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A Self-Decoupled Antenna Array Using Inductive
and Capacitive Couplings Cancellation

Jiangwei Sui, Member, IEEE, and Ke-Li Wu

Abstract— The concept of a self-decoupled antenna array using
the cancellation of two opposite couplings is proposed in this
article. A pair of such antennas can be closely placed with
inherent high isolation without using an extra decoupling struc-
ture between the antennas. A pertinent equivalent circuit model
is presented to illustrate the physical mechanism of this new
concept. It is found that the inductive and capacitive couplings
between the antennas can be well canceled out with each other
by properly adjusting the antenna dimensions. A demonstrating
antenna array with a spacing of 0.024), at the working frequency
of 3.5 GHz and its counterpart array are first studied. The
measured results show that although the proposed antenna
array occupies a slightly larger size than its counterpart array,
it presents better performance compared with its counterpart
antenna array in port isolation (from 10 to 20 dB), total efficiency
(from 68% to 80%), and envelope correlation coefficient (ECC)
(from 0.14 to 0.04) throughout the desired frequency band
of 3.3-3.8 GHz. A 3-D self-decoupled antenna array is designed
to show that the proposed antenna can be in a compact form
factor. Another self-decoupled array and its counterpart working
at 2.14 GHz (long-term evolution (LTE) band 1) are studied
through multi-input multi-output (MIMO) over-the-air (OTA)
test when the arrays are integrated with an LTE module, showing
significant improvement on the data throughput.

Index Terms— Antenna array, couplings cancellation, isolation,
multi-input multi-output (MIMO), mutual coupling, over the air
(OTA), self-decoupled, throughput.

I. INTRODUCTION

ULTI-INPUT  multi-output (MIMO) technology,

by adopting multiple antennas to carry different
data streams in the same frequency band, has been widely
used in wireless communication systems for increasing the
data throughput. However, due to the compact volume of
a wireless terminal, strong electromagnetic (EM) coupling
may exist among antennas, which severely diminishes the
MIMO performance [1]. It is shown in [2] from both theory
and experiment that 20 dB isolation is required for MIMO
antennas in terminal applications to achieve satisfactory
system performance. To obtain such high isolation, the
spacing between antennas needs to be large enough, usually
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a quarter wavelength [3], which is not available in most
terminal applications. Such predicament will be more severe
when the antenna number becomes large in future wireless
communication systems [4].

In previous works, various techniques have been proposed to
mitigate the mutual coupling between closely spaced antennas.
A category of these techniques is to ingeniously introduce
a decoupling structure between the two coupled antennas.
Such structures include an electromagnetic bandgap (EBG)
structure [5], a defected ground structure (DGS) [6],
a parasitic scattering element [7]-[9], a transmission line
circuit [10], [11], a neutralization line [12], [13], an
LC circuit [14], [15], a coupler [16], a coupled-resonator
circuit [17], [18], a split ring [19], and capacitive loads [20].

Although these techniques are effective to improve the
isolation, they all require introducing extra auxiliary struc-
tures or circuits between or on the coupled antennas. Very
recently, two gap-coupled loop antennas are asymmetrically
placed to achieve inherent isolation, without introducing a
decoupling structure [21]. However, its achieved lowest iso-
lation throughout the band of 3.4-3.6 GHz is only about
10 dB. A special antenna element containing a T-shaped
feeding element and two identical L-shaped radiating elements
is proposed in [22], to achieve more than 20 dB isolation by
increasing the antenna spacing and confining the current distri-
bution to the exciting antenna. An innovative orthogonal-mode
method is proposed in [23], to mitigate the mutual coupling
between a bent monopole and an edge-fed dipole antenna.
However, this method only applies to two antennas of different
antenna types and the achieved matching condition is only
about —6 dB.

In this article, a new concept for antenna array design
called self-decoupled antennas is proposed. By employing
the concept, the antenna element is designed to adjust the
inductive and capacitive couplings between the two antennas,
leading to inherent decoupling without using extra decoupling
structures between antennas, such as EBG, DGS, parasitic
elements, and a decoupling network. The working mechanism
behind this concept is to balance the inductive and capacitive
couplings between antenna elements. Through the appropriate
design of the antenna structure and dimensions, these two
opposite couplings can be well canceled out with each other
in a wide frequency band, although the eventual antenna array
design may occupy a slightly larger size or own more complex
configuration than the traditional antenna array.

