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ABSTRACT: An ultra-wideband (UWB) MIMO antenna based on dual mode transmission line feeding for wireless communication is
proposed in this article. The general method of realizing a UWB MIMO antenna is using different shapes of monopoles acting as a
MIMO antenna element, while the ultra-wideband character of the proposed MIMO antenna is mainly obtained by the use of a dual-
mode transmission line in the coplanar waveguide (CPW) feeding line, which offers a novel method. The proposed MIMO antenna
element is a rose-shaped monopole fed by a CPW feeding line. Compared to the traditional monopole, a rose-shaped monopole can
introduce several extra resonant frequencies, and the impedance bandwidth can be improved. Besides, a dual-mode transmission line
(DMTL) is introduced by adding specific stubs to the CPW feeding line. Arranging the stubs at the half wavelengths of the desired
frequencies, mode transformation can be accomplished, and additional resonant modes can be generated. As a result, the impedance
bandwidth can be further broadened. Results show that the fractional impedance bandwidth of the proposed UWB antenna element is
165.5% (2.59 GHz to 26.61 GHz). Then, the UWB antenna is applied to design a 4-element MIMO antenna. By loading four u-typed
decoupling structures at the center of the MIMO antenna, the port-to-port isolation of the MIMO antenna can be increased to 20 dB within
a wide bandwidth, especially 25.3 dB at the higher band (14-25 GHz). The proposed UWB MIMO antenna is manufactured and tested.
Experimental results show that the impedance bandwidth covers 2.40 GHz to 25 GHz (165%). The diversity gain (DG) of the antenna
in the operating band is about 10; the envelope correlation coefficient (ECC) is less than 0.002; and the radiation efficiency ranges from
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85% to 95% in the whole working band. The design is a preferable candidate for MIMO systems.

1. INTRODUCTION

Itra-wideband (UWB) technology is widely used in various

fields such as detection imaging, missile and radar systems,
as UWB technology has the advantages of high transmission
rate, strong penetration, multipath resolution, and low power
consumption [1,2]. Applying UWB antennas to modern wire-
less communication system will have great application value.
It is also an ideal choice to realize the miniaturization, integra-
tion, and improvement of the data transmission rate and channel
capacity of communication equipment. However, UWB anten-
nas often suffer from the difficulty of long-range transmission
due to its low spectral density [3]. Multi-input multi-output
(MIMO) technology can effectively improve this shortcoming.
MIMO technology uses multiple antenna elements at the trans-
mitter and receiver at the same time, and the diversity technol-
ogy can improve the communication capacity and effectively
avoid multipath effect. In recent years, researchers around the
world have combined UWB technology and MIMO technology
to develop UWB-MIMO systems. UWB-MIMO technology
can effectively improve the wireless communication capacity,
rate and suppress the multipath effect [4].

Recently, a number of UWB MIMO antennas have been
reported [5-17]. In [5], a 4-element UWB MIMO antenna
employing two orthogonally placed substrates was proposed,
and the antenna operated from 2 to 12 GHz with an isolation
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of 17dB and large ECC value. L-type and Z-type 4-element
MIMO antennas with separate ground were proposed [6]. The
size of the antenna was large, which occupied 150 x 75 mm?
(3.57Ag x 1.79\g, Ag is the waveguide wavelength of the low-
est frequency), and the bandwidths and isolation were limited.
An 8-element MIMO antenna with the same size of [6] using
two small dielectric substrates perpendicular to the main sub-
strate was presented [7]. The isolation was better than 20 dB,
but the efficiency was only 47%, and the ECC was very high.
In[8], a 4-element wideband high gain MIMO antenna was pro-
posed. The operating frequency band ranged from 2 to 6 GHz,
and the peak gain of the antenna was above 4.8 dBi, but the an-
tenna suffered from large size and poor isolation. A 2-element
UWB MIMO antenna with a planar decoupling structure was
presented in [9], and the size of the antenna was 93 x 47 mm?
(2.02Ag x 1.02)\g). It covered the band from 3.1 to 10.6 GHz,
and the ports isolation was above 31 dB. However, the ECC was
also high. MIMO antennas with notched band were reported
in [10-12]. They were inapplicable to ultra-wideband full band
communication. In [13], a UWB (4-element) MIMO antenna
with a compact size of 56 x 68 mm? (1.53\g x 1.85\g) was pro-
posed, and the impedance bandwidth reached 125.83% (3.89—
17.09 GHz). However, the isolation within the working band is
only 15 dB. In[14], a compact (4-element) MIMO antenna with
size of 60 x 60mm? (1.26\g x 1.26)\g) based on a coplanar
waveguide feeding was proposed. The impedance band cov-
ered 3 to 11 GHz (114.28%), and the isolation was more than
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FIGURE 1. The evolution of the antenna element. (a) antenna I. (b) antenna II. (c) antenna III. (d) antenna IV. (¢) antenna V. (f) antenna V1.
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FIGURE 2. The reflection coefficients of the five antennas. (a) antenna I, IT and III. (b) antenna IV and V.

