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Abstract: In this study, dual-port dual-frequency tuneable MIMO planar inverted-F antenna (PIFA) is presented for mobile hand-
held device applications. The proposed MIMO antenna consists of two symmetrical PIFAs with the centre-to-centre distance of
43.0 mm (0.19064,). The dual-band tunability is achieved by changing the capacitance (V, and V,) of 4.15pF (0 V)-0.72 pF (15
V). The impedance bandwidth of —6 dB is realised from 0.8 to 0.98 GHz for the lower band and 1.65 to 2.2 GHz for the higher
band. The proposed antenna provides the independent frequency tunability without disturbing the frequency bands. It shows the
good isolation for both the tuneable bands >20 dB without using any coupling element between the antenna structure. It has a
peak realised gain of 3.44 dBi, good efficiency of > 75% and envelope correlation coefficient of 0.007. In addition, the proposed
PIFA performance is analysed with total active reflection coefficient, channel capacity, diversity gain, multiplexing efficiency,
mean effective gain and specific absorption ratio for the tuneable range of frequencies. The good agreement is obtained

between simulation and experimental performances to validate the antenna parameters.

1 Introduction

There is a strong demand to support higher data rate transmission
and better reliability in long-term evolution (LTE) wireless
technology. The multiple-input multiple-output (MIMO)
environment has the ability to fulfil the demand of increasing the
wireless channel capacity and data rate without any additional
power or spectrum [1]. However, one of the major challenges of
employing MIMO systems in real work is the implementation of
multiple antennas on a size-limited mobile terminal. The planar
inverted-F antenna (PIFA) has been widely used as an internal
antenna in the wireless communication system due to its wide band
of operation, simple structure, good radiation patterns and easy
integration with other active devices [2]. In addition, to cover more
LTE bands, the impedance bandwidth of the MIMO antenna
element with frequency reconfiguration has to be considered [3].
The reconfigurable PIFAs have been used in compact mobile
handset devices, personal digital assistants, USB dongles and
laptops to overcome the critical issue of decreasing the channel
capacity, to compensate the mutual coupling takes place between
the radiators [4].

In earlier work, indicated that two PIFAs are oriented above the
ground plane using the air substrate, the inter antenna spacing
should be greater to achieve more than 20 dB isolation [5]. Thus,
designing a high-isolation MIMO antenna in a compact area
remains a greater challenge. One of the most important
requirements for a MIMO system is to reduce the mutual coupling
between the adjacent antenna elements [6]. There are many
practical methods to suppress the coupling in a MIMO antenna
system includes a fractal-based EBG structures [7], defected
ground plane structures gives bandgap filter characteristics which
is one of the best way to reduce the coupling takes place between
the antennas [8], neutralisation technique to enhance the port-to-
port isolation [9], planar soft surfaces used to decrease the coupling
level [10], a compact planar spiral line (PSL) is employed to
achieve isolation enhancement [11], a T-shaped decoupling slot is
inserted in the ground plane for high isolation [12]. As a result,
efficient isolation enhancement techniques are highly required for
integrated MIMO devices.

The MIMO reconfigurable PIFA incorporating cognitive radio
(CR) techniques is effective for spectrum utilisation along with
improving the channel capacity and data reliability. In [13], planar
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meandered reconfigurable F-shaped MIMO was investigated to
cover the wide frequency bands below 1 GHz, which is suitable in
CR-based wireless hand-held devices. Here, The rectangular
defected ground structure (DGS) was used for isolation
enhancement between the antenna elements. The multi-band
reconfigurable MIMO antennas and UWB sensing antenna with
low operating frequency without any additional planar structure for
CR applications were investigated for the different RF spectrum
[14]. It covers the wide frequency sweep over multibands using the
varactor diodes, found to be suitable for tablet PC applications in
the second generation CR platforms [15].

The PIFA exhibits the low SAR and reduces backward radiation
towards the human head. The MDNC substrate is excellent for
antenna miniaturisation [16] as well as reducing the SAR (0.7224
W/kg) to show the desired performance. The dual-element LTE
MIMO antenna provides the guidelines to design the antenna
showing the optimised SAR (2.7 W/kg) performance for LTE
mobile phones [17]. In [18], the integration of PIFA and a
capacitive grating AMC conductor was presented for an SAR
reduction in the penta-band mobile terminals. This conductor can
be able to block the radiation pattern towards the head without
reducing the antenna efficiency. The reconfigurable PIFA with a
parasitic strip line for the hepta-band WWAN and LTE has been
discussed with SAR (1.402 W/kg) distribution. The fundamental
resonance of the antenna can be easily controlled using
reconfiguration technique [19]. The effects of the human hand and
head on the SAR (1.262 W/kg) values and antenna performances
have been investigated using mobile handset of PIFA [20]. The
effect of SAR highly concentrates on hand model than the head
model. A quad-element multi-wideband antenna array was
demonstrated for LTE MIMO mobile terminals [21]. Using the
adaptive concept, the MIMO channel performance can be enhanced
for three kinds of user effects, namely, specific anthropomorphic
mannequin (SAM) head (4.2 W/kg) and personal digital assistants
(PDA) hand (talk mode), PDA hand (data mode), and dual hands
(read mode) for the improvement of MIMO channel capacity with
user effects. The gain and radiation efficiency of MIMO antenna is
improved by loading CRLH antenna with SRR and CSRR [22].
When the inter-element spacing greater than critical distance, the
better impedance matching is achieved which reduces the ECC and
enhances the total efficiency of the antenna [23].
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Fig. 1 Geometry of the proposed MIMO reconfigurable antenna
(@) MIMO PIFA main geometry with zoom view of radiating element, () PIFA
transmission line model, (¢) Tuneable part transmission line model, (d) Fabricated

