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ABSTRACT In this paper, a triple band Multiple-Input Multiple-Output (MIMO) Rectangular Dielectric

Resonator Antenna (RDRA) designed using hybrid techniques for Long Term Evolution (LTE) applications

is investigated and presented. The proposed MIMO antenna can transmit and receive data independently by

covering LTE Band 8 at 0.9 GHz, LTE Band 3 at 1.8 GHz, and LTE Band 40 at 2.3 GHz. Hybrid technique is

adopted in this design by combining a meander line antenna with an RDRA to realize multiband operation.

Meander line antenna has been proposed over the long vertical microstrip feeding line at 0.9 GHz, to employ

a size reduction in the antenna, while two modes of RDRA are applied in this design: TE
y
1δ1 mode at 1.8 GHz

and TE
y
2δ1 mode at 2.3 GHz. The proposedMIMOantenna has been fabricated and experimentally tested. The

measured impedance bandwidths (S11<-10 dB) for the three stated bands are 4.40%, 11.36%, and 2.54% at

Port 1, respectively and 5.47%, 10.54%, and 3.43% at Port 2, respectively. Measured isolations of−15.3 dB,

−17.8 dB, and −47.0 dB are obtained at each described frequency, respectively. The performance of the

proposed MIMO antenna is further validated using over-the-air LTE downlink throughput test. Throughputs

of 93.16 Mbps, 93.01 Mbps, and 87.30 Mbps have been achieved for 0.9 GHz, 1.8 GHz, and 2.3 GHz,

respectively, using 64 Quadrature Amplitude Modulation (QAM). In this regard, it is conceived that the

proposed MIMO antenna can be a good candidate for LTE applications due to the validated excellent

throughput performance.

INDEX TERMS Hybrid technique, LTE, meander line, MIMO, rectangular DRA, throughput.

I. INTRODUCTION

The present mobile communication technology, Long Term

Evolution (LTE), is widely used in mobile devices such as

smartphones, laptops, and tablets due to its high spectrum

efficiency, high speed transmission, and high data rates [1].

The operating frequency of LTE ranges from 400 MHz to

4 GHz [2]. A small size multiband MIMO antenna designed

with high isolation is preferable for LTE applications [3].

Multiple-Input Multiple-Output (MIMO) technology has

been developed to provide excellent channel capacity and

high data rates in wireless communications [4]. It is

The associate editor coordinating the review of this article and approving
it for publication was Chuan Huang.

implemented by utilizing multiple antennas at the transmit-

ting and receiving ends of the communication system to

combat multipath fading [5], resulting in improved chan-

nel capacity and data rates [1]. The MIMO technology is

launched either in a parallel or orthogonal mode excitation

scheme [6]. For parallel configuration, the feeding ports are

fed by the same feeding techniques. Such configurations are

shown by the two bent meander line antennas [7] and two

identical meander line antennas [8], where both of them are

placed along the same x-axis. For orthogonal configuration,

the perpendicular feeding ports can be fed by the same or dif-

ferent feeding techniques. The former shows that an L-shaped

DRA is excited by two symmetrical slots of equal dimensions

coupled through microstrip feed lines in [9]. Meanwhile,
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an RDRA that is excited with two feeding techniques: a

coplanar waveguide (CPW) inductive slot for Port 1 and a

coaxial probe for Port 2 in [1], is depicted by the latter.

Despite that, there are also two RDRAs utilized in orthog-

onal MIMO design. In [6], two DRAs that are excited by

two coplanar waveguides (CPW), are compared in terms of

the space between two elements of the antenna, and isola-

tion for orthogonal and parallel configurations. As reported

in [6], two antennas that were separated by 3.75 mm in an

orthogonal configuration managed to produce −27 dB of

isolation, compared to the two antennas which were separated

by 118 mm in a parallel configuration with an isolation of

−20 dB only. The orthogonal configuration in [6] shows that

the size of the MIMO system is significantly reduced and

high isolation between the two antenna ports is achieved [2].

However, the design of the orthogonal antennas in [6] would

be more complicated if one DRAwas shared between the two

perpendicular feeding ports.

The major challenge in the design of a MIMO antenna

is the existence of an undesirable mutual coupling effect

[10], [11] as higher mutual coupling has an adverse effect on

the channel capacity [12], [13]. Meanwhile, the capacity of

the MIMO system is the highest among the other systems,

namely SISO (Single-Input Single-Output), SIMO (Single-

Input Multiple-Output), and MISO (Multiple-Input Single-

Output) due to the presence of a greater number of antennas

at the transmitter and receiver sides [14]. As reported in [9],

by using 64 QAM, about 93.152 Mbps of the measured

throughput of the MIMO system is obtained, which is almost

twice that of 50.190 Mbps, the SISO system at 1.8 GHz.