20 dB. In general, the above-mentioned UWB-MIMO antennas
cannot simultaneously realize wide bandwidth, high isolation,
and compact size.

In this paper, a 4-element UWB MIMO antenna based on
dual-mode transmission line feeding is proposed. The element
radiator of the proposed UWB MIMO antenna is designed to
be a rose-shaped monopole. Unlike traditional monopole, the
rose-shaped monopole consists of four cascading different di-
ameter circular patches and three arc-shaped patches loaded
onto the largest circular patch. This design can extend antenna
surface current path to obtain compact size and generate multi-
ple resonating frequencies. Moreover, by loading stubs to the
CPW feeding line, the DMTL can be obtained. Thus, the re-
quired resonant frequency can be introduced to further increase
the impedance bandwidth. Simulation results show that the
impedance bandwidth of the element is 165% (2.40-25 GHz).
Then, a 4-element MIMO antenna based on this element is de-
veloped. By loading four u-typed decoupling structures at the
center of the MIMO antenna, the isolation of the MIMO an-
tenna is increased to 20 dB, especially 25.3 dB at the higher
band (14-25 GHz). And the envelope correlation coefficient
is less than 0.002; the diversity gain is about 10dB; and the
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radiation efficiency is above 88.9%. Above all, the antenna
possesses satisfactory MIMO performances.

2. ANALYSIS AND DESIGN OF THE UWB ANTENNA
ELEMENT

The evolution of the UWB antenna element is shown in Fig. 1,
and the corresponding simulated reflection coefficients are
drawn in Fig. 2. The element is printed on Rogers 4003 (¢, =
3.55, tan & = 0.0027) with a thickness 0.508 mm, and the size
is 45 x 20 mm?. The optimized parameters are listed in Table 1.
It can be seen that Antenna I is a CPW-fed circular monopole
antenna, and six resonating frequencies can be excited from 3
to 25 GHz. The initial size of the monopole antenna is designed
at a quarter wavelength of 3.6 GHz. Antenna Il and Antenna III
are cascaded with circular patches of different sizes under the
original monopole antenna, and they can increase current paths
so as to generate two more resonating frequencies. The same
technology is applied to Antenna IV, and two more resonating
frequencies are generated. Although the resonating frequen-
cies are increased in Antenna IV, the impedance matching is
not good at 10 and 18 GHz, and thus Antenna IV cannot be a
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FIGURE 3. S11 of the antenna V with one stub, three stubs and without stub.
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FIGURE 4. Electric field distribution of the CPW feeding line, (a) without the stubs, (b) with stub 1, (¢) with stubs 1 and 2, (d) with stubs 1, 2, and 3.

