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Decoupler Design for MIMO Antennas of USB Dongle Applications
Using Ground Mode Coupling Analysis
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Abstract—In this paper, the impact of decoupler type has been analyzed on the performance of planar
inverted-F antenna (PIFA)-based multiple-input multiple-output (MIMO) antenna. A T-type and a
loop-type decoupler have been employed for the isolation of the MIMO antennas, and the performances
of the two cases have been compared. The decouplers have been selected based on their different
coupling mechanisms with the dominant ground mode. The antennas have been designed for the ground
configuration of a USB dongle operating at 2.45 GHz band. Characteristic mode analysis of the ground
plane has been carried out, and the MIMO systems have been analysed based on the coupling among the
antenna, decoupler and the dominant characteristic mode of the ground plane. It has been observed that
the coupling between the decoupler and the ground mode significantly affects the radiation efficiency
as well as the diversity performance of the MIMO antenna.

1. INTRODUCTION

The importance of electrically small antennas has been emphasized by recent advancements in mobile
device technology. The demand for high data throughput has emphasized the importance of multiple-
input multiple-output (MIMO) antennas for mobile devices [1,2]. High diversity performance and
good radiation efficiency are desirable features of modern MIMO antennas. Planar inverted-F antennas
(PIFAs) have been widely utilized in mobile devices due to their advantages of compact size, low cost
and easy fabrication [3,4]. Various non MIMO single band [5,6] and multiband antennas [7, 8] have
been proposed for USB dongle applications whereas MIMO antennas for USB dongles operating at
WLAN band are proposed in [9-11]. The diversity performance of MIMO antennas depends on the
employed decoupler; therefore, several decoupling configurations have been proposed in the literature.
The impact of parasitic monopoles on dual-slot-element antennas for mobile terminals was analyzed
in [12]. The studies reported in [13-17] discussed a protruded T-shaped stub for high isolation and
good diversity performance. A floating parasitic inter-digit decoupler was proposed for ultra-wideband
isolation [18]. Different configurations of slits [19-21] and slot-type decouplers [22] were employed
to provide good isolation. A tunable ground coupled loop-type isolator ensured high isolation between
ground radiation MIMO antennas [23]. Metal rim of mobile device was utilized to control the orthogonal
characteristic modes of the ground plane for MIMO operation in [24]. In [25], the authors applied
characteristic mode theory to generate harmonized orthogonal radiation modes for MIMO operation.
Characteristic modes can also be utilized to design patten reconfigurable MIMO antennas for mobile
devices [26,27]. Various pattern reconfigurable MIMO antennas have also been proposed such as
using U-slot [28], switches [29,30], parasitic radiators [31] and partial stepped ground plane [32].
Concentric slot based loop based MIMO array was proposed in [33] for 4G/5G mobile applications.
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The neutralization line technique provides good isolation between USB dongle antennas [34, 35]. Ultra-
wideband MIMO antenna for USB dongle has been proposed with different patterns and polarizations
in [36]. Furthermore, electromagnetic band-gap (EBG) structures [37, 38] and the use of lumped circuit
decoupling networks [39, 40] are promising isolation techniques for MIMO antennas. In short, numerous
choices of decoupling structures are available to antenna engineers for the design of MIMO antennas.
However, selection of effective decouplers plays a significant role in the MIMO antenna performance,
such as antenna bandwidth and efficiency.

Mobile device antennas are electrically small in size, which act as excitation elements for the ground
plane of a mobile device. The antennas excite various characteristic current modes on the ground plane
where the radiation performance mainly depends on the dominant ground mode. Installation of a
decoupler on the ground plane of a mobile device for MIMO operation also affects the excited ground
modes. The coupling between the ground mode and the decoupler depends on the (electric or magnetic)
type of decoupler, which in turn affects the radiation and diversity performances of the MIMO antenna.
In this investigation, a PIFA based MIMO antenna for a USB dongle has been analyzed when a T-
type and loop-type decouplers are employed. The findings of the study can be applied to other mobile
antennas for USB dongles as well; therefore, the choice of PIFA is arbitrary. The decouplers have been
selected for this study because of their different nature of coupling with the fundamental ground mode.
The T-type structure at the proposed location electrically couples with the ground mode whereas the
loop-type structures couples magnetically with the ground mode. The analysis is based on the coupling
mechanisms among the antenna, decoupler and dominant ground mode. The impacts of the decouplers
on the performances of the MIMO antennas have been demonstrated using simulation and measured
results. We emphasize that the decoupler must be carefully selected, considering its coupling with the
dominant ground mode for high performance MIMO antenna design.