The working mechanism of the proposed self-decoupled
antenna array concept is explained using an equivalent cir-
cuit in Section II. The EM and equivalent-circuit simulated
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Fig. 1.  Configurations of two two-element arrays working at 3.5 GHz.

(a) Conventional IFA array. (b) Proposed self-decoupled array.

S-parameters show very good agreement in both magnitude
and phase, validating the proposed concept. Three demon-
stration examples are presented in Section III, showing a
performance improvement compared with their conventional
counterparts not only in port isolation, total efficiency, and
envelope correlation coefficient (ECC) but also in measured
MIMO data throughput. Finally, the conclusion is given in
Section IV.

II. ANTENNA CONFIGURATION AND WORKING
MECHANISM

A. Antenna Configuration

Fig. 1(a) shows the configuration of two conventional
inverted-F antennas (IFAs) working at 3.5 GHz as the coun-
terpart of the proposed self-decoupled antennas. This IFA
element has one radiating arm, marked as Branch 1. For the
proposed self-decoupled antenna element, one more branch
marked as Branch 2 is added to the IFA element over the
radiating arm, as is shown in Fig. 1(b). Two identical such
antenna elements are placed back-to-back, with the dimen-
sional parameters listed in Table I. The PCB substrate for
printing the antenna prototype is 1.6 mm thick FR4 with a
relative permittivity of 4.3 and loss tangent of 0.02.
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TABLE I
DIMENSIONS OF THE TWO ANTENNA ARRAYS AT 3.5 GHz (UNIT: mm)
lo 16.2 l4 4.2 Wi 3.1 Ws 2
[1 14.2 [5 8.3 W» 1.4 We 2.3
b 20 Is 24 w3 3.5 wr 1.8
l3 11 Wo 6 Wy 2 d] 2

el
fiet

Fig. 2. Proposed equivalent circuit for a self-decoupled antenna array and its
conventional IFAs counterpart seen from the reference plane shown in Fig. 1.

B. Working Mechanism

The working mechanism of this proposed antenna design
concept is explained using an equivalent circuit. There are
two kinds of couplings between a pair of coupled anten-
nas, more or less. Without deliberate manipulation, the two
couplings will not cancel out each other. With the proposed
method, the two couplings are intentionally tuned to be at
the same magnitude, making them cancel out each other. The
equivalent circuit model of the self-decoupled antenna array
is illustrated in Fig. 2. It is noted that this circuit model
corresponds to the two antennas whose feeding lines have been
deembedded, as shown in Fig. 1, indicating that the reference
plane is moved forward to the antenna radiating body. Two
coefficients k; and k¢ are introduced to describe the inductive
and capacitive coupling characteristics of the two antennas.
Here, k; and k¢ are the relative coupling coefficients between
two inductors and two capacitors, respectively. The coupling
circuit is framed in Fig. 2 using a dotted blue box. As is
denoted in Fig. 2, it is easy to prove that the total mutual
impedance Z,; of the two antennas can be decoupled if the
mutual impedance Zj; inner defined by the framed coupling
circuit vanishes. The mutual impedance of the circuit can be

found as
1 kc
. 5 (D)
oCy 1 —k¢

ZZl_inner = ] (CULI . kL -

where j is the imaginary sign and w is the radian frequency.
Formula (1) implies that the mutual impedance Z,; can be
canceled out for a given frequency by adjusting the four para-
meters L, Ci, k¢, and kz. By curve fitting, the corresponding
values of the circuit elements for the two antenna arrays
shown in Fig. 1 are listed in Table II, resulting in Z; jnner =
—j0.019 Q for the self-decoupled array at the center frequency
3.5 GHz, showing good cancellation between the two different
couplings.