wideband antenna. Consequently, Antenna V is designed us-
ing a dual-mode transmission line (DMTL) fed monopole an-
tenna based on Antenna IV. By loading three open-ended stubs
at the CPW feeding line, mode transformation can be realized.
Thus, 10 and 18 GHz resonating frequencies can be introduced
in Antenna V. Finally, Antenna V can cover 2.59 to 26.61 GHz
(165.52%) and realize wideband performance. It should be
mentioned that the CPW feeding technology is employed as
it has the advantages of simple fabrication, strong flexibility,
easy integration, compact size, and enhanced radiation perfor-
mance compared to traditional microstrip transmission lines
feeding [18]. The detailed working mechanism of the DMTL
is analyzed as follows. Fig. 4 illustrates the ideal electric field
distribution of the traditional CPW feeding transformed to dual-
mode transmission feeding. As shown in Fig. 4(a), the CPW
feeding structure consists of the central conductor and bilateral
ground planes. The electric field is directed from the central
conductor to the bilateral ground planes or inverse, which are
represented in black and red arrows. In this case, the CPW feed-
ing line is excited in the even mode. It should be noted that
the black and red arrows represent the direction of the electric
field passed by 1/2\g transmission line. When one open-ended
stubs are loaded at the right side of the central conductor, the
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direction of the electric field between the central conductor and
the ground plane in the right is changed, as shown in Fig. 4(b).
Thus, the CPW feeding line is excited from even mode to the
odd one [19-21]. A new resonating frequency can be intro-
duced. While two open-ended stubs are loaded in Fig. 4(c),
the direction of the electric field between the central conductor
and the ground plane in the right is changed twice, thereby, the
CPW feeding line keeps even mode excited, and a new resonat-
ing frequency will not be created. If three open-ended stubs are
loaded in Fig. 4(d), the mode transformation is still realized.
Meanwhile, two extra resonating frequencies can be obtained.
Fig. 5 shows the simulated electric field distribution of Antenna
V. As predicted, the even mode is excited when no stubs are
loaded at the CPW feeding line, or two stubs are loaded. While
stub 1 is loaded at the 1/2\g of 10 GHz away from the port,
stub 3 at the 1/2Ag of 19 GHz, and stub 2 at the center of stub
1 and stub 3, the dual mode feeding line is accomplished. And
the 10 GHz and 19 GHz resonating frequencies are introduced,
as seen in Fig. 2(b). The reflection coefficient of Antenna V
with one stub, three stubs and without stub can also verify the
opinion. It can be seen in Fig. 3 that one increased resonator
frequency is generated at f; (about 10 GHz), when one stub is
loaded at 8.2 mm away from the feeding port. Two increased
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FIGURE 5. Simulated electric field distribution of the CPW feeding line, (a) without stubs at 10 GHz, (b) with two stubs at 10 GHz, (c) with three

stubs at 10 GHz, (d) with three stubs at 18 GHz.
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FIGURE 6. The 4-element UWB-MIMO antenna, (a) without the decoupling structure, (b) with the decoupling structure.

resonator frequencies are generated at f) (about 10 GHz) and f,
(about 19 GHz) compared to the antenna element without stub,
when the first stub is loaded at 8.2 mm, and the third stub is
loaded at 4.2 mm away from the feeding port. The distances of
8.2 mm and 4.2 mm are about half wave-guide wavelengths of
10 GHz and 19 GHz.

Based on the above method, a design guideline of the pro-
posed UWB-MIMO antenna element with dual-mode transmis-
sion line feeding can be summarized as below:

(1) Step 1: design a CPW fed circular monopole antenna.

(2) Step 2: modify the monopole to a gradient one, which can
improve the broadband impedance matching condition.

(3) Step 3: employ several small circular patches at the edge
of the gradient circular monopole to increase more current
paths so as to generate extra resonating frequencies.

(4) Step 4: load odd numbered open-ended stubs at the CPW
feeding line to realize mode transformation, which can in-
troduce required resonating frequencies to further improve
the impedance matching. And ultra-wide band operation
can be thus realized.
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3. ANALYSIS AND DESIGN OF THE MIMO ARRAY

3.1. UWB-MIMO Antenna without Decoupling Structure

Based on the UWB antenna element in Section 2, a 4-element
UWB-MIMO antenna is constructed, which is shown in
Fig. 6(a). The UWB-MIMO antenna elements are orthogonal
to each other [22-25]. At this time, the antenna elements in
positive cross-polarization can only sense weak signals. The
details are as follows: polarization directions of each element
are represented by the blue arrows. Elements Al and A3 are
linear polarization in the x direction, while A2 and A4 are
linear polarization in the y direction. The intrinsic polarization
isolation can ensure a low coupling between the elements of
x and y polarization direction. However, the elements in the
same polarization direction (A1, A3 and A2, A4) are seriously
interfered to each other.

