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ABSTRACT This work presents an 18 element antenna system compatible with massive multiple input

multiple output (MIMO)/Diversity fourth/fifth generation (4G/5G) smartphones. The antennas are designed

at sub-6 GHz long term evolution (LTE) band 42 (3.4-3.6 GHz) and LTE band 43 (3.6-3.8 GHz). A

simple slot type antenna is considered as the radiating element, with open ended slots used for obtaining

a compact design. These slots also act as decoupling elements to improve the isolation among different

radiators. The proposed antenna elements are designed on a low-cost FR-4 substrate having dimension of

150 mm × 80 mm × 1.6 mm, which can be typically used for 6-inch smart phones. The simulated and

measured values of antenna gain are found to be greater than 5.3 dBi. Simulated and measured results

of the proposed design show excellent impedance matching (reflection coefficient>20 dB), port isolation

(>20 dB), total efficiency (>87%) and Envelope Correlation Coefficient (<0.01) over the operating

frequency. MIMO antenna performance metrics are verified by calculating the ergodic channel capacity

with Kronecker channel model.

INDEX TERMS 5G smartphones, open ended slots, MIMO antennas, massive MIMO, sub-6 GHz band.

I. INTRODUCTION

AS THE world is now moving towards 5G communica-

tion systems, the demand for 5G smartphones and 5G

base stations [1] will increase exponentially in the coming

years. Low order MIMO systems like 2×2 and 4×4 are quite

popular for fourth generation (4G) smartphones operating in

LTE bands [2]. However, with low order MIMO systems

the values of parameters like ergodic channel capacity, spec-

tral efficiency and signal to noise ratio (SNR) can still be

increased to meet application and customer demands [3]. 5G

communication systems demand better link reliability and

data rates of around 1000 times compared to 4G [4]. Low

order MIMO systems will not be able to meet these require-

ments and hence moving to massive MIMO is a possible

solution. Even for 4G, having more antenna elements will

reduce the effect of blocking some elements by the user

hands and thus degrading the link performance. Massive

MIMO can increase the spectral efficiency, channel capacity

and link reliability to a large extent compared to low order

MIMO antennas [5]. A lot of focus of researchers work-

ing in 5G communication around the world is on frequency

range 1 (FR-1) that includes sub 6 GHz frequency band. In

the millimetre wave bands (FR-2), antenna arrays are used

with beamforming capabilities. In Sub-6 GHz bands most of

the research is focusing on the LTE band 42 and LTE band

43 because these bands are included in 5G communication

spectrum in most countries.

Using multi antenna systems for 5G antennas can improve

spectral efficiency and channel capacity however integrating

massive MIMO antennas in a limited space in the smart-

phone is a very challenging task. The isolation among the

antenna elements must be greater than 15 dB to obtain the

best MIMO performance [6]. In recent years, researchers

around the world proposed several techniques to improve

the isolation among antenna elements. Numerous decoupling

structures like extended ground plane [7], electromagnetic
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band gap structures [8], parasitic elements [9], T-shaped

slots [10] and neutralization lines [11]. The problem with

some of these decoupling structures is that the total antenna

efficiency decreases. Several other methods to improve the

isolation like shown in [12], [13], [14], [15], asymmetrical

mirrored antennas [16], [17], self-isolated antenna design

methods [18], orthogonal mode pairs [19] and with iso-

lating stub and shorting strip [20] are also proposed by

various researchers. In [21], an 8-element MIMO antenna

is presented that covers LTE band 42. The measured val-

ues of channel capacity are found to be around 16 bps/Hz

with 20 dB Signal to Noise Ratio (SNR). However, this

design requires a lot of space. In [22], a 10-antenna array

for MIMO operation is designed to work in the LTE bands

42/43. The measured value for channel capacity at 20 dB

SNR was 47 bps/Hz. In [23], an 8 × 8 MIMO antenna

system is proposed to work at 2.6 GHz, 20 dB SNR with

ergodic channel capacity of 40 bps/Hz. If the MIMO antenna

is designed irrespective of any external decoupling arrange-

ment, the isolation of the design can be increased without

compromising the total efficiency. However, this is still a

challenge to increase the number of antenna elements with

acceptable level of isolation and efficiency so as to achieve

better ergodic channel capacity.