The simulated S-parameters of the equivalent circuit and
the EM models for these two antenna arrays are compared
in Fig. 3. It is found that both the magnitudes and phases of
the S-parameters between the circuit and EM models agree
very well. The good agreement indicates that there exists a
correspondence between the physical model and the circuit
model. To save space, only three crucial parameters, wa, /1,
and /4 are discussed here.
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TABLE 11
CIRCUIT PARAMETER VALUES FOR THE TWO ANTENNA ARRAYS

S R S S S S S S S
RUGR IR L L LGl b ke G,
Conventional ) o1 19 11 370 0412481740 1 10375008 (3.99
IFAarray ;7 "3 7T : :
Self-decoupled: | 4 1945 410461191 1 {1.78] 0.55 [0.209] -0.019
array

* The unit is € for Ry, Ry, Rz and 221, nH for L, L, and Ls, and pF for C,.
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Fig. 3.  Comparison of the simulated S-parameters by the circuit and EM
models for the two antenna arrays. (a) Magnitude of the conventional IFAs.
(b) Phase of the conventional IFAs. (c) Magnitude of the self-decoupled
antennas. (d) Phase of the self-decoupled antennas.

The effect of w4 on the S-parameters of the antennas is
presented in Fig. 4. It is seen that mutual coupling |[Sy|
can be easily tuned by adjusting w, without deteriorating
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Fig. 4. Comparison of S-parameters between equivalent circuit and EM
simulations for the self-decoupled antennas with different w4. (a) Magnitude.
(b) Phase. When w4 changes from 2 to 1.5 and 2.5 mm in EM simulation,
only C» changes from 0.209 to 0.2035 and 0.2145 in the equivalent circuit
simulation, respectively.

TABLE IIT
CIRCUIT ELEMENT VALUES FOR DIFFERENT PHYSICAL DIMENSIONS

ROIRIRIL L Liat k| ok @232.]5’8;12
weelSmm| 16119 {24046 19| 1 [1.78] 055 {0.2035] j0.14
we=2.5mm | 1.6 1 19 { 241046/ 191 1 1178} 0.55 10.2145} -0.18
=14 mm| 1.7} 18 {2.55/0.41}1.88{0.99}1.82] 0.6 {0.2125! -j0.15
=144 mm| 1.5} 18 12.35/0.55} 2 {105 1.7} 048 {0207 | -0.021
=37 mm! 15418 12.35/0.51} 2 |1.04/1.67} 048 |0.191 | -0.014
=32 mm!|1.5{181235/0.5} 2 {1.07/1.65} 0.55 {0206 j0.119

* The unit is Q for Ry, Ry, R3 and Z,;, nH for L, L, and L;, and pF for C;.

the matching condition |S;;| too much. The corresponding
equivalent-circuit simulated results are also presented in Fig. 4
with detailed element values listed in Table III, which shows
that a 0.5 mm increase of w4 corresponds to a 0.0055 increase
of kc with other element values untouched, presenting an
independent correspondence.

It is seen from Fig. 5(a) that the working frequency of
the self-decoupled antennas decreases as /; increases. This is
understandable because /; is the length of the radiating arm of
the conventional IFAs. The effect of the distance between the
two branches shown in Fig. 1, 4, is studied in Fig. 5(b). It is
found that when /4 decreases, the matching bandwidth will
become slightly narrower and the isolation frequency will be
shifted to a lower frequency. The corresponding element values

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on July 07,2020 at 02:40:13 UTC from IEEE Xplore. Restrictions apply.



5292

o

=

w

-

3

-~

c i

W-50 [ e 511 [1=14 mm 521 [|=14 mm

E-GO ——==-511 [|=14.2 mm & 521 [)=14.2 mm
——511 /|=14.4mm = 521 [/|=144 mm

-70

3 313233343536 37 3839 4
Frequency (GHz)

(a)
)
=
at
o
=
= '
&-50 [ S11 l4=3.2 mm = 521 =32 mm
E—GO -=-=-511 [4=3.7 mm & 521 L4=3.7 mm
——511 f4=4.2 mm o 521 L4=4.2 mm
-70
3 3132 33 3435 36 3.7 38 39 4
Frequency (GHz)
(b)
0
_-10
5-20
L.30
2
15-40
§-50
-60
-70
3 3132 33 343536373839 4
Frequency (GHz)
(©
0
_-10
o
T-20 3
230 [
2
-5-40 _____
o -50 & 521 2mm
= -60 ——511 5mm
= 521 S5mm
-70

