FSS was designed to work at 4.2, 6, and 7 GHz with 0.13 X
0.13 /2 dimensions where /2 is free space wavelength at the first
frequency.
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ABSTRACT: In this article, multiple-input multiple-output (MIMO)
antennas with high isolation and low correlation for LTE Band 8 (880—
960 MHz) were designed by adopting a planar inverted-F antenna
(PIFA) and a slot antenna. Based on characteristic mode theory, MIMO
antennas utilize two different types of antennas to excite orthogonal
modes for enhanced isolation and correlation. The proposed PIFA is
designed to excite the ground mode along the length of the ground
plane, and the slot antenna is proposed to adopt the ground mode along
the width of the ground plane as a radiator; this provides greatly
improved isolation and diversity performance compared to the reference
MIMO antennas using two PIFAs. During simulation, the isolation is
enhanced from below 4 to 20 dB. The measured envelope correlation
coefficient (ECC) of the proposed MIMO antennas had an average value
of 0.06, but the reference MIMO antennas had a very high ECC of 0.7.
© 2017 Wiley Periodicals, Inc. Microwave Opt Technol Lett 59:893—
898, 2017; View this article online at wileyonlinelibrary.com. DOI
10.1002/mop.30429

Key words: MIMO antennas; high isolation; low correlation; character-
istic mode

1. INTRODUCTION

Along with the development of 4G telecommunication systems,
an increase in the data transfer rate and quality of the data are
highly demanded; therefore, the use of MIMO antenna systems
is also increasing. In order to design a MIMO antenna system
with high performance, a low correlation coefficient below 0.5
must be satisfied for mobile antennas. However, it is difficult to
satisfy this condition because of strong mutual coupling between
antennas that are integrated within the restricted physical area of
wireless devices. A great deal of research has been performed to
reduce the mutual coupling and correlation coefficient; these
studies have included adding a slot [1,2] or resonator [3] in the
ground plane; creating different coupling paths on the ground
[4]; and adding a neutralization line or lumped circuit between
antennas [5-8]. However, these studies have the common idea
of inserting an additional structure for decoupling or reducing
the correlation coefficient.

In this article, a method that does not add additional decou-
pling structures to MIMO antenna design is proposed in an
attempt to enhance the isolation and the correlation perfor-
mance; this is done by adopting two different types of antennas
in Band 8 (880-960 MHz) applications. The reference MIMO
antennas were designed by using two planar inverted-F antennas
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Figure 1 Geometry of the MIMO antennas: (a) the reference antennas
and (b) the proposed antennas. [Color figure can be viewed at wileyonli-
nelibrary.com]

(PIFAs) that can adopt the same characteristic mode, resulting
in high mutual coupling and poor diversity performance. The
proposed antennas were designed by using a PIFA and a novel
slot antenna. This allows each antenna to excite different char-
acteristic modes that are orthogonal to each other. Therefore,
the isolation and the correlation performance between the two
antennas were greatly improved. In order to understand the
excited characteristic modes in the reference MIMO antennas
and the proposed MIMO antennas, the surface current
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distributions are discussed. The orthogonal modes can also be
verified by analyzing the measured radiation patterns and ECC.
This letter is organized as follows. In Section 2, the reference
and proposed MIMO antennas are presented and the S-parame-
ters are compared with each other. The operating mechanisms
are analyzed in Section 3, where we explain the proposed
MIMO antennas. In the last section, the measured radiation pat-
terns and ECC results are used to verify the proposed MIMO
antenna performance.

2. ANTENNA DESIGN

The configurations of the reference MIMO antennas and the pro-
posed MIMO antennas are shown in Figure 1. About 110 mm X
55 mm printed circuit boards (PCBs) were etched on an FR-4
(¢, = 4.4) with a thickness of 1 mm. As shown in Figure 1(a), the
reference MIMO antennas are designed to have a PIFA at the top
and bottom of the ground plane for antenna #1 and antenna #2,
respectively. Each antenna occupies a clearance of 10 mm X
55 mm. The detailed dimensions are presented in Figure 1(a). To
achieve easy tuning, a shunt inductor Lg (4.5 nH) and a capacitor
Cr (0.7 pF) are adopted for the input impedance of each PIFA.