3.2. UWB-MIMO Antenna with Decoupling Structure

To improve the isolation of the UWB-MIMO antenna, the de-
coupled structure is introduced, as shown in Fig. 6(b). The de-
coupling structure is composed of four U-shaped metal strips,
and they are arranged at the center of the MIMO antenna with
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FIGURE 7. Current distributions of the MIMO antenna at 14 GHz with element Al excited, (a) without the decoupling structure, (b) with the

decoupling structure.

FIGURE 8. The S11 of the MIMO antenna with and without the decoupling structure (DS).
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TABLE 1. Dimensions of the antenna (Unit: mm).

Wy | Ly | Wi | Li | H | W | W] L | w | L»
9.13 | 23 1.5 15.87 | 0.508 80 1.2 1.7 1.5 10
L3 | Ly g Ry Ro R3 Ry | Rs D, Do
11.5 7 0.12 6 3 2 1.2 2 428 | 0.56
Ds | Dy | Ds Ds D~ Ds | Dy | Dio | D1a

195 | 33 | 462 | 7.05 4 1898 | 27 9.5 2

90° rotated. The U-shaped metal strips create another cou-
pling path between the antenna elements to cancel the origi-
nal coupling current. And the isolation of the MIMO antenna
is increased. The current distributions of the MIMO antenna
with and without decoupled structure at 14 GHz are depicted in
Fig. 7. As seen, when element Al is excited without the de-
coupling structure, the coupling between elements A3 and Al
is strong and is weak between the vertical direction elements
(A2, A4). Once the U-shaped decoupling structure is added,
the mutual coupling between elements Al and A3 is decreased
obviously, which is because the U-shaped metal strips can of-
fer reverse current to counteract the coupling current. There-
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fore, the isolation between Al and A3 can be improved. The
S parameters of the MIMO antenna with and without decou-
pled structure exhibited in Fig. 8 and Fig. 9 demonstrate the
analysis. It can be concluded that the reflection coefficient is
almost unaffected with/without the decoupling structure. And
the isolation is increased to 20 dB at the lower band (2.40—
14 GHz) and 25 dB at the higher band (14-25 GHz). It should
be mentioned that the above analysis is based on independent
ground, which will affect the normal operation of the whole
communication system [26]. Therefore, a shared ground plane
is needed. The actual structure of the antenna can be seen in
Fig. 10, and the corresponding simulated results of the antenna

Www.jpier.org



rPIER M

Lin, Huang, and Zhang

(a) -10 T T T M T T T
20 e —
/v’ '\ i \ -~
7 N T
g s~/ T M T F Ay
2 | Voo e
-1 ! ‘-~ : I L] ' /
2 | LA |
S a0t 4
% |‘:’ . ‘i:
=z ; o : * 13 ‘ i
== withoutDS_S21 : W |
S0 - withoutDS_S31 | = & ‘ B
:' - 'wifhoutDS_S41 L} i
Y S S R O A G S
4 8 12 16 20 24
Freq (GHz)
(c) 10 \ T T T
I‘l .’ .:J- 0"\.A i i Kd i '25
AT | | \
2 aop Mo vt g \p. ‘ f\' b RAAV4
S DT B W LS
g [ i ' “i ‘r} Y
é i : i i . L3 ‘1
. ']
50| = withDS_S21
)  withDS_S31
= = = withDS_S41
_60 1 1 1 1 1 1
4 8 12 16 20 24

Freq (GHz)