Therefore, the maximum data rates can be acquired by having

high isolation of MIMO antennas.

As compared to microstrip antennas, DRAs are widely

used in the electromagnetic field due to their superior char-

acteristics such as low metallic losses, high efficiency, high

gain at high frequencies [15], [16], flexibility in their shapes

and excitationmechanisms [6]. Additionally, DRAs provide a

wider impedance bandwidth [15]. A microstrip antenna radi-

ates through two narrow radiation slots, whereas DRA radi-

ates through the entire DRA surface except for the grounded

part [17]. Meanwhile, meander line antenna has been pro-

posed in [7], [8] and [18] to achieve a size reduction in the

antenna instead of having the long vertical microstrip feeding

line.

In the recent era of wireless communication, a multiband

antenna is desirable because each nation or wireless carrier

uses different frequency bands [19]. Different techniques

such as higher order mode generation in DRA [20], com-

bination of DRA with parasitic element (not directly con-

nected to feeding structure) [21] and combination of DRA

with other radiating structures (directly connected to feed-

ing structure) [22] are used to realize multiband operation.

Nevertheless, hybrid techniques where DRA combines with

other radiating structures [22] such as Defected Ground

Structure (DGS) [23], triangular-shaped microstrip line [24],

ring slot [25], trapezoidal patch microstrip feed [26] and

folded microstrip line [22], are discussed in this paper. The

antenna in [22], which is designed with the MIMO system,

is superior to single port antennas that have been proposed in

[23]–[26]. To the best of the authors’ knowledge, none of the

previous work utilized the meander line merging with DRA

resonating at three distinct LTE frequencies for identical

MIMO antenna.

In this paper, a triple band rectangular DRA designed with

two ports using hybrid technique for LTE applications is

proposed. The hybrid technique consists of a meander line

antenna and an RDRA, where the meander line antenna,

fundamental TE
y
1δ1 mode and TE

y
2δ1 mode of RDRA resonate

at 0.9 GHz, 1.8 GHz, and 2.3 GHz, respectively, for LTE

applications. A rectangular shape is chosen because it pro-

vides one more degree of freedom than cylindrical DRAs

and hemispherical DRAs [17], which can be used to control

impedance bandwidth by adjusting the ratios of length-height

and width-height [27]. Simulation of the presented MIMO

antenna is performed with Ansys HFSS (High Frequency

Structure Simulator) version 2019. Reference levels on return

loss for impedance bandwidth and isolation are −10 dB and

−15 dB, respectively, in this research work.

This paper is organized as follows. In Section II, geome-

tries of single port and MIMO hybrid DRAs are pre-

sented, followed by their parametric studies. In the meantime,

Section III presents the fabricated single port and MIMO

antennas. Their measured antenna parameters are compared

to the simulation results. Furthermore, MIMO performance

of the proposed MIMO antenna is assessed, followed by the

comparison analysis between the proposed MIMO antenna

and existing structures. Finally, Section IV concludes the

discussion of this paper.

II. ANTENNA DESIGN AND ANALYSIS

This section presents the geometries of a single port and

MIMO hybrid DRAs. For single port design, a parametric

study of the vertical position of DRA is performed. Mean-

while, for MIMO design, parametric studies of the separation

length between two ports are investigated based on identical

and non-identical designs.

A. SINGLE PORT HYBRID DRA

Fig. 1a shows the geometry of a single port hybrid

DRA. A rectangular dielectric resonator (DR) antenna

and a meander line are coupled through 50� microstrip

feed line on 90[L] × 45[WG] mm2 of FR4 substrate

(εr = 4.6) with a thickness of 1.6 mm. The DRA’s dimen-

sions for the fundamental TE
y
1δ1 mode are calculated using

Equations (1) to (5) [17]:

kx =
π

a
(1)

kz =
π

d
(2)

kytan
(kyb)

2
=

√

(εr − 1)k02 − kx2 (3)

k2x + k2y + k2z = εrk
2
o (4)
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FIGURE 1. Single port hybrid DRA geometry (a) Overall 3D view (b) 3D
view of DRA (c) Front view without DRA (d) Back view.

TABLE 1. Optimized design parameters.

k0 =
2π fr

c
(5)

where kx , ky, kz are the wave numbers in the x-, y- and z-axes,

k0 is the free-space wave number, fr is the resonant frequency

and c is the speed of light in free space. Fig. 1b illustrates that

the volume of DRA at 1.8 GHz is 29[a]×29[b]×11.4[d]mm3

with relative permittivity (εr ) of 30 and loss tangent (tan δ)

of 0.019. Meanwhile, the meander line which is resonating

at 0.9 GHz, has an overall feeding length (ML2) of 74.9 mm,

feeding width (MW1) of 3 mm, width (W1) of 35 mm, and

length (W2) of 3 mm, as depicted in Fig. 1c. The same left

and right widths (W3 and W5) and gaps (W2 and W4) of the

meander-line antenna are 4.5 mm and 1 mm, respectively.