In this paper an 18 element massive MIMO antenna

is designed without the help of any external decoupling

structures for handheld devices. Compact single antenna slot-

based elements are chosen. The antenna is designed to work

in LTE band 42 and LTE band 43 that can be used in 5G

smartphones. The isolation among the antenna elements is

found to be greater than 20 dB and total efficiency obtained

to be more than 87%. The maximum value of ergodic channel

capacity at 20 dB SNR reaches upto 81 bps/Hz. To achieve

good isolation among antenna elements, open ended slots

are used in the ground plane. All 18 elements are properly

arranged on the ground plane and space is also provided

for 2G/3G/4G antennas. The proposed design is simulated,

fabricated and tested.

II. DESIGN OF PROPOSED MIMO ANTENNA

Fig. 1(a) shows the layout of the proposed massive MIMO

antenna. It has 18 antenna elements numbered from Ant 1

to Ant 18. These antenna elements are designed on an FR-

4 substrate (with relative permittivity value of 4.4 and loss

tangent of 0.02) with copper cladding on both sides. The

substrate used in the design has a dimension of 150 mm ×

80 mm × 1.6 mm that can be used in 6-inch 5G smartphones.

This type of substrate is usually termed as printed circuit

board (PCB) as on the top surface antenna feed line is there

with yellow color and on the bottom surface ground plane is

with green color. Ant 17 and Ant 18 are placed horizontally

along the shorter edges and Ant 1 to Ant 16 are placed verti-

cally along the longer edges. The white coloured rectangular

space on the shorter edges is set aside for accommodat-

ing 2G/3G/4G antennas. Fig. 1(b) shows the comprehensive

design of an individual slot antenna element. A simple and

FIGURE 1. (a) Design of proposed 18 element MIMO antenna with detailed

dimensions, (b) Detailed view of single slot antenna with decoupling open ended slots.

efficient way of reducing the mutual coupling among the

closely spaced antenna elements is presented. Two open

ended slots of the same dimensions with width of 0.5 mm and

length of 5 mm are used. A rectangular slot radiator in the

ground plane with dimensions of 10 × 3.5 mm2 is fed using

a T-shaped feeding line at the feeding point. It is observed

that T-shaped feeding line provides better impedance match-

ing and best radiation efficiency value. The modelling and

simulation of the design were carried out using HFSS ver-

sion 17. Antenna element 1(Ant 1) is shown with two open

ended decoupling strips. All the remaining antennas also

have the same configuration and dimensions. The dimen-

sions of antenna 1 with open ended decoupling slots are
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FIGURE 2. Photographs of fabricated design (a) Top view, (b) Bottom view.

given as L1 = 1.5 mm, L2 = 1.4 mm, L3 = 11.2 mm,

L4 = 0.5 mm, L5 = 7.5 mm, L6 = 0.5 mm, L7 = 5 mm,

L8 = 3.5 mm, L9 = 0.3 mm and L10 = 10 mm. Firstly, a

T-shaped 50 ohm feeding line is designed, then a slot in the

ground plane with length of L10 and width of L8 is made.

The resulting slot antenna is optimized for best value of radi-

ation efficiency and antenna gain. Open ended rectangular

slots with length L7 and width L4 are used to minimize the

mutual coupling among the antenna elements. The spacing

among different antennas is 3 mm. All antenna elements are

designed to work in LTE band 42 and LTE band 43.

The proposed slot antenna design is compact having

dimensions of 5 mm × 12 mm and therefore quite suitable

for narrow frame 5G smartphones. The proposed antenna

design is fabricated. The top and bottom sides of fabricated

sample are presented in Fig. 2(a) and 2(b). All 18 ports

are fed with 50 ohm SMA connectors through the ground

plane.These connectors can easily fed all antenna elements

after properly adjusting them on the ground plane.