In Figure 1(b), the proposed MIMO antennas are designed
by using a PIFA for antenna #1 and a slot-type antenna for
antenna #2. To achieve a compact design within an area of
10 mm X 55 mm, the slot antenna is designed to have a C
shape. Additionally, a series capacitor Cr (0.18 pF) is inserted
at the open portion of the slot antenna. The resonant frequency
of the slot antenna can be controlled by changing the length of
the slot and/or by changing the value of the capacitor Cr with-
out changing the length of the slot. For bandwidth consideration,
the slot antenna is excited by using a series capacitor Cg (0.3
pF) and inductor Lg (63 nH). This enables wideband perfor-
mance to be obtained by changing the ratio of the inductor and
capacitor while keeping the resonance frequency of the feeding
loop equal to the antenna operating frequency [9].

Figure 2 shows the simulated S-parameters of the reference
MIMO antennas and the proposed MIMO antennas. In Figure
2(a), the —6 dB bandwidths of reference antenna #1 and anten-
na #2 are almost equal to 105 MHz (from 858 to 963 MHz),
which can fully cover LTE Band 8. However, the mutual cou-
pling S12 between antenna #1 and antenna #2 is as high as
—3.9 dB, indicating poor isolation and high losses. The simulat-
ed S-parameters of the proposed MIMO antennas are shown in
Figure 2(b), where the —6 dB bandwidths of antenna #1 and
antenna #2 are 171 MHz (from 867 to 1038 MHz) and 50 MHz
(from 919 to 969 MHz), respectively, which can also cover LTE
band 8. It can be observed that the mutual coupling S12 for the
proposed MIMO antennas is greatly reduced to —20 dB, indicat-
ing much higher isolation compared to the reference MIMO
antennas. By comparison, it can be seen that the proposed
MIMO antenna design can provide high isolation, even though
the bandwidth is narrower.

3. OPERATING MECHANISM

It is known that the theory of characteristic modes provides new
insights into mobile antenna design. The total surface current on
a conducting body is the sum of all of the characteristic cur-
rents, which can be represented by the following equation [10]:

J=Zo,J, (eY)

Here, J is the total current and o, represents the coefficients of
each characteristic mode J,,.

DOI 10.1002/mop


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

-10
)
B .20
2
%
-30 4
E
s
©
S -40 -
w
—— Simulated S$11
=80 — Simulated 522
— Simulated 512
-60 T T T T T T 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Frequency (GHz)
(a)
0 -
-10 4
=)
D -20 4
2
g %
g -304
c
=
S 40
w
_50 4 = Simulated 511
= Simulated 522
= Simulated 512
-60 T T T T I

T 1
0.6 0.7 0.8 0.9 1.0 1.4 1.2 1.3
Frequency (GHz)

(b)

Figure 2 Simulated S-parameters of (a) the reference antennas and (b)
the proposed antennas. [Color figure can be viewed at wileyonlineli-
brary.com]

For an antenna working below the 1 GHz operating band,
the ground mode along the length of the ground plane is the
most promising mode for good radiation performance; this is the
case because the ground mode resonance is closest to the oper-
ating frequency [11]. Another promising mode is the ground
mode along the width of the ground plane; unfortunately, the
resonance of this mode is much higher than the one along the
length of the ground plane. In the reference MIMO antennas,
both PIFAs are located at the end of the ground plane; therefore,
they dominantly excite the same ground mode along the length
of the ground plane for radiation, resulting in poor isolation and
similar radiation patterns. Alternatively, in the proposed MIMO
antennas, the slot antenna is adopted for excitation of the ground
mode along the width of the ground plane and the PIFA is
adopted for excitation of the ground mode along the length of
the ground plane. As stated above, the slot antenna achieves
narrower bandwidth performance because the ground mode reso-
nance along the width of the ground plane is much higher than
it is along the length of the ground plane. The operating princi-
ple for the ground mode excitation of the slot antenna and PIFA
is provided as follows.

The coupling between the ground plane and an antenna can
be expressed as:

DOl 10.1002/mop

<E®,J*> =J”Eg -Jdt 2)
<H® M*> = —J”Hg - Mz 3)