Copper with a thickness of 35 µm is cladded on the front

and back sides of the substrate plane, as shown in Fig. 1c and

Fig. 1d, respectively. In this work, 50[LG]×45[WG]mm2 of a

partial ground plane is used instead of full ground because it

gives the widest impedance bandwidth at 1.8 GHz. Table 1

lists the optimized design parameters after the parametric

analysis.

To verify the proposed hybrid technique, E-field distri-

butions of the single port antenna at the three mentioned

FIGURE 2. E-field distributions at different frequencies (a) 0.9 GHz
(b) 1.8 GHz (c) 2.3 GHz.

frequencies are evaluated and presented in Fig. 2. With refer-

ence to Fig. 2, the red region indicates the strongest electric

field, whereas the blue area denotes the weakest electric field.

From Fig. 2a, it is clearly noticed that the maximum electric

field lies at the bottom of DRA. Since the meander line is

designed at 0.9 GHz, therefore, there must be no circular

movement of the electric field inside the DRA. Meanwhile,

Fig. 2b demonstrates that one half cycle of electric fields

circulate around the y-axis and vary in x- and z-axes inside

theDRAat 1.8GHz. Consequently, it proves successfully that

the fundamental resonant mode of DRA at 1.8 GHz is TE
y
1δ1.

Other than that, the second resonant mode of the DRA in

this research work is TE
y
2δ1, as electric fields vary in two half

cycles with variation along x-axis inside the DRA at 2.3 GHz,

as shown in Fig. 2c.

In order to achieve optimal performance, a parametric

study is performed on the vertical position of DRA (v) from

0mm to 12 mm, to determine its effect on return loss (S11) for

single port hybrid DRA, as shown in Fig. 3. Initially, the DRA
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is placed at the center (v = 0 mm) on the 90× 45 mm2 of the

substrate plane. In this case, the bandwidth performance at

1.8 GHz is not convincing since the microstrip feed line is

designed at 0.9 GHz. Therefore, it can be observed that when

the DRA moves downward, the bandwidth at 1.8 GHz gets

wider. It is because the fundamental resonance of DRA gets

closer to 50Ω of impedance matching at 1.8 GHz, based on

the design of microstrip feeding line at 0.9 GHz. However,

the return loss at 2.3 GHz is not affected since it is the second

resonance frequency of DRA. As illustrated in Fig. 3, the two

possible candidates of v are 9.3 mm and 12 mm, where the

single port hybrid DRA is able to have less than −10 dB

of return loss at the three aforementioned bands respectively.

Despite that, the bandwidth at 1.8 GHz decreases with addi-

tional unwanted resonant frequency at 1.5 GHz when v =
12 mm. Therefore, for single port hybrid DRA, the optimal

value of the vertical position of DRA is 9.3 mm.

FIGURE 3. Simulated return loss (S11) for different values of DRA’s
vertical position (v) in single port design.

B. MIMO HYBRID DRA

In order to increase channel capacity and data rates, which are

highly demanded by users, the MIMO technology is imple-

mented. In this work, a parallel excitation scheme is used

by duplicating a single port hybrid DRA with a separation

length between two ports (Y) along the y-axis, as shown

in Fig. 4. There are two cases for MIMO designs, namely

identical and non-identical designs. All parameters are kept

constant except for the placement of two meander lines.

An identicalMIMOdesign is categorized by putting two sym-

metrical meander lines together along the y-axis, as shown

in Fig. 4a. Meanwhile, a non-identical MIMO design is clas-

sified and displayed in Fig. 4b, which is due to the placement

of two asymmetrical meander lines along the y-axis. The

front views of identical and non-identical MIMO designs are

illustrated in Fig. 4a and Fig. 4b, respectively. Both identical

and non-identical MIMO designs use the same back view,

as displayed in Fig. 4c.

For both identical and non-identical MIMO designs,

a parametric study on the separation length between two

ports (Y) is performed from 60.8 mm to 65.8 mm, where

FIGURE 4. MIMO hybrid DRA geometry (a) Identical MIMO design in front
view (b) Non-identical MIMO design in front view (c) Back view.

65.2 mm is 0.5λ0 for 2.3 GHz. Tables 2 and 3 demonstrate the

effects of Y on covered impedance bandwidths and gains for

Ports 1 and 2, and also isolation in identical and non-identical

MIMO designs, respectively. Since S21 has the same isolation

value as S12, only S12 is stated in this research work. In fact,

the antenna is considered to cover the essential downlink

bandwidth at 0.9 GHz if the end of impedance bandwidth

is beyond 0.925 GHz. It is apparent that Y has a dominant

effect on the covered downlink bandwidth (0.925-0.960GHz)

and isolation at 0.9 GHz, due to the placement of two mean-

der lines based on the observations from Tables 2 and 3.