The simulated current distribution on the antenna struc-

ture is shown in Fig. 3. In Fig. 3(a) and Fig. 3(b), current

distributions is given when Ant 1 and Ant 13 are excited

independently. It can be clearly seen from both the figures

that when either of the antennas are excited, the correspond-

ing current do not spread and hence minimizes the coupling

with adjacent elements.

Fig. 3(c) shows the surface current distribution on the

slotted ground plane of the proposed antenna structure. It

can be seen that a strong current flow along the shorter

dimension of the slot. The currents flowing along the larger

dimensions of the slot are in the opposite direction and

thereby reducing the resultant current along this side. Electric

field is having the peak in the centre on larger dimension of

the slot. Thus the Electric field distribution with in the slot

and the current that travels along around the slot perimeter,

both contributes to the radiation. Thus, the slot behaves as

a resonant radiator at the required frequency band.

FIGURE 3. Surface electric current distribution on the antenna ground plane at

3.6 GHz when (a) Ant 1 is excited and, (b) Ant 13 is excited, (c) vectored surface

current distribution on antenna elements.

III. RESULTS AND DISCUSSION

A. SCATTERING PARAMETERS, EFFICIENCY AND

RADIATION PATTERNS

Simulated curves of the reflection coefficients for Ant 1 to

Ant 8 and Ant 18 are given in Fig. 4(a). Fig. 4(b) shows the

simulated reflection coefficients of Ant 9 to Ant 16 and Ant

17. It can be observed that the magnitude of the reflection

coefficient for all the antennas is greater than 20 dB in LTE

band 42 and 43. All antennas are identical in the proposed

design hence the reflection coefficient values remain almost

the same. While obtaining the reflection coefficient for a sin-

gle element the other antennas are terminated with 50 ohm.
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FIGURE 4. (a) Simulated reflection coefficient values for Ant 1 to Ant 8 and Ant 18, (b) Simulated reflection coefficient values for Ant 9 to Ant 16 and Ant 17, (c) Measured

values of reflection coefficients for Ant 1 to Ant 8 and Ant 18, (d) Measured values of reflection coefficients for Ant 9 to Ant 16 and Ant 17.

Measured values of reflection coefficients for Ant 1 to Ant

8 and Ant 18 are given in Fig. 4(c) to validate the simu-

lated results. In Fig. 4(d) measured reflection coefficients for

Ant 9 to Ant 16 and Ant 17 is shown. It can be concluded

that all 18 antenna elements have proper impedance match-

ing and are placed perfectly without affecting the refection

coefficient of neighbouring antenna elements.

The −10 dB measured bandwidth for all antennas is

more than 900 MHz. The simulated and measured curves

of port coupling (Sxy) are shown in Fig. 5(a) and Fig. 5(b)

respectively. It can be observed easily that the magnitude

of isolation is greater than 20 dB for all possible com-

binations. The geometry of the antenna and open ended

decoupling slots are optimized so that the mutual coupling

can be reduced to a large extent.

The antenna elements are arranged orthogonally to reduce

the ground plane effects which helps in improving the

isolation among antenna elements. The simulated and mea-

sured curves of coupling among different antenna ports are

shown in Fig. 6(a) and Fig. 6(b) respectively. The results of

maximum antenna pairs are considered that help in achieving

excellent diversity and multiplexing performance. The mea-

surements of the S-parameters were done with an Agilent

Network Analyzer PNA-L series. The antenna efficiency and

radiation patterns were measured using a microwave shielded

far-field anechoic chamber.