2. COUPLING MECHANISM AND MODAL ANALYSIS

The radiation performance of the PIFA depends on its coupling with the dominant ground mode. The
PIFA acts as an electric coupler and its coupling (c.) with the ground mode can be expressed as [41]

e 1+)\// E'- J9%dr (1)

where E' is the impressed electric field produced by the antenna, J9 the dominant characteristic current
mode of the ground plane, and A the eigenvalue of the ground mode. E" is strongest at the edge of
the ground plane; therefore, placing the antenna at the location results in a stronger coupling with
the ground mode. In the case of 2 x 2 MIMO system, when PIFAs are installed at the edges of the
ground plane, the antennas couple with the same ground mode, resulting in a strong mutual coupling.
A parasitic resonator can be employed as a decoupler; however, depending on its type and location on
the ground plane, it may affect the coupling between the antenna and the ground mode. In this study,
the impact of decoupler on the MIMO antenna has been investigated for a USB dongle with a ground
size 60mm X 30mm. The upper corners of the ground plane have been selected for the location of
PIFA antennas for maximum coupling with the dominant ground mode. The middle of the longer edge
of the ground plane has been selected for the location of T-type and loop-type decouplers.

In order to understand the coupling mechanism, the modal analysis of the ground plane is
imperative. Figures 1 and 2 show the current distribution of the first two significant modes, mode
1 and mode 2, of the ground plane, respectively. Mode 1 resembles that of a half wave dipole that
does not change phase across the ground plane. On the other hand, Mode 2 resembles that of a full
wave dipole mode [42]. On the contrary to Mode 1, the current density of mode 2 is minimum at the
middle of the longer edge of the ground plane. A particular mode radiates efficiently at resonance where
the resonance frequency can be found when the eigenvalue of the mode is zero [43]. Figure 3 shows
the eigenvalue plot of the modes, which reveals that mode 1 and mode 2 are resonant at 2.2 GHz and
5.5 GHz, respectively.

The T-type decoupler electrically couples with the dominant ground mode. According to Eq. (1),
the coupling between the T-type decoupler and the first order mode will be minimum, because of
minimum electric field of the ground mode at the middle of the ground plane. However, with second
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Figure 3. Eigenvalues of significant modes of the ground plane.

order mode, the coupling will be maximum. On the other hand, the loop-type decoupler magnetically
couples with the dominant ground mode. The coupling between a magnetic coupler and the ground

mode can be expressed as
1
0‘7”_1+A/// o Hdr (2)

where M'"°P is the magnetic current density of the loop, and HY is the magnetic field of the ground
mode. The coupling is strong when a magnetic coupler is located at the maximum magnetic field, i.e.,
the maximum current location of the ground mode. The strong coupling between the decoupler and the
ground mode may degrade the coupling between the antennas and the ground mode, which could result
in lower bandwidth and radiation efficiency of the MIMO antenna. The concept has been investigated
in the following sections. The reduction of mutual coupling between the antennas does not depend on
the modal analysis but depends on the choice of decoupler and its location on the ground plane. The
characteristic mode analysis has been carried out to emphasize that the choice of the decoupler affects
the coupling between the antenna and the ground mode that decides the radiation performance of the
MIMO antenna.

3. MIMO ANTENNA DESIGN

The geometry of the reference antenna without the decoupling network is shown in Figure 4. The design
consists of two symmetric PIFAs located at the corners of the longer edge of the ground plane. FR-4
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(e, = 4.4) has been used as a substrate material with 1.6 mm thickness. The size of the ground clearance
for each antenna is 22mm x 5mm. Each PIFA consists of a single loop-feed structure and an antenna
element. The length of the antenna element is 21 mm, and the size of the feed loop is 2mm x 1mm. In
order to maintain the compact features, the antenna elements have been folded. The feed loop contains
a series LC network to control the impedance level of the antenna [44]. Figure 5 shows the simulated
current density when antenna 1 is excited and the other antenna terminated by the matched load. It can
be observed that the antenna excites the current in the horizontal direction on the ground plane, i.e.,
the antenna is dominantly coupled with the first order mode. The antenna has been designed to operate
at 2.45 GHz, where the simulated values of C'y and Ly are 2 pF and 2.5 nH, respectively. Both antennas
are well matched at the design frequency where the simulated and measured bandwidths (with reference
to —10dB) are 100 MHz and 140 MHz, respectively. The simulated radiation efficiency is 73.26% at the
operating frequency. The antenna has been fabricated where the fabricated C'y and Ly values are 1.5 pF
and 2nH, respectively. The results have been measured using an Agilent 8753ES network analyzer. In
order to improve the isolation, a decoupler needs to be employed. The effects of T-type and loop-type
decouplers on the bandwidth of MIMO antenna are discussed in the following subsections.

Loop-type
decoupler

e 60 -

Figure 4. Geometry of the decouplers and MIMO antenna.

Figure 5. Simulated current density at 2.45 GHz.