Nevertheless, the effects of Y are negligible at 1.8 GHz and

2.3 GHz. Therefore, Y is a prominent parameter in determin-

ing the covered downlink bandwidth and isolation, especially

at 0.9 GHz, in this work.

For the identical MIMO design, the effects of Y on

input return loss (S11) and isolation (S12) are displayed in

Fig. 5 and Fig. 6, respectively. Table 2 has been referred to,

such that, the covered downlink bandwidth at 0.9 GHz for

VOLUME 7, 2019 122903
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TABLE 2. Simulated antenna parameters for different values of the separation length between two ports (Y) in identical MIMO design.

TABLE 3. Simulated antenna parameters for different values of the separation length between two ports (Y) in non-identical MIMO design.

FIGURE 5. Simulated input return loss (S11) for different values of the
separation length between two ports (Y) in identical MIMO design.

Port 1 is difficult to be determined from Fig. 5. Based on

the tabulated impedance bandwidths at Port 1 in Table 2,

the possible candidates of Y are 61.8 mm, 62.8 mm, 64.8 mm,

and 65.8 mm, since each of them has beyond 0.925 GHz at

the end of impedance bandwidth at Port 1, indicating that the

FIGURE 6. Simulated isolation (S12) for different values of the separation
length between two ports (Y) in identical MIMO design.

MIMO antenna has covered essential downlink bandwidth at

0.9 GHz.

The four possible candidates of Y for identical MIMO

design are further evaluated by isolation of −15 dB in this

work. With reference to Fig. 6, it is obvious that the isolation
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improved with increment in Y when started with 60.8 mm.

Despite that, when Y reached 63.8 mm, the isolation was

found to be dropped at −9.1 dB and after that, the isolation

improved again with the increment in Y . Among the four pos-

sible candidates of Y which have been mentioned previously,

61.8 mm and 64.8 mm of Y are eliminated since their isola-

tion values are greater than −15 dB. Therefore, for identical

MIMO design, 62.8 mm of Y is opted due to the main reason

of having shorter separation length than 65.8 mm, although

65.8 mm has the least undesirable isolation. Meanwhile, for

non-identical MIMO design, 63.8 mm of Y is selected since

it is the only candidate that has less than −15 dB of isolation

and covers downlink bandwidth at 0.9 GHz based on the

tabulated results in Table 3.

Both, Y = 62.8 mm in identical MIMO design and

Y = 63.8 mm in non-identical MIMO design manage to

cover the downlink bandwidth and pass the isolation require-

ment, particularly at 0.9 GHz. However, by referring to the

values of gain that are tabulated in Tables 2 and 3, identical

MIMO design is preferred, as its higher gain at the three

described frequencies far outweigh its greater undesirable

isolation. All gains at both ports in identical MIMO design

are higher than non-identical MIMO design, especially at

2.3 GHz for Port 2. The former, which has 2.0 dB of gain,

is approximately twice of 0.9 dB to the latter. Therefore,

the overall volume of the proposed identical MIMO antenna

in this research work is 107.8[W ] × 90[L] × 11.4[d] mm3,

as depicted in Fig. 4a.

III. RESULTS AND DISCUSSIONS

This section presents the fabricated prototypes, measure-

ment procedures and the corresponding results of the single

port antenna and the proposed MIMO hybrid DRA. Agilent

E5071C ENA Network Analyzer is utilized to measure their

S-parameters. Simulated gains, radiation efficiencies, and

radiation patterns at each described frequency are compared

with measurements that have been conducted inside the NSI

anechoic chamber. Additionally, MIMO performances such

as Envelope Correlation Coefficient (ECC), Diversity Gain

(DG), Mean Effective Gain (MEG) and Total Active Reflec-

tion Coefficient (TARC) are calculated and analyzed based

on the simulated and measured S-parameters. Furthermore,

the theoretical maximum and the actual average measured

throughput of SISO and 2 × 2 MIMO systems for the three

modulation schemes are obtained at each mentioned fre-

quency using an over-the-air LTE downlink throughput test.

A. ANTENNA PARAMETERS ANALYSIS FOR SINGLE

PORT HYBRID DRA

The DR is fabricated with the ECCOSTOCK HiK dielectric

material (εr = 30) while the meander line and the ground

plane are fabricated by etching the FR4 substrate (εr = 4.6).

They are excited through a 3.5 mm 50� SMA connector.

Fabricated prototype of the single port hybrid antenna is

displayed in Fig. 7.

FIGURE 7. Prototype of the single port hybrid DRA (a) 3D view (b) Back
view.