3 3132 33 343536373839 4
Frequency (GHz)

(d)

Fig. 5. Simulated S-parameters versus physical dimensions of (a) /1, (b) /s,
(¢) lo, and (d) d;.

for these different physical dimensions are listed in Table III.
It clearly shows that, although the two coupling coefficients,
k;, and k¢, both vary when changing /; or /4, the overall mutual
impedance, Z;, will maintain a small value, indicating a good
cancellation of these two different couplings.

It is also found through EM simulation that the decoupling
effect is not sensitive to the ground size and antenna spac-
ing, showing good robustness of the proposed self-decoupled
antenna array, as shown in Fig. 5(c) and (d).

In sum, the major design steps include the following.

1) Designing a proper /; to achieve a good return loss at

the desired frequency.
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Fig. 7. Photographs of the proposed self-decoupled antenna array working
at 3.5 GHz. (a) Top view. (b) Bottom view. (c) Measurement setup in the
anechoic chamber.

2) Choosing a proper w4 to get good isolation at the desired

frequency.

3) Fine-tuning /4 and other parameters to enhance matching

and isolation.

To better understand the physical mechanism of the inherent
mutual coupling cancellation, the simulated current distribu-
tion of the proposed self-decoupled antenna array at 3.5 GHz
is presented in Fig. 6. In the simulation, antenna 1 is excited
while antenna 2 is terminated with a 50 Q load. It is seen
that the current flowing into port 2 is well mitigated, which
ensures the inherent self-cancellation of the couplings between
the proposed antennas.

A fact that should be mentioned here is that the equivalent
circuit is only used to illustrate the working principle of a
pair of self-decoupled antennas. It is not necessary to have an
equivalent circuit for tuning the two couplings. One can always
tune the antenna dimensions directly with EM simulation.

II1. DEMONSTRATION EXAMPLES

In this part, two demonstration examples are presented.
First, the two antenna arrays working at 3.5 GHz, which
are presented in Fig. 1 and Table I to illustrate the working
mechanism, are fabricated and measured. Second, to study the
MIMO over-the-air (OTA) performance, two other antenna
arrays working at 2.14 GHz (long-term evolution (LTE)
band 1) which can be supported by a commercial LTE MIMO
module are studied.

A. Antenna Array Working at 3.5 GHz

Fig. 7 shows some photographs of the proposed
self-decoupled antenna array that is discussed in Section II.
The simulated and measured S-parameters of these two
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Fig. 8. S-parameters of the conventional IFAs and the self-decoupled antenna
array described in Fig. 1 and Table 1. (a) EM simulated. (b) Measured.
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Fig. 9. Measured radiation patterns of the proposed self-decoupled antenna
array. (a) xoz plane. (b) xoy plane. Ant 1 denotes the left antenna and Ant 2
denotes the right antenna.

antenna arrays are compared in Fig. 8. It is observed that in
the frequency band of 3.3-3.8 GHz, the measured isolation
is enhanced from about 8 dB to better than 20 dB using the
proposed self-decoupled concept, whereas S;; is maintained
to be lower than —10 dB throughout the band.

The radiation performance of the two antenna arrays is
studied in an ISO17025 accredited anechoic chamber. During
measurement, when one antenna is excited, the other antenna
is terminated with a matched load. It is seen from Fig. 9
that at both the xoz and xoy planes, the total gain patterns of
the antennas with different port excitation are complementary
with each other, which hints that the proposed antenna array
has good diversity characteristics. Fig. 10 shows the measured
total efficiency of the two antenna arrays from 3.3 to 3.8 GHz.
The average total efficiency throughout the frequency band is
about 68% for the conventional IFAs and about 80% for the
self-decoupled antennas, showing a significant improvement.
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Fig. 10. Measured total efficiency and ECC of the conventional IFAs and

the self-decoupled antennas described in Fig. 1 and Table 1.

