.6 mm, g = 0.4 mm. Magnetic resonators
are excited when external magnetic fields get though the loop
of unit cell. The fundamental resonance mode is a magnetic
resonator is the magnetic dipole mode. Typically, the reso-
nance behavior of a magnetic dipole can be described by the
Lorentz model,! and equation (2) can be written as:
2

_1_ P
Ny(w)—l (U()‘i’lywm*w,%, (2)

where ®y,/+/ (L1 + Ly + L3)C is the resonance frequency. We
can adjust the dimensions of /,, w;, and w3 to change the effec-

tive inductances and effective capacitance of structure and thus
to tune the resonant frequency. Figure 1(b) presents the corre-
sponding equivalent circuit of each part of the MMUC, where
C denotes the effective capacitance between the two parallel
horizontal strips, L; the effective inductances of the metalized
vias, and L, and L3 the effective inductances of the metalized

strips and cupreous back, respectively.

(b)

Fig. 1. (color online) The structure (a) and equivalent circuit (b) of the
MMUC.

The simple and adjustable MMUC is simulated using
the frequency-domain solver in CST Microwave Studio. The
boundary conditions are set as such that in X and Z directions
are periodic boundaries, and in y direction is open boundary.
To obtain the response of MMUC, EM wave is incident along
v direction, with the magnetic field and electric filed in £ and
Z direction, respectively. The simulated results are shown in
Fig. 2. As shown in Fig. 2(a), there is a deep dip the trans-
mission in the range of 3.9 GHz—4.1 GHz (< —10 dB) with
S11 = —1.5dB, S3; = —16 dB at the dip. In order to check
the characteristic of the resonance, we retrieved the effective
parameters, as shown in Fig. 2(b). The real part of effective
permeability u = —1.2 at 4.0 GHz. In 3.8 GHz—4.25 GHz,
the effective permeability is negative, which indicates strong

magnetic resonance occurs in this regime.
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Fig. 2. (color online) The S parameters (a) and effective parameters (b)
of the SI-SRR magnetic metamaterials.

2.2. Antenna array design and analysis

A two-element patch antenna array operating at 4.0 GHz
is designed and the model of the antennas is shown in Fig. 3(a).
Figure 3(b) gives the simulated results. The geometrical pa-
rameters of the patch antennas are: a; = 51.0 mm, a, =
23.0 mm, b1 =40.0 mm, b, = 16.3 mm, b3 = 16.75 mm. The
gap between the two patch antennas is 3.0 mm. Figure 3(b)
shows the simulated S parameters when only one of the two
antennas (antenna 1) is fed. It can be found that the magnitude
of S is up to —9.5 dB at the central operating frequency.
The mutual coupling between the two patch antennas is very
strong at 4.0 GHz, which is detrimental to normal operation of
antennas especially in high-power uses.

To give an intuitive illustration of the strong in-substrate
near-field coupling, the H-field vector distribution of the two
closely packed patches on xy plane and xz plane at 4 GHz in the
substrate are plotted in Figs. 4(a) and 4(b), respectively. It can
be seen from Fig. 4(a) that the magnetic coupling is so strong
that the magnetic field intensity for antenna 2 is nearly com-
parable to that for the fed antenna 1. For the patch antenna,
according to the transmission line theory!'®! and cavity model
theory,!!”] the antenna substrate can be regarded as a general
transmission media. The magnetic field around the patch ex-
ists in both the substrate and air, forming a closed loop round-
ing the radiation patch. For patch antenna array with a shared
substrate, the excited magnetic field of the active antenna will

couple into the adjacent passive antennas to form the closed
magnetic field loop through the substrate and air, which will
result in intense NFMC in the substrate. As shown in Fig. 4(b),
the H-field vector formed a closed loop and the near-field mag-
netic field is coupled into antenna 2 mostly through the shared
substrate, resulting in intense NFMC between the two anten-
nas.
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Fig. 3. (color online) Structure of the original proposed antenna array
(a) and simulated result (b).
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Fig. 4. (color online) H-field vector distribution of the two closely
packed patches (a) on xy plane and (b) on xz plane in the substrate at
4 GHz.
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2.3. Decoupling patch antennas using magnetic metamate-
rials

From the above analysis, to reduce the mutual coupling
between adjacent patch antennas, it is crucial to suppress
NFMC from the active antenna to adjacent antennas via the
shared substrate. To this end, we integrate two SI-SRRs in
between the two patches, as shown in Fig. 5(a). It should be
noted that the center operation frequency of SI-SRRs has a mi-
nor shift since the boundary conditions are changed. To make
sure that the operation frequency of the antennas falls into the
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Fig. 5. (color online) Structure of the proposed antenna array with SI-
SRRs (a) and simulated result (b).

—s=— with SI-SRRs
—+— without SI-SRRs (

m 5'_ (a)

SO

> |

% =571 300

g 107

a —15

! ]

% 204270

o) ]

S —15 1

TG 4

g —10- \

T 5] 200

& .

3 01

& ]

5_

180
6/(°)

negative permeability regime of SI-SRRs, we sweep [, with
the other parameters unchanged. The optimized result is ob-
tained when I, = 5.25 mm.