The fabricated single port hybrid RDRA antenna is con-

nected to Port 1 of the network analyzer using a coaxial

cable for S-parameter measurement performance. A compar-

ison between the simulated and measured S-parameters is

presented in Fig. 8, by having a reference level of −10 dB

on S11 for impedance bandwidth. As indicated in Fig. 8,

12.66% (1.78-2.02 GHz) of the measured impedance band-

width at 1.8 GHz obviously differs from the simulation,

15.27% (1.76-2.05 GHz). However, the prototype shows a

good match at 0.9 GHz and 2.3 GHz. The simulated and

measured impedance bandwidths are 5.47% (0.89-0.94 GHz)

and 4.40% (0.89-0.93 GHz) at 0.9 GHz, respectively, whereas

4.69% (2.29-2.40 GHz) and 2.99% (2.31-2.38 GHz) at

2.3 GHz, respectively. Each simulated and measured antenna

parameter has been compared and tabulated in Table 4. Based

on the observations from Table 4, the simulated andmeasured

values of gain and radiation efficiency within the bands of

interest are similar.

FIGURE 8. Simulated and measured return loss (S11) of the single port
hybrid DRA.

E-plane and H-plane views of the measured and simu-

lated normalized radiation patterns are collectively displayed

in Fig. 9, by following the sequence of described frequen-
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TABLE 4. Comparison between simulation and measurement of each
antenna parameter for single port hybrid DRA.

FIGURE 9. Measured and simulated normalized radiation patterns of the
single port hybrid DRA (a) E-Plane at 0.9 GHz (b) H-Plane at 0.9 GHz
(c) E-Plane at 1.8 GHz (d) H-Plane at 1.8 GHz (e) E-Plane at 2.3 GHz
(f) H-Plane at 2.3 GHz.

cies. As indicated in Fig. 9, all normalized radiation pat-

terns point in broadside directions at the three frequencies,

except Fig. 9f, which points in −45◦ for H-plane at 2.3 GHz.
Nevertheless, there are some apparent differences between

simulated and measured normalized radiation patterns, espe-

cially at 1.8 GHz, as shown in both Fig. 9c and Fig. 9d.

The first potential cause of this difference is the imperfect

size of the fabricated DRA. Some tiny fragments on the

DRA were found missing during the fabrication process due

to its increased affinity towards ceramic material when its

permittivity exceeds 10. Additionally, a double tape was used

to mount the DRA at its designated vertical position in this

work. Consequently, there are some possibilities of air gaps

between the surface of the DRA and the FR4 substrate,

causing extra permittivity which degrades the performance

of the return loss at 1.8 GHz. Furthermore, the placement

of the fabricated DRA on its designated vertical position is

critical, as tolerance of a few millimeters will give a smaller

bandwidth response at 1.8 GHz, as shown in Fig. 2. Hence,

by improving these tolerances, the performance in return loss

and radiation patterns at 1.8 GHz for single port hybrid DRA

can be closer to the simulation results.

B. ANTENNA PARAMETERS ANALYSIS FOR MIMO

HYBRID DRA

The proposed MIMO antenna with optimal parameters is

fabricated and displayed in Fig. 10. The left SMA connector

of the MIMO prototype is recognized as Port 1, whereas the

right SMA connector of the MIMO prototype is categorized

as Port 2, as depicted in Fig. 10a.

FIGURE 10. Prototype of the proposed MIMO hybrid DRA (a) 3D view
(b) Back view.

Fig. 11 presents the simulated and measured S-parameters

with reference levels of −15 dB for isolation and −10 dB on

return loss for impedance bandwidth. The left SMA connec-

tor of the fabricatedMIMO prototype is connected only to the

coaxial cable that is linked to Port 1 of the Network Analyzer

via an adapter to measure input return loss (S11). The same

122906 VOLUME 7, 2019
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FIGURE 11. Simulated and measured S-parameters of the proposed
MIMO hybrid DRA.

procedure is applied to Port 2 for measuring output return

loss (S22).Meanwhile, tomeasure isolation of theMIMOpro-

totype, the left and right SMA connectors are connected to the

coaxial cables that are linked to Ports 1 and 2 of the Agilent

E5071C ENA Network Analyzer via adapters, respectively.

With reference to Fig. 11, it can be observed that themeasured

and simulated bandwidths at 1.8 GHz for Ports 1 and 2 are

slightly different. The simulated and measured impedance

bandwidths are 18.93% (1.73-2.09 GHz) and 11.36%

(1.83-2.05 GHz) at Port 1, and 17.39% (1.74-2.07 GHz) and

10.54% (1.80-2.00 GHz) at Port 2, respectively. However,

theMIMOprototype has rather well-matched S-parameters at

0.9 GHz and 2.3 GHz. At 0.9 GHz, the simulated impedance

bandwidth is the same as themeasurement at each port, where

4.40% (0.89-0.93 GHz) is exhibited at Port 1 and 5.47%

(0.89-0.94 GHz) at Port 2. Meanwhile, at 2.3 GHz, the sim-

ulated and measured impedance bandwidths are 4.69%

(2.29-2.40 GHz) and 2.54% (2.33-2.39 GHz) at Port 1, and

4.26% (2.30-2.40 GHz) and 3.43% (2.29-2.37 GHz) at Port 2,

respectively. Less than -15 dB of the measured isolation is

also found within the bands of interest, which guarantees the

maximum data rates.