TABLE IV
COMPARISON WITH SOME PRIOR WORKS

Physical 20 d.B Matching .
Ref. Connection Isolation Circuit Working
: . Bandwidth . Mechanism
Requirement (%) ) Requirement
0
o N o e e
7P Yes 122 Yes Pecoupling
[197%17 Yes 24 Yes Split Ring
Current
2019
(22] No 37 No Confinement
(238 No 570 Yes Orthogonal
This Couplings
work No 14 No Cancellation

(DThe 20 dB isolation bandwidth is calculated under the condition that the
return loss [S11| is better than 10 dB. (2) The bandwidth in [23] is calculated
under the condition that the return loss is better than 6 dB.

The ECC between two antennas is studied to evaluate
the correlation attribute of the two antenna arrays. Follow-
ing the method presented in [24], ECC can be calculated
using the measured 3-D far-field electric fields. As shown
in Fig. 10, the average ECC for the two conventional IFAs
is about 0.14 throughout the band, whereas that for the two
self-decoupled antennas is 0.04, showing a significant ECC
reduction.

To have a clearer view of the proposed self-decoupled
concept, the self-decoupled antenna array discussed above is
compared with some prior works in Table IV from several key
aspects, including physical connection requirement between
antenna elements, fractional bandwidth for 20 dB isolation,
matching circuit requirement, and working mechanism. Com-
pared with the antennas in [17] and [19], this self-decoupled
antenna does not require the antenna elements to be physically
connected, which will be more convenient and flexible for
antenna design and implementation in a practical terminal.
Moreover, this self-decoupled concept will not deteriorate the
matching condition after decoupling so that it does not require
a matching circuit to recover the matching condition, reducing
the complexity and cost of the whole design. Above all,
the most distinct feature of this self-decoupled antenna array
is its working mechanism, which utilizes the cancellation of
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Fig. 11. Configurations and dimensions (in mm) of the 3-D antenna arrays.
(a) Conventional IFAs. (b) 3-D self-decoupled antenna array with a prototype
picture inserted in.

two different kinds of couplings existing between the antenna
elements.

The occupied size of the antenna array should be mentioned
here. Compared with its counterpart array, since Branch 2 is
introduced to tune the two kinds of couplings, its occupied
size is slightly larger than that of the traditional counterpart
array.

B. Antenna Array Working at 3.5 GHz With 3-D Geometry

As discussed in the last example in Part-A, the occupied
size of the proposed array is larger than its traditional coun-
terpart after Branch 2 is introduced. A 3-D implementation of
Branch 2 can effectively reduce the required clearance.

In this example, as shown in Fig. 11, the real estate for
both the proposed 3-D antenna array and its counterpart are
the same, which is 8 mm. The height of Branch 2 is 5 mm,
which is common to most practical scenarios. A photograph
of the prototyped 3-D antenna array is inserted in Fig. 11(b).

The EM simulated and measured S-parameters are given
in Fig. 12. It is seen that the isolation is better than 20 dB
with the 3-D self-decoupled array, whereas that of the tra-
ditional counterpart is only about 8 dB throughout the band
of 3.3-3.8 GHz. It is interesting to see that —10 dB matching
bandwidth of the self-decoupled array is wider than that of its
counterpart without any matching network.

C. Antenna Array Working at 2.14 GHz

In order to study the impact of reducing mutual coupling
and improving the total efficiency on the MIMO performance,
the second case study involves a pair of self-decoupled anten-
nas and its conventional IFA counterpart working in LTE
band 1 (2.11-2.17 GHz).
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Fig. 12. S-parameters of the 3-D self-decoupled antenna array and its IFA
counterpart. (a) Simulated. (b) Measured.
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Fig. 13.  Configurations and dimensions (in mm) of two antenna arrays

working at 2.14 GHz for MIMO OTA test. (a) Conventional IFAs. (b) Self-
decoupled antenna array.