14
(b) 10 T T T T T T
20 - A SR SR S—— .
IVAWa O e
v v
g -30 -’\.{ ’ """ m:‘ T
= [ T |
£ N
- J ) NN N SR T .
3
L === withoutDS_S32
50 - = withoutDS_S42 | R i
= = = withoutDS_S43
-60 i i i i i i
4 8 12 16 20 24
Freq (GHz)
14
-10
() ‘ ‘ ‘ ‘
b
j ‘ MR ‘ : :
_-}n'\!‘. “:‘,' ';‘1" - | i LSRR 25
a 230 XA\ - 1 -~ ‘l \;‘ :r_fé - ——:.—& _Ij ~‘:I
g Y A A W P
. Voo . 13
= : " g i ‘o’ 4 .
2 N ] ':‘ _I At .
L . .
=) L " [ LI [
4 . ! ‘ R
soL 5 o= owithDss32|
4 - - -withDS_S42| ‘
L& = =withDS_S43
_60 1 ’ 1 1 1 1 1
4 8 12 16 20 24
Freq (GHz)

FIGURE 9. Simulation isolation of the MIMO antenna, (a) without the decoupling structure of S21, S31 and Sa1, (b) without the decoupling structure
of S32, Sa2 and Su3, (c) with the decoupling structure of S21, S31 and Sa1, (d) with the decoupling structure of S32, Sa2 and Sas.

FIGURE 10. The 4-element UWB-MIMO antenna shared a ground plane.

are shown in Fig. 11. It can be seen that the impedance match-
ing is slightly affected, and the isolation within the impedance
matching bands is almost unaffected. The results show that the
decoupling effect is mainly introduced by the decoupled struc-
ture and not by the separated ground.
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4. MIMO ANTENNA IMPLEMENTATION AND MEA-
SUREMENT RESULTS

4.1. Measured S-Parameters and Radiation Results

Figure 12 shows the fabrication prototype of the MIMO ar-
ray antenna. For brevity, only the results of port 1 excited are
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FIGURE 11. Simulated and measured S Parameters of the UWB-MIMO antenna shared a ground plane with the decoupling structure. (a) Si1.
(b) 5’21, S31 and Su;. (C) 5'32, S42 and Sys.

FIGURE 12. Fabricated prototype of the proposed antenna.
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TABLE 2. Performance comparisons with the previously reported literature.
Ref size (mm?)/\° Number of Frequency range Isolation Peak gain Efficiency ECC
' elements (GHz) (dB) (dBi) (%)
50 x 25 x 1.6 2-4.9 (84%
(5] S 4 (84%) 17 5.8 NG 0.15
(0.706 x 0.353 x 0.023) 6.4-12 (61%)
150 x 75 x 6.2 3.4-3.6 (5.7
6] XX 4 (5.7%) 16.5 5.1 85 0.01
(3.57 x 1.79 x 0.15) 4.8-5 (4.1%)
150 x 75 x 5.3
[7] XX 8 3.4-3.6 (5.7%) 20 1.57 47 0.4
(3.57 x 1.79 x 0.15)
80 x 80 x 1.57
(8] e 4 23-40 (54%) 20 12 70 0.0014
(9.49 x 9.49 x 0.186)
93 x 47 x 1.6
9] XA 2 3.1-10.6 (109.49%) 31 35 70 0.2
(2.02 x 1.02 x 0.035)
50 % 50 x L6 2.1-3.3 (44.4%)
[10] ' 4 4.1-8.2 (66.7%) 25 5.8 80 0.02
(1.176 x 1.176 x 0.024)
8.6-20 (79.7%)
50 x 50 x 1.6 2-4.9 (84
[11] X o0 4 (84%) 17.5 8.4 NG 0.15
(0.706 x 0.706 x 0.023) 6.4-12 (61%)
60 x 60 x 1.6 34 (28.6%
[12] x OO 4 (28.6%) 17 5.9 65-91 0.3
(0.6 x 0.6 x 0.016) 5.2-16.2 (102.8%)
56 x 82 x 0.2
[13] (152 Xz 2; 0.005) 4 3.89-17.09 (102.8%) 15 5.87 89 0.02
. X 4. X U.
60 x 60 x 1.6
[14] X BU X 4 3-11 (114.3%) 20 3.4 68 0.02
(1.26 x 1.26 x 0.034)
80 x 80 x 0.508
This work o en 4 2.4-25 (165%) 20 738 85 0.002
(1.29 x 1.29 x 0.008)
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presented since the elements are identical. Fig. 13 shows the
measured and simulated S parameters of the proposed UWB-
MIMO antenna when port 1 is excited and the other three ports
terminated with 50 €2 load. The simulated and measured reflec-
tion coefficients of the proposed antenna are basically consis-
tent except for some frequencies shift, because of the manu-
facturing and testing errors. It should be mentioned that only
the measured S-parameters within 20 GHz of the proposed an-
tenna are presented due to the limitation of N5227 Vector Net-
work Analyzer. However, the measurement results agree well
with the simulation ones within 20 GHz, indicating the correct-
ness of the design method. As the coaxial feed transmission
line has little influence on the result of the MIMO antenna, the
simulation S}; of the MIMO antenna is obtained by the lump
port excitation. The measured port-to-port isolation can reach
about 20 dB in the whole operating band, especially 30 dB at
the higher band (14-20 GHz). Fig. 14 shows the radiation pat-
terns of the UWM MIMO antenna at 3 GHz, 10 GHz, 17 GHz,
and 25 GHz. Omnidirectional radiation patterns as monopole
are observed. As the radiation patterns at the higher frequen-
cies are similar, the radiation pattern of 25 GHz is shown as an
example. Fig. 15(a) depicts the peak gain curve of the antenna.
The antenna has a gain between 0.9 and 7.38 dBi in the operat-
ing band. And the antenna radiation efficiency is above 85% as
shown in Fig. 15(b).