Total radiation efficiencies for Ports 1 and 2 are calculated

using Equations (6) and (7) [28] below. Comparisons between

simulation and measurement for each antenna parameter is

listed in Table 5, at the targeted frequencies for the proposed

MIMO hybrid DRA. It can be observed from Table 5 that,

the simulated and measured values of gain and total radiation

efficiencies for both ports are similar.

µ1,tot = µ1,rad (1 − |S11|2 − |S21|2) (6)

µ2,tot = µ2,rad (1 − |S22|2 − |S12|2) (7)

Fig. 12 illustrates the measured and simulated normalized

radiation patterns of E-plane and H-plane for both ports at

each described frequency. Radiation patterns at Port 1 are

obtained by exciting Port 1 of the MIMO prototype while

FIGURE 12. Measured and simulated normalized radiation patterns of the
proposed MIMO hybrid DRA (a) E-Plane at 0.9 GHz (b) H-Plane at 0.9 GHz
(c) E-Plane at 1.8 GHz (d) H-Plane at 1.8 GHz (e) E-Plane at 2.3 GHz
(f) H-Plane at 2.3 GHz.

TABLE 5. Comparison between simulation and measurement of each
antenna parameter for the proposed MIMO hybrid DRA.

Port 2 is terminated by a load of 50� and vice versa for mea-

suring radiation patterns at Port 2 [22]. Table 6 exhibits peak

points of normalized radiation patterns for both Ports 1 and 2
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TABLE 6. Peak points of normalized radiation patterns at each port for
the proposed MIMO hybrid DRA.

FIGURE 13. Simulated and measured Envelope Correlation
Coefficient (ECC) of the proposed MIMO hybrid DRA.

of the proposed MIMO hybrid DRA. The performance in

radiation patterns have some disagreements at 1.8GHz for the

proposed MIMO antenna, as shown in Fig. 12c and Fig. 12d.

The potential causes are the same as mentioned previously

for single port hybrid DRA.

C. MIMO PERFORMANCE ANALYSIS

The MIMO characteristic of the proposed MIMO antenna is

assessed by Envelope Correlation Coefficient (ECC), Diver-

sity Gain (DG), Mean Effective Gain (MEG) and Total

Active Reflection Coefficient (TARC), to achieve multipath

propagation [5].

Firstly, the Envelope Correlation Coefficient (ECC) is

calculated by S-parameters using Equation (8) [29]. The

simulated and measured ECC using S-parameters at the three

stated frequencies is shown in Fig. 13. The measured values

are 0.0005 at 0.9 GHz, 0.0003 at 1.8 GHz, and 0.0064 at

2.3 GHz, respectively. The results are inaccurate because

the MIMO system is assumed to be operating in a uniform

multipath environment [30]. Ideally, ECC is calculated by

3D radiation patterns [30] using Equation (9) [31] where

F→
j (θ, φ) is the normalized complex radiation pattern vec-

tor of the jth port [32], and symbols � and * denote the

Hermitian product and complex conjugate, respectively [33].

The measured 3D radiation patterns with a step of 1◦ using

Equation (9) is 0.09, 0.05 and 0.02 at each mentioned fre-

quency, respectively. In fact, ECC gives a correlation between

signals at the receiving end [9]. Since the measured value of

ECC using S-parameters and 3D radiation patterns at each

FIGURE 14. Simulated and measured Diversity Gain (DG) of the proposed
MIMO hybrid DRA.

described frequency is less than 0.5 for mobile devices [34],

the fading of the received signals is small [35]. Therefore,

the proposed MIMO antenna is a good candidate for LTE

applications.

ρe =
|S∗

11S12 + S∗
21S22|

2

(1 − (|S11|2 + |S21|2))(1 − (|S22|2 + |S12|2))
(8)

ρe =
∣

∣

∫∫

4π F
→
1 (θ, φ) � F→∗

2 (θ, φ)dΩ
∣

∣

2

∣

∣

∫∫

4π F
→
1 (θ, φ)dΩ

∣

∣

2 ∣

∣

∫∫

4π F
→
2 (θ, φ)dΩ

∣

∣

2
(9)

Other than that, Diversity Gain (DG) is calculated to eval-

uate the MIMO performance of the proposed MIMO antenna

using Equations (10) and (11) [1]. Diversity Gain is the

amount of improvement obtained from a multiple antenna

system relative to a single element system [36]. A comparison

between the simulated and measured DG of the proposed

MIMO antenna is depicted in Fig. 14. The measured values

are 10 dB, 9.9999 dB, and 9.9997 dB at the three described

frequencies, respectively. Since the measured value of DG in

the desired frequency band is nearly at the maximum value

of 10 dB [37], it indicates that a maximum improvement can

be obtained by having the proposed MIMO system [36].