Fig. 13 shows the configurations of the third self-decoupled
antenna array and its conventional IFAs counterpart. To save
space, only the measured S-parameters of these two antenna
arrays are presented in Fig. 14. It is seen that the isolation at
the center frequency of 2.14 GHz is enhanced from about
10 dB for the conventional IFAs to about 25 dB for the
self-decoupled antenna array, whereas the matching condition
is better than —10 dB for both the arrays. Similarly, with

Authorized licensed use limited to: Chinese University of Hong Kong. Downloaded on July 07,2020 at 02:40:13 UTC from IEEE Xplore. Restrictions apply.



SUI AND WU: SELF-DECOUPLED ANTENNA ARRAY

a
10 Wi s

= :': S | Crasng | & g..l"
E 10 PegeBarteea, =g ¥

- - - L
I T, SR i
i e g I .
=20 = £ i EFALEL “u 1 -
= =51 Czvvmrimrad IR W
= e B B PIE T -

ol S | i g b
30 =
1.4 i d.l 1. 2.3

Freguercy (GHz)

Fig. 14. Measured S-parameters of the self-decoupled antenna array and its
IFA counterpart working at 2.14 GHz for MIMO OTA test.

(b)

Fig. 15. MIMO OTA test facility. (a) Control equipment. (b) Multi-probe
anechoic chamber. (c) MIMO LTE module integrated with an antenna array.
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Fig. 16. Measured average throughputs versus power for the self-decoupled
antenna array and its conventional IFAs counterpart with an MIMO module.

the first example, the measured total efficiency at 2.14 GHz
is improved after using the proposed self-decoupled concept,
with 73% for the self-decoupled antenna array and 65% for
its conventional IFAs counterpart.

Each of these two antenna arrays is integrated with a
commercially available two-port MIMO LTE module that
supports 2.14 GHz (LTE band 1), individually, to constitute
a complete communication device for the MIMO OTA test,
as in a mobile phone. These two devices will be tested in
a standard MIMO OTA test laboratory, which can provide
controllable channel models, such as urban microcell (UMi)
and urban macrocell (UMa) channel models. Fig. 15 shows
the MIMO OTA test facility [20], [25].

In the MIMO OTA test, the duplex mode is the frequency
division duplex (FDD) and the channel bandwidth is 10 MHz
(2135-2145 MHz) with 16QAM modulation.

The average throughputs for the MIMO LTE module
with the self-decoupled antenna array and the conventional
IFAs counterpart under UMi and UMa channel models are
compared in Fig. 16. Under the UMi channel, when the
throughput drops to 13 Mbps (90% of the maximum value
14.386 Mbps), the required power for the MIMO module
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with the self-decoupled antenna array is about —79.9 dBm,
while that with the conventional IFAs counterpart is about
—79.3 dBm. The 0.6 dB reduction in the required power means
that about 13% power saving can be achieved if the same data
rate is retained. Similarly, about 0.7 dB (15%) power saving
can be achieved under the UMa channel model.

IV. CONCLUSION

A new concept for enhancing the isolation of two antennas,
namely, the self-decoupled antenna array, is proposed in this
article. The working mechanism behind the new concept is
revealed by a pertinent equivalent circuit model that incor-
porates the inductive and capacitive couplings. With the two
opposite mutual couplings canceling out each other, the pro-
posed antenna array can achieve inherently high isolation
without introducing an extra decoupling structure between the
antennas. It should be noted that the proposed self-decoupled
antenna array occupies a slightly larger size compared with
its traditional counterpart. But this issue can be overcome if
a 3-D form realization for the additional branch is adopted.
It could be a future work to study self-decoupled antennas
in compact form. One possible direction is to use dielectric
loading, and another is to cut slots on the antenna radiating
arms to adjust the opposite couplings. A design guideline
is drawn by parametric studies with EM simulations. The
measured results show that two very closely placed antennas
can achieve good return loss (better than 10 dB), high isolation
(better than 20 dB), and low ECC (less than 0.07) across a
wide frequency band (3.3-3.8 GHz). The data throughputs of
an MIMO LTE module integrated with a pair of self-decoupled
antennas and a pair of conventional IFAs are measured in the
in-house MIMO OTA facility. The significant improvement
on power saving for the same data throughput justifies the
usefulness of the proposed self-decoupled antenna array for
MIMO wireless terminals.
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