The envelope correlation coefficient (ECC) and ergodic

channel capacity are determined using the measured pat-

terns and results. As all antenna elements are identical

and the measured and simulations results shows good

agreement. The small deviations may be attributed to fab-

rication and measurement inaccuracies. The measurement

set up of the proposed antenna is shown in Fig. 7. The

Fig. 8(a) and Fig. 8(b) represents the variation of simu-

lated and measured values of antenna gain with frequency

for different antenna elements.It can be seen that the

value of gain is greater than 5.3 dBi for all antenna

elements.

In Fig. 9(a) simulated values of antenna efficiencies are

shown for Ant 1 to Ant 8 as well as Ant 17 and Ant 18.
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FIGURE 5. (a) Simulated values of mutual coupling among different antenna element

pairs, (b) Measured values of mutual coupling among different antenna element pairs.

Fig. 9(b) shows the measured values of total efficiencies for

Ant 1 to Ant 8 as well as Ant 17 and Ant 18.

Fig. 10(a) shows the simulated antenna efficiencies for Ant

9 to Ant 16. Fig. 10(b) shows the measured antenna effi-

ciency for Ant 9 to Ant 16. It is observed that the simulated

and measured efficiencies of all elements are greater than

87% over the complete band of operation. The measured

values of radiation efficiency are within the limits required

for mobile communication [24].

B. DIVERSITY AND MULTIPLEXING PARAMETERS

The important parameters of MIMO antennas such as ECC

and ergodic channel capacity are evaluated in this section.

ECC gives the value of correlation between radiation pat-

terns of two radiators in any MIMO antenna system. ECC

is considered as the most significant parameter for calcu-

lation of diversity gain of MIMO antennas. ECC values

below 0.5 shows good diversity performance for 5G MIMO

FIGURE 6. (a) Simulated values of mutual coupling among different antenna element

pairs, (b) Measured values of mutual coupling among different antenna element pairs.

FIGURE 7. Measurement set up of the proposed antenna in anechoic chamber.

systems [25]. When the value of ECC is greater than 0.5

then the correlation among antenna elements and channel

paths is high and hence the performance of MIMO antenna
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FIGURE 8. (a) Variation of simulated values of antenna gain with frequency for

different antenna elements, (b) Variation of measured values of antenna gain with

frequency for different antenna elements.

deteriorates. The reason is that MIMO systems work best

when independence between the received signals is achieved

in order to offer excellent diversity and sovereign channels

in spatial multiplexing. ECC among Ant i and Ant j(ρij)

is calculated using far field radiation patterns by following

expressions [25] as:

Here XPR is the cross polarization ratio of vertical and

horizontal polarized components, Eθ i, Eθ j, Eφ i,Eφj are the

far-field components of antenna elements, where θ and φ

in the subscript denotes the vertical and horizontal polariza-

tions. Pθ and Pφ represents are angular power spectrum of

the propagation environment which satisfies the following

conditions:

2π
∫

0

π
∫

0

Pθ . sin (θ)dθdφ = 1 (2)

2π
∫

0

π
∫

0

Pφ . sin (θ)dθdφ = 1 (3)

Therefore ECC is calculated using the three dimension-

ally distributed complex electric field values considering the

assumption that the propagation channel is uniform and the

incident isotropic field is distributed in theta-polarized and

FIGURE 9. (a) Simulated antenna efficiency values for Ant 1 to Ant 8 as well as Ant

17 to Ant 18, (b) Measured antenna efficiency values for Ant 1 to Ant 8 as well as Ant

17 and Ant 18.

phi-polarized directions [26]. Fig. 12 shows the calculated

ECC among different antenna elements calculated using radi-

ation patterns. Both simulated and measured values of ECC

are found to be less than 0.01 over both LTE band 42 and

LTE band 43. The measured value of ECC for proposed

design is extremely less than the mandatory value of 0.5 for

5G MIMO array.

The instantaneous channel capacity assuming M × M

MIMO channel H, without any channel knowledge at the

transmitter side is given by [24].