DG = 10eρ (10)

eρ =
√

1 − |0.99ρe|2 (11)

The Mean Effective Gain (MEG) performance is veri-

fied to test the MIMO performance of the proposed MIMO

antenna. MEG is defined as the ratio of average power

received at the antenna to the sum of average power of the

vertically and horizontally polarized waves received by an

isotropic antenna [9]. MEG for each port is calculated by

S-parameters using Equation (12), whilst power ratio (k)

which is the difference in the magnitude of MEGs, is cal-

culated using Equation (13), where M is the total number

of antennas [38]. The measured values at each described

frequency are 0.0103 dB, 0.8339 dB, and 1.4735 dB, respec-

tively. With reference to Fig. 15, it clearly indicates that

there is no significant difference between the average power

122908 VOLUME 7, 2019



I. K. C. Lin et al.: Triple Band Hybrid MIMO RDRA for LTE Applications

FIGURE 15. Simulated and measured Mean Effective Gain (MEG) of the
proposed MIMO hybrid DRA.

received at the prototype of MIMO antenna compared to the

isotropic antenna, since the measured value of k is almost

equal to 0 dB at the described frequency bands [9].

MEGi = 0.5ηi,rad = 0.5



1 −
M

∑

j=1

|Sij|2


 (12)

k = |MEG1 −MEG2| < 3dB (13)

The Total Active Reflection Coefficient (TARC) is the last

and very important parameter to be analyzed for diversity

performance. It is used instead of the traditional scattering

matrix, because the scattering matrix does not accurately

characterize the radiating efficiency and bandwidth of an

antenna array [39]. TARC is presented for multiport systems

where it takes into consideration the effect when ports of the

multiple antenna system are fed with random phases of return

signal signals, which ranging from 0◦ to 180◦ with the steps

of 30◦ [8]. It is because the reflected signal is assumed to be of

unity magnitude, but randomly phased with Gaussian random

variable since MIMO channels are assumed as Gaussian and

exhibit a multipath spread in the propagation channel [40].

TARC is calculated using Equation (14) where θ is the phase

difference between two feeding ports [41]. The measured

TARC of the proposedMIMODRA is shown in Fig. 16. It can

be noticed that the proposed MIMO DRA always covers a

triple band in the variation of the θ and follows the original

behavior of the antenna characteristics.

Ŵt
a =

√

(|S11 + S12ejθ |2) + (|S21 + S22ejθ |2)√
2

(14)

D. THROUGHPUT PERFORMANCE ANALYSIS

The performance of the proposed MIMO antenna is fur-

ther evaluated using an over-the-air LTE throughput test.

Fig. 17 shows the throughput measurement setup of the pro-

posed MIMO antenna. Downlink throughput is measured in

bits per second (bps) to capture the amount of data transferred

FIGURE 16. Measured TARC of the proposed MIMO DRA with θ ranging.

FIGURE 17. Throughput measurement setup of the proposed MIMO
hybrid DRA.

wirelessly from the LTE eNodeB to the user equipment [9].

The theoretical maximum throughput has been referred to the

capacity of the wireless link [42].

Throughput measurements and procedures presented in [9]

have been referred to in this research work. Fig. 17 shows

that the proposed triple band MIMO antenna has been placed

with a separation distance of 35 cm from two monopoles

(separated by 0.5λ spacing) in order to operate in the far-field

region. The proposed MIMO antenna is connected to aWide-

band Radio Communication Tester R&S◦ CMW500, which
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FIGURE 18. The theoretical maximum and the actual average measured
throughput for 2 × 2 MIMO system with 64 QAM at 1.8 GHz (LTE Band 3)
(as an example).

functions as an LTE base station (eNodeB) emulator, while

the monopoles are connected to the antenna port of a Huawei

E3372h-607 USB modem dongle, which functions as the

LTE user equipment (UE). The eNodeB emulator transmits

downlink data to the UE using the dedicated physical down-

link shared channel subframes [9]. The positive and negative

acknowledgements returned by UE are used to determine

Block Error Rate (BLER) [9]. BLER is used in calculating the

downlink throughput. Three types of modulations including

QPSK (Quadrature Phase-shift Keying), 16 QAM (Quadra-

ture Amplitude Modulation), and 64 QAM are utilized in this

work. The parameters used in the measurement setup are,

a bandwidth of 20 MHz, 100 resource blocks, −15 dBm of

transmitted power, frequency bands at 0.9 GHz (LTEBand 8),

1.8 GHz (LTE Band 3), and 2.3 GHz (LTE Band 40), respec-

tively. Other than that, at 2.3 GHz, uplink-downlink of Time

Division Duplex (TDD) is set to configuration 5 in order to

obtain the maximum downlink throughput.