3.1. Effect of the T-Type Decoupler

The T-type decoupler consists of a 20 mm wire and is connected with the ground plane through a 2mm
wire and an inductor L.. The decoupler has been installed between the PIFA antennas, as indicated
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in Figure 4. The inductor L. has been employed to maintain the compact features of the decoupler
such that it can be easily accommodated in the rim of a USB dongle [45]. The frequency of a coupling
null can be controlled using L. where increasing the value of L. decreases the frequency of the coupling
null. The simulated and measured s-parameters are displayed in Figure 6. The simulated and measured
matching bandwidths are 240 MHz and 290 MHz, respectively. The simulated radiation efficiency of
the antenna is 87.79%. The minimum value of the measured Si2 is —34.01 dB when the fabricated L.
is 4.7nH, due to the strong coupling between the antenna and decoupler. The measured Sis of the
reference antenna is also displayed in Figure 6 for comparison. At the design frequency, the Sy of the
reference antenna is —10.7dB. The simulated current density of the MIMO system, when antenna 1
is excited and antenna 2 terminated by the matched load, is shown in Figure 7. It can be observed
that the current is strongly coupled with the T-type decoupler. Along with the direct path, the current
of antenna 1 takes an additional path through the decoupler, creating a current null at the port of
antenna 2. The comparison of the current densities of Figure 5 and Figure 7 shows that the decoupler
does not significantly affect the current density of the ground plane, indicating that the coupling between
the decoupler and the first order ground mode is very weak. The observations are in agreement with
the proposed theory of Section 2.
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Figure 6. Simulated and measured S-parameters with the T-type decoupler.

Figure 7. Simulated current density at 2.45 GHz.

3.2. Effect of the Loop-Type Decoupler

The loop-type decoupler is employed between the antennas by etching a ground clearance 7mm X
4mm in size, as shown in Figure 1. Capacitor C. is used to control the resonance frequency of the
decoupler where increasing the value of C. tunes the decoupling null to lower frequency. The simulated
and measured S-parameters are presented in Figure 8. In this case, both the simulated and measured
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Figure 8. Simulated and measured S-parameters with the loop-type decoupler.
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Figure 9. Simulated current density at 2.45 GHz.

matching bandwidths are 40 MHz, whereas the simulated radiation efficiency of the antenna at the
design frequency is 78.35%. Moreover, the measured Sis is —15.72dB at the design frequency when
C. is 0.4 pF, indicating weaker coupling between the antenna and decoupler. The bandwidth, isolation
and efficiency of the antenna in this case are significantly less than that of the T-type decoupler. The
simulated current density of the MIMO antenna with loop-type decoupler is presented in Figure 9. The
comparison of Figure 9 and Figure 5 shows that the decoupler significantly affects the current density of
the ground plane indicating stronger coupling between the ground mode and the decoupler. The excited
currents on the ground plane reveal that the coupling of the antennas with second order mode is more
dominant than the first order mode. As shown in Figure 3, the eigenvalue of mode 2 is more reactive
(capacitive) than the first order mode at the operating frequency that results in poor coupling between
the antenna and the ground modes. Therefore, the loop-type decoupler resulted in poor bandwidth
performance of the MIMO antenna.

4. COMPARISON OF RADIATION PERFORMANCE

In order to compare the radiation and diversity performances of the MIMO antennas, the results are
measured in a 6m x 3m x 3m 3D CTTIA OTA anechoic chamber. The envelop correlation coefficients
(ECC) pe of the antennas were measured using the expression
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where F;(0, ¢) is the radiation pattern of the MIMO antenna when port i is excited [46]. The value of
ECC for the mobiledevice MIMO antennas should be less than 0.5. The ECC and total radiation
efficiency of the MIMO antennas are presented in Figures 10 and 11, respectively. As shown in
Figure 10, the ECCs with both decouplers satisfy the 0.5 criterion. The ECCs with the T-type and
loop-type decouplers in the operating frequency are 0.05 and 0.17, respectively. Figure 11 shows that
the radiation efficiency with the T-type decoupler is significantly higher than the case of loop-type
decoupler. The measured total radiation efficiencies of the MIMO antenna with the T-type decoupler,
loop-type decoupler and reference antenna are 50.62%, 38.71% and 44.08%, respectively.

The measured radiation patterns of the MIMO antennas at 2.45 GHz are presented in Figures 12, 13
and 14. The patterns have been measured by exciting one antenna and terminating the other antenna by
a matched load. The comparison of Figures 13 and 14 with Figure 12 shows that the decouplers influence
the co- and cross-polarizations in the Y Z plane differently; however, the co- and cross-polarizations in
X7 and XY planes have not been affected significantly. The measured peak gains of the reference
antenna, MIMO with T-type decoupler and MIMO with loop-type decoupler are —0.45 dBi, —0.04 dBi
and —0.65dBi, respectively. The data indicate that the radiation and diversity performances of the
MIMO antenna with the T-type decoupler are better than that of loop-type decoupler.
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Figure 14. The measured radiation patterns of MIMO antenna with loop-type decoupler.

5. CONCLUSION

In this paper, the radiation and diversity performances of PIFA-based MIMO antennas were analyzed
based on the coupling between the decoupler and the ground mode. It was observed that the excitation
of the dominant mode on the ground plane depends on the choice of decoupler that in turn affects the
radiation efficiency. Strong coupling between the antenna and the decoupler resulted in good diversity
performance; however, strong coupling between the dominant ground mode and the decoupler affected
the coupling between the ground mode and the antenna, resulting in poor radiation performance.
Therefore, in the design of high performance MIMO antennas for mobile devices, the decoupler must
be judiciously selected considering its coupling with the dominant ground mode.
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