C = log2

(

Im +
ρT

M
HHH

)

(4)

where C denotes channel capacity, Im denotes identity matrix,

ρT is Signal to Noise ratio which is given by ρT =
PT
σ 2
N

. PT

denotes power transmitted and σ 2
N denotes the noise power at

receiver side. In antenna design, independent and identically

distributed (i.i.d.) Rayleigh fading channel Hw is considered

as reference propagation environment. The values of Hw are

zero mean circular symmetric complex Gaussian random

variables. If the case of receiving antenna is considered, the

MIMO channel is given as:

H = R1/2Hw (5)
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TABLE 1. Comparison of performance of different 5G antenna arrays.

FIGURE 10. (a) Simulated values of antenna efficiency for Ant 9 to Ant 16, (b)

Measured values of antenna efficiency for Ant 9 to Ant 16.

R is received correlation matrix that describes the effi-

ciency, efficiency imbalance and correlation among receiv-

ing antennas. MIMO performance is usually described by

ergodic channel capacity [27] which is basically obtained

from a large number of Monte Carlo realizations of channel

matrix H and is given by following expression:

C = E
(

log2

(

Im +
ρT

M
HHH

))

(6)

Ergodic channel capacity [27] is calculated with MATLAB

using Kronecker channel model by averaging 100,000 i.i.d.

Rayleigh fading channel realizations in Fig. 12. It is assumed

that transmitter has no channel state information and 20 dB

SNR is considered at receiver. The ergodic channel capacity

of the proposed MIMO antenna system fluctuates between

77.1 bps/Hz and 81 bps/Hz. The peak realizable channel

capacity of (81 bps/Hz) is 78.3% of the upper theoretical

limit of an 18 × 18 MIMO system which is (103.5 bps/Hz)

and is 704.34% of the maximum bounds for a typical 2 × 2

MIMO system (11.5 bps/Hz), thus excellent multiplexing

competency can be achieved.

C. DETAILED COMPARISON WITH DIFFERENT 5G

HANDSET MIMO ARRAYS

Table 1 shows a detailed comparison of the proposed work

and other published ones. Most recent publications have been

added in the comparison table so as to highlight the advan-

tages of our proposed antenna over others. The advantage of

the proposed antenna is that it has isolation levels better than

20 dB, ECC (<0.01), total efficiency higher than 87% and

peak channel capacity of 81 bps/Hz. The proposed antenna

shows improvement in almost all parameters used to evalu-

ate MIMO performance. The proposed 18 element antenna

array has the advantage of superior performance and hence

can be considered for future 5G smartphones applications.

D. USER’S HAND GRIP IMPACT

The effect of human hand grip effect is analysed in this sec-

tion. A hand held smartphone is considered in two different

situations [2] specifically Single Hand Mode (SHM) and

Double Hand mode (DHM). Two representations of hand

held smartphone in SHM and DHM are given in Fig. 14.

The impact of the human head is not analysed as massive

MIMO system for sub-6 GHz band is mainly used for data

transmission as compared to talk mode.

For SHM, Ant 1 to Ant 4 as well as Ant 9 to Ant 11

are in contact to the fingers and hence this mode effects

the reflection coefficient to a large extent. The reflection

coefficient variations with frequency for SHM is shown in

Fig. 15.

Minor variation in the reflection coefficients of other

antenna elements is observed. In Fig. 16 coupling among

the different antenna ports in SHM is shown. It can be

observed that the isolation among the antenna elements are

higher than 20 dB across the whole operating bandwidth.

In addition, the peak ergodic channel capacity of the

proposed MIMO antenna system with SHM and DHM are
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FIGURE 11. Simulated and Measured radiation patterns at 3.6 GHz of (a) Ant 1 (b), Ant 3, (c) Ant 7, (d) Ant 17.

FIGURE 12. Calculated value of ECC for various antenna pairs.

found to be 40.75 bps/Hz and 55.3 bps/Hz respectively and

is shown in Fig. 17. When some of the antenna elements

are blocked by user’s hand the peak channel capacity of the

FIGURE 13. Calculation of ergodic channel capacity from measured values.

proposed antenna is decreased. However, the performance

of the proposed antenna can be considered satisfactory even

under the influence of human hand grip. The proposed
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FIGURE 14. Two different representations of a handheld smartphone (a) Single

Hand Mode (SHM), (b) Dual Hand Mode (DHM).