Fig. 18 shows the measured throughput for a 2 × 2 MIMO

system of the proposed MIMO antenna with 64 QAM

at 1.8 GHz (LTE Band 3). The measured throughput of

Streams 1 and 2 is 46.52 Mbps (light blue line) and

46.50 Mbps (moderate blue line), respectively. Meanwhile,

the theoretical maximum throughput of 93.16 Mbps is rep-

resented by the yellow line, whereas the minimum measured

throughput is 89.44Mbps (orange line) and the actual average

measured throughput is 93.01 Mbps (dark blue) in reference

to Fig. 18. Tables 7, 8, and 9 display the theoretical max-

imum and the actual average measured throughput for the

SISO and 2 × 2 MIMO systems of the presented MIMO

antenna for the three modulation schemes along with the

specific channel quality indicator (CQI) at each described

TABLE 7. The theoretical maximum and the actual average measured
throughput for SISO and MIMO systems of the proposed MIMO hybrid
DRA at 0.9 GHz (LTE Band 8).

TABLE 8. The theoretical maximum and the actual average measured
throughput for SISO and MIMO systems of the proposed MIMO hybrid
DRA at 1.8 GHz (LTE Band 3).

TABLE 9. The theoretical maximum and the actual average measured
throughput for SISO and MIMO systems of the proposed MIMO hybrid
DRA at 2.3 GHz (LTE Band 40).

frequency, respectively. The presented MIMO antenna man-

ages to achieve around 99% of the theoretical maximum

throughput of SISO and MIMO systems for all three listed

modulation schemes at 0.9 GHz, 1.8 GHz, and 2.3 GHz,

respectively. The 2 × 2 MIMO system has superior per-

formance as it provides almost double the throughput com-

pared to the SISO system, regardless of modulation schemes

and frequencies. Undoubtedly, all the results analyzed in

this work clearly indicate that the proposed identical MIMO

hybrid DRA is suitable for LTE applications due to its deliv-

ery of excellent throughput performance of the 2 × 2 MIMO

system.

Table 10 lists the comparison of simulated antenna param-

eters in terms of average bandwidth, gain, and total radi-

ation efficiencies between the proposed MIMO design and

existing structures. Based on the observations from Table 10,

it can be inferred that the meander line which resonates at

0.9 GHz with merging DRA, has not been designed yet for

LTE applications. Firstly, the proposed meander line antenna

has a wider coverage area by having resonance at 0.9 GHz,

compared to the antennas designed in [9], [22], [24]–[26],

and [43]. Additionally, the proposed meander line with DRA

has wider bandwidth performance, higher gain, and higher

radiation efficiency at 1.8 GHz, compared to the antenna

which is presented in [44].Moreover, the proposed triple band

meander line with DRA has more selections of frequency

switching as compared to a single band antenna in [43] and

a dual-band antenna in [9], for LTE applications. Lastly,
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TABLE 10. Comparison of simulated antenna parameters between the proposed MIMO antenna and existing structures.

the two proposed ports of the triple band meander line with

DRA which can provide greater data rates, and are superior

to the other antennas in [24]–[26] that have been designed

for a single port only. The presented antenna parameters

in Table 10 shows that the proposed MIMO antenna which

has a triple band characteristic, is efficient and provides sat-

isfactory performances for LTE applications.

IV. CONCLUSION

A triple band MIMO rectangular DRA designed using hybrid

technique for LTE applications is proposed in this paper. The

MIMO prototype manages to achieve −10 dB on return loss

for impedance bandwidth and −15 dB of isolation at three

different low, middle, and high frequency bands. There is a

good agreement between the measured and simulated HFSS

results in terms of S-parameters, gains, radiation efficiencies,

and radiation patterns. Moreover, the measured value of ECC

is less than 0.5, the measured value of DG is near to 10 dB,

and the measured value of k is almost equal to 0 dB within the

bands of interest, indicating that a good MIMO performance

can be exhibited by the MIMO prototype. In addition to this,

all the results presented in this work clearly indicate that the

proposed identical MIMO hybrid DRA is suitable for LTE

applications due to its delivery of an excellent throughput

performance of the 2 × 2 MIMO system. This research can

be extended by improving the mutual coupling between the

two antenna ports to reduce the overall size of the MIMO

system [2], to improve its radiation efficiency and for deliver-

ing higher data rates [45]. The interesting techniques are that,

metamaterial spiral S-shaped resonators are applied between

the two antenna ports [8], a metal strip is pasted on the upper

surface of each DRA [41] and slots are cut through the ground

plane [46], for parallel configuration.
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