The simulated S parameters of the antenna array with SI-
SRRs are plotted in Fig. 5(b). It can be found that the center
operation frequency has a very slight blue shift, from the orig-
inal 4.0 GHz to 4.02 GHz. At the operating frequency, the
magnitude of Sy is about —19.5 dB, reduced by about 10 dB
compared with the case without SI-SRRs. Figures 6(a) and
6(b) give the H-field vectors in the substrate at 4.02 GHz on
xy plane and xz plane, respectively. From Fig. 6(a), we can
see that the H-field vectors are restricted around the active an-
tenna, while the NFMC into the passive antenna is held down
effectively. Figure 6(b) shows that the H-field vectors pene-
trating into the adjacent passive antenna are suppressed by the
SI-SRRs. This demonstrates that the NFMC in the substrate
under the two patches is significantly suppressed.
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Fig. 6. (color online) H-field vectors on xy plane (a) and xz plane (b) in
the substrate at 4.02 GHz.
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Fig. 7. (color online) Simulated far-field realized gain and radiation patterns of antennas with/without SI-SRRs at 4.0 GHz in (a)

E-plane (¢ =90°) and (b) H-plane (¢ = 0°) when antenna 1 is fed.
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In order to check the effect of SI-SRRs on radiation pat-
terns and the gain of antennas, the simulated far-field radiation
patterns and realized gain for the antennas with and without
SI-SRRs at 4.0 GHz on E-plane and H-plane are plotted in
Figs. 7(a) and 7(b), respectively. From Fig. 7(a), we can find
that the E-planes of antennas with and without IS-SRRs are
almost the same. In this plane, far-field realized gain in main
lobe is 3.53 dB. The main lobe direction and 3-dB angular
width is 10° and 89.5°, respectively. In H-plane, the far-field
realized gain in main lobe of antennas with and without IS-
SRRs are 4.51 dB and 3.22 dB, respectively. The gain of an-
tennas with SI-SRRs is reduced by 1.29 dB compared to that
without SI-SRRs. However, the 3-dB angular width of anten-
nas with SI-SRRs is 141.5°, about twice times that without
SI-SRRs (the 3-dB angular width is of 71.7°). The main lobe
direction is changed from —20° to 3° with the SI-SRRs.

3. Experimental verification

For further verification, two antenna arrays, one without
and the other with SI-SRRs, were fabricated and measured.
The fabricated prototypes and the measured results are all

given in Fig. 8. § parameters of the prototype antenna and
the reference antenna were measured in the continuous band
of 2.5 GHz-5.5 GHz in the microwave anechoic chamber. The
measured results are given in Figs. 8(b) and 8(d). As shown
in the measured results, at the operating frequency of the an-
tennas, there is a very slight blue-shift for the operating fre-
quencies of both the patch antenna arrays with and without
SI-SRRs. The slight shift in both cases is due to smaller per-
mittivity of the practically-used dielectric substrate. As shown
in Figs. 8(b) and 8(d), the measured S1; parameters at the op-
erating frequency in the two cases are all below —20 dB, in-
dicating a good impedance matching in the feeding port. The
measured Sp; parameter is about —8.6 dB for the reference
antennas while the measured Sy parameter is drastically re-
duced down to —25.7 dB for the antennas loaded with SI-
SRRs. Therefore, the mutual coupling is reduced by about
17.1 dB, indicating that the NFMC in the shared substrate has
been significantly suppressed. This convincingly verifies the

decoupling technique of patch antenna array is reliable and ef-

fectual.
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Fig. 8. (color online) (a) Fabricated prototype of the reference antennas. (b) Measured S parameters of the reference antennas. (c) Fabricated
prototype of the antennas with SI-SRRs. (d) Measured S parameters of antennas with SI-SRRs.

Figure 9 presents the measured radiation patterns of antennas without and with SI-SRRs in E-plane and H-planes when

antenna 1 is fed at 4.0 GHz. The simulated and measured E-planes of antennas with and without SI-SRRs are plotted in Figs. 9(a)

and 9(b), respectively. Figures 9(c) and 9(d) show the simulated and measured H-plane radiation patterns with and without SI-

SRRs. From Fig. 9, we observe that the measured radiation patterns are in accord with simulated ones. This verifies that the

decoupling technique can lead to a broader beam-width on H-plane, which is favorable for phased array antennas.
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Fig. 9. (color online) Measured radiation patterns of antennas without SI-SRRs in (a) E-plane (¢ = 90°) and (c) H-plane (¢ = 0°),
and antennas with SI-SRRs in (b) E-plane (¢ = 90°) and (d) H-plane (¢ = 0°) when antenna 1 is fed at 4.0 GHz.

4. Conclusion

In summary, we have demonstrated the decoupling tech-
nique of patch antenna array by suppressing NFMC using
magnetic metamaterials. To deal with the strong NFMC in-
substrate between adjacent antennas, we propose to use neg-
ative permeability of substrate-integrated magnetic metamate-
rials to block the magnetic fields. Since the magnetic metama-
terials is highly integrated in substrate, this technique needs
no additional space at all. To verify the technique, a proto-
type, together with a reference antenna array, was fabricated
and measured. The measured results show that the isolation
of the antenna array is increased by 17.1 dB when the gap
between the two patch antennas is about 0.067A. This de-
coupling technique provides an effective alternative to high-
isolation antenna array.
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