FIGURE 15. Simulated reflection coefficients in SHM (a) Ant 1 to Ant 8 and Ant 18,

(b) Ant 9 to Ant 17.

MIMO system can be considered as a robust design for

innovative 5G smartphones.

Further, in Fig. 18 the total efficiency of different antenna

elements is shown. The total efficiency for Ant 1 to Ant 4

and Ant 9 to Ant 11 is reduced to below 20% due to hand

effect, as expected. The same behaviour is seen for the DHM

where Ant 9, 16, 17 and 18 are blocked.

In Fig. 19 shows the reflection coefficients of antenna

elements in DHM. It can be seen that Ant 9, Ant 16, Ant 17

and Ant 18 are in direct contact with user hands and hence

have distorted values of reflection coefficients.

Fig. 20 shows the transmission coefficients of differ-

ent antenna pairs. The isolation among different antenna

elements in DHM is found to be greater than 20 dB.

Fig. 21 shows the simulated total efficiency for DHM. Due

to absorption of power by hand tissues the total efficiency for

Ant 9, Ant 16, Ant 17 and Ant 18 are reduced to below 20%.

FIGURE 16. (a), (b) Simulated transmission coefficients in SHM for different antenna

pairs.

FIGURE 17. Calculation of ergodic channel capacity from measured values

considering hand effect.

E. IMPACT OF SMARTPHONE BATTERY

We have investigated the proposed antenna characteris-

tics with a metal block of size 118 mm × 40 mm ×

4mm which can be assumed equivalent to a battery. This

metal block is placed over the front surface of PCB and

is connected to the ground with the help of 16 electri-

cally conducting shorting pins as shown in 22(a). It is

observed that battery will have negligible impact on the radi-

ation performance of the antenna elements. It can be seen
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FIGURE 18. Simulated values of total efficiency in SHM for (a) Ant1 to Ant 8 and Ant 17 to Ant 18, (b) Ant 9 to Ant 16.

FIGURE 19. Simulated reflection coefficients in DHM (a) Ant 1 to Ant 8 and Ant 18, (b) Ant 9 to Ant 17.

FIGURE 20. (a), (b) Simulated transmission coefficients in DHM for different antenna pairs.

from simulated results given in Fig. 22(b) that even after

placing the battery the magnitude of reflection coefficients

is greater than 10 dB for complete operating frequency

range. Fig. 23 shows that there is minor variation in the

total efficiency of antenna elements after placement of

battery.
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FIGURE 21. Simulated values of total efficiency in DHM for (a) Ant1 to Ant 8 and Ant 17 to Ant 18, (b) Ant 9 to Ant 16.

FIGURE 22. (a) Simulation model of the proposed antenna with battery (b) Simulated reflection coefficient values of the proposed antenna design integrated with battery.

FIGURE 23. Simulated values of antenna efficiency of the proposed antenna design

integrated with battery.

IV. CONCLUSION

In this work, an 18 element massive MIMO compatible

antenna system consisting of slot antennas and open ended

decoupling slots is introduced. The proposed MIMO antenna

array has −10 dB bandwidth of more than 900 MHz that

covers both LTE band 42 and LTE band 43. The antenna has

a simple structure without any external decoupling mecha-

nisms that gives the added advantage of ease of fabrication.

The proposed design shows excellent performance with

MIMO parameters like reduced mutual coupling (<20 dB),

acceptable ECC (<0.01)and improved value of total effi-

ciency (>87%). The peak ergodic channel capacity for

proposed 18 × 18 MIMO antenna array (with 20 dB

SNR) can attain a value as high as 704.34% then that of

upper limit of 2 × 2 MIMO array. The proposed design

could be considered as a good candidate in future 5G

smartphones
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