Here, E* and H® are the electric and magnetic fields because of
the characteristic modes of the ground plane. J* and M* are the
electric and magnetic currents generated by an antenna. Accord-
ing to these equations, it is obvious that electric current sources
(e.g., a PIFA) are placed at the end of the ground plane where
the electric field is strong. In a similar way, magnetic current
sources (e.g., a slot antenna) are placed inside the ground plane
where the magnetic field is strong. Two PIFAs in the reference
MIMO antennas are located at the edge of the ground plane
where the electric field is strong, allowing them to simulta-
neously excite the same ground mode. However, in the case of
the proposed antenna, a PIFA is located at the edge of the
ground plane; thus, it dominantly excites the ground mode along
the length of the ground plane. The slot antenna mainly gener-
ates a loop current source close to the maximum magnetic field
along the width of the ground plane; therefore, it excites the
ground mode along the width of the ground plane.
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Figure 3 Measured S-parameters of (a) the reference antennas and (b)
the proposed antennas. [Color figure can be viewed at wileyonlineli-
brary.com]
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Figure 4 Simulated surface current distributions of the reference antennas ((a) with port 1 excitation and (b) with port 2 excitation) and the proposed
antennas ((c) with port 1 excitation and (d) with port 2 excitation). [Color figure can be viewed at wileyonlinelibrary.com]

To verify the above analysis, the simulated surface current
distributions of the reference and proposed antennas are plotted
at 920 MHz in Figure 3. Figures 3(a) and [3](b) provide the sur-
face current distributions when port 1 and port 2 are excited,
respectively. Both PIFAs generate similar current distributions
along the length of the ground plane (z-axis), adopting the
ground mode along the length of the ground plane as a dipole-
type radiator. Figures 3(c) and [3](d) show the current distribu-
tions of the proposed MIMO antenna at 920 MHz with the
PIFA and the slot antenna excitation, respectively. In Figure
3(d), antenna #2 (slot antenna) generates a loop-type current dis-
tribution; this allows it to be seen as a magnetic current source
along the y-axis rather than along the z-axis. Furthermore, the
port-to-port induced currents from the PIFA to the slot antenna
(from the slot antenna to the PIFA) are also greatly reduced
because of the high isolation between the PIFA and slot
antenna.

896 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 59, No. 4, April 2017

4. EXPERIMENTAL RESULTS

The reference and proposed MIMO antennas are fabricated
and measured. Figure 4 shows the measured S-parameters of
the reference and proposed antennas. As shown in Figure
4(a), the —6 dB bandwidths of the reference MIMO antennas
are 135 MHz and the mutual coupling S12 between the two
PIFAs is —7 dB. In the case of the proposed MIMO anten-
nas, the —6 dB bandwidths of the proposed PIFA and slot
antennas are 205 and 80 MHz, respectively, while the mutual
coupling between the antennas is —20 dB. It can be observed
that the simulation and measurement results are in good
agreement with one another and have only slight differences.
As stated in Section 3, two different characteristic modes that
are orthogonal to each other are excited by changing the type
of antenna #2 from a PIFA to a slot antenna. As a result, the
mutual coupling between antenna #1 and antenna #2 can be
greatly reduced.
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Figure 5 illustrates the measured radiation patterns of the ref-
erence and the proposed MIMO antennas. Figure 5(a) shows the
radiation patterns of reference antenna #1 and antenna #2. Both
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Figure 5 Measured radiation patterns of (a) the reference antenna #1
and antenna #2, (b) the proposed antenna #1, and (c) the proposed
antenna #2
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antenna #1 and antenna #2 generate similar radiation patterns
since they are exciting the same ground mode. It can be seen
that both antennas generate omni-directional radiation patterns
in the xy-plane, which is coincident with the dipole-type ground
mode along the z-axis (i.e., along the length of the ground
plane). Figures 5(b) and [5](c) show the radiation patterns of the
proposed PIFA and slot antenna, respectively. It can be observed
in Figure 5(b) that the proposed PIFA operates as a dipole-type
radiator along the z-axis (i.e., along the length of the ground
plane). However, the proposed slot antenna generates an omni-
directional radiation pattern in the xz-plane [depicted in Figure
5(c)], showing that the dipole-type mode along the y-axis (i.e.,
along the width of the ground plane) is excited. The characteristic
mode of the antenna was changed by replacing the PIFA with a
slot antenna, enabling the proposed MIMO antennas to generate
orthogonal radiation patterns (as explained in Section 3).

Furthermore, to achieve good diversity performance, the
ECC should be maintained below 0.5 for mobile applications.
Therefore, the measured ECC values of the reference MIMO
antennas and the proposed MIMO antennas are compared from
0.88 to 0.96 GHz. The measured results show that the ECCs of
the reference and proposed MIMO antennas are 0.06 and 0.7,
respectively. The improved ECC performance further verifies
the orthogonal radiation patterns that are shown in Figure 6.
The measured radiation efficiency of the reference antennas (#1,
#2) and proposed antennas (#1, #2) are 43%, 43%, 62%, and
30%, respectively. As a result, the proposed technique in this
letter was proven to be applicable for MIMO antennas with high
isolation and low ECC.