4.2. Calculated Envelope Correlation Coefficient (ECC) and Di-
versity Gain (DG)

In MIMO antenna systems, it is hoped that the influence be-
tween antenna elements is small enough, and each element
can work independently. The envelope correlation coefficient
(ECC) is a physical quantity describing the correlation of sig-
nals between antenna elements. It is an important guiding eval-
uation for measuring the performance of MIMO antennas. Gen-
erally speaking, for a good MIMO antenna, the envelope cor-
relation coefficient is less than 0.5. The value of the envelope
correlation coefficient is smaller, and the independent perfor-
mance of the antenna element is better. The following formula
is used to calculate the envelope correlation coefficient [26]:

ff [El (97 90) *E2 (07 90) dQ}

- T 1E @) a2 [T |E2 0. ) d

ECC (1

As shown in Fig. 16(a), the ECC of antenna is less than 0.04 in
the whole operating band according to the calculation formula
of ECC. Diversity gain (DG) is another important performance
index of the MIMO antennas. It refers to the difference in re-
ceiving level between diversity receiving and single receiving
in a certain cumulative percentage of time. The greater the level
difference is, the higher the diversity gain is, which indicates
that the diversity improvement effect is better. Here is the for-
mula for calculating the diversity gain:

DG = 10y/1 — ECC? )
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according to the formula, when ECC is smaller, diversity gain
will be higher. As shown in Fig. 16(b), the DG of the antenna
is approximately equal to 10 in the whole operating band.

To address the advantages of the proposed design, Table 2
tabulates the comparison results of 11 designs. It is seen that
the proposed antenna has the advantages of compact size, wide
operating band, high isolation, high peak gain, high efficiency,
and low ECC value. It is worth mentioning that the bandwidth
ofthe proposed design is the largest. In addition, the antenna ef-
ficiency within the whole operating band (165%) is better than
85%.

5. CONCLUSION

In this paper, a UWB-MIMO antenna based on the dual mode
transmission line (DMTL) feeding has been proposed. Un-
like the existing UWB-MIMO antenna, a new method of re-
alizing ultra-wideband characteristics has been elaborated. By
employing DMTL in a CPW feeding line, the impedance band-
width can be enlarged a lot. Based on the DMTL feeding and
U-shaped decoupling structure, the UWB-MIMO antenna pos-
sesses the characteristics of wide bandwidth of 2.4-25 GHz and
high isolation of 20 dB in the whole working band. Moreover,
the radiation efficiency of the antenna is above 85%; envelope
correlation coefficient is less than 0.002; the diversity gain is
about 10 dB, showing good MIMO performances.
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