5. CONCLUSION

In this letter, a MIMO antenna design technique is proposed to
achieve high isolation and good diversity performance. In con-
trast to previously studied correlation performance enhancement
methods, which require the addition of decoupling structures,
the proposed technique is based on characteristic mode theory.
The proposed PIFA and slot antenna utilize two different char-
acteristic modes without any additional structures and obtain
good diversity performance. Compared to the reference MIMO
antennas using two PIFAs, the proposed MIMO antennas pro-
vide high isolation and low ECC, which has been verified by
analyzing the generated orthogonal radiation patterns. The
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reference and proposed MIMO antennas were designed through
simulation and tested experimentally.
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ABSTRACT: Substrate integrated nonradiative dielectric (SINRD)
waveguide fabricated directly on printed circuit board (PCB) or metal-
ized dielectric layer, with its excellent performances of simplifying fabri-
cation process and minimizing mechanical errors, is vitally essential at
the microwave and millimeter-wave frequencies. In this article, a transi-
tion of coplanar waveguides (CPW) to the SINRD waveguides based is
presented, providing effective interconnects for compactly and flexibly
integrating the planar-CPW-based devices with the SINRD waveguide
circuits. It is found that simulated results are in good agreements with
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the measured results, which proves the promising future of the SINRD
waveguide of PCB version in the area of millimeter-wave hybrid
integrated systems. © 2017 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 59:898-900, 2017; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.30426

Key words: CPW; millimeter-wave; PCB; SINRD; transition

1. INTRODUCTION

Nonradiative dielectric (NRD) waveguide, since its inception in
1981 [1], has become one of the most attractive guiding struc-
tures for microwave, and in particular millimeter-wave circuits
and systems. Compared to other transmission lines, NRD wave-
guide presents superior features of low transmission losses and
almost nonexistent radiation at bends and discontinuities. How-
ever, sever problems, such as mechanical and assembly errors
exist in conventional NRD waveguides. Especially when fre-
quency increases, operating wavelength deduces, it becomes
more and more difficult to implement and integrate NRD wave-
guide with other circuits.

To overcome the mentioned difficulties, as a development of
the substrate integrated nonradiative dielectric (SINRD) wave-
guide in Refs. [2,3], a PCB version of SINRD waveguide has
been proposed [4]. Different from the original SINRD wave-
guide, via-air holes or slots are drilled directly on the PCBs
instead of a naked dielectric slab. To do so, a simple planar
SINRD waveguide without extra metal cover is presented and
subsequently the alignment problems and mechanical errors of
conventional NRD waveguides can be eliminated. As a result,
this type of SINRD waveguide, which is fabricated directly on
PCBs or metallized layers, can be convenient to integrate with
other planar circuits and corresponding, be a potential structure
for future millimeter-wave hybrid integrated systems.

However, the excitation of SINRD still depends on rectangu-
lar waveguides, even if in recent applications [5,6]. As a result,
it is necessary to develop a kind of planar excitation circuits
because the planar transmission lines are vitally critical for
millimeter-wave hybrid integrated systems. Most of the existed
transitions, e.g., the transition of microstrip line to NRD wave-
guide and slotline to NRD waveguide [7,8], have not focused on
this PCB-SINRD waveguide yet. Therefore, none of them is
suitable for compact hybrid integrated circuits at higher frequen-
cies because of the drawbacks of conventional NRD waveguides
discussed before. To fulfil this void, this article proposes an
integrated transition from CPW to PCB-SINRD waveguide. The
simulation results demonstrate that the transition proposed per-
form well. Finally, measured values are also presented to com-
pare with the simulation results. The good agreements confirm
the prospects of the PCB-SINRD waveguide and its applications
in the hybrid integrated system at millimeter-wave frequencies.

2. DESCRIPTION OF THE TRANSITION

So far, the hybrid integrated technology derived from the con-
cept of the aperture coupling has been proved to be prospect in
millimeter-wave systems. Figure 1 shows the electromagnetic
distributions of the LSM;; mode in NRD waveguide. In the area
of the central strip of a NDR waveguide, the electric and mag-
netic fields of the LSM;; mode can be written as

Ec==A(B, /ar) (x/a)cos (mx/a)sin (5,) M

Ey=(A/e;)(B*+(mn/a)*)sin (nx/a)cos (B,y) )
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