prototype of proposed PIFA

In this communication, we are reporting the printed MIMO
reconfigurable PIFA employed on the edges of the substrate and
loaded with a varactor diode to operate at dual LTE frequency
bands. This MIMO antenna optimises the isolation characteristics
with a full ground plane. Here, the antenna prototype is designed in
such a way, the spacing between the elements is enough for
isolation enhancement without using decoupling slots in the ground
plane. The patch geometry is divided into two regions: lower band
(LB) and higher band (HB). The varactor diodes are used between
these regions to tune the PIFA operating bands. The LB region
tunes from 0.8 to 0.98 GHz and HB region tunes from 1.65 to 2.2
GHz. It has good isolation (>20dB), low envelope correlation
coefficient (0.007), acceptable channel capacity loss of 0.3
bits/s/Hz and high diversity gain (>9 dB) for MIMO environment.
Further, the SAR analysis of human head and hand model also
studied. The detailed simulation and experimental results for the
proposed MIMO antenna are presented and analysed.

2 Antenna geometry and performance

The configuration of the proposed printed MIMO dual-band
frequency tuneable PIFA for mobile devices is shown in Fig. la
with the zoom view of the radiating element. The PIFAs are
symmetrically arranged and separated by 43 mm (0.19064,)
distance from centre-to-centre, which is less than the distance of
0.54 required for mutual coupling reduction without decoupling
slots added into the ground plane. The radiating elements are
integrated at the top edge corners of the RO4003C substrate (100
X 63 x1.524 mm®) with a relative permittivity of e, =3.55, a
thickness of 1.524 mm and loss tangent (tan §) of 0.0027 and fed by
50 Q coaxial feed for impedance matching. The overall size of the
ground plane is 100 x 63 mm’ for mobile phone applications. The
size of the radiating element is chosen to be 37.5 x 19 mm’ and
calculated with the transmission line model as shown in Figs. 15
and c. To investigate the performance of the proposed MIMO PIFA
structure, the simulation is carried out using Ansys HFSS v18 and
experimentally verified. The fabricated prototype of the proposed
MIMO frequency reconfigurable PIFA is shown in Fig. 1d.
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2.0.1 Antenna design

The radiating element of the proposed antenna is divided into two
arms: main arm and supporting arm. The T-shaped radiator acts as
the main arm and performs dual-band operation. It is shorted to the
ground plane, makes the antenna compact to resonate at quarter
wavelength as well as to reduce the coupling effect with other
elements. The main objective of the proposed work is to design the
PIFA for LTE frequency bands hence the supporting arms are used
with the main arm. The supporting arms (L,,, L;; and L) cover the
desired dual-band frequency, increase the electrical length of the
antenna and makes the antenna reconfigurable. For the proposed
PIFA geometry, the supporting arms L, and L,; along with the
main arm is considered as a LB region. Similarly, the other
supporting arm L,, along with the main arm is considered as a HB
region. To reduce the effect of coupling between the main arm and
supporting arms, a fixed capacitor is integrated into the antenna. To
make the antenna as a frequency tuneable PIFA, the varactor
diodes are used [24]. A 10 k< resistor is used in the LB and HB
regions to bias the varactor diodes at the point P, and P,. The
geometry of the radiating element is shown with the zoom view in
Fig. 1a. When the varactor diodes (Skyworks SMV1232-079LF),
(C =4.15-0.72pF, R=1.5Q, L =0.7nH) [25] are embedded in
the LB and HB regions of PIFA, the electrical length of the antenna
will be increased simultaneously for shifting the resonance to
higher frequencies. As a result, the lower frequency band tuning
and higher band tuning of (0.8-0.98 GHz) and (1.65-2.2 GHz) are
achieved, respectively. These two symmetrically designed PIFAs
employed as diversity antennas operating at the same frequency
bands.

The radiating element of the proposed antenna is designed
based on the transmission line model as shown in Fig. 1o and
evaluated with the equations given in [26]. They are modelled with
the characteristic impedance (Z,) and input impedance (Z;,) is
given below:

1207z

Zy= Yooy
" e[ 5+ 1393 +0.667I0[ 50 4 1.444]} &

where /4 is the height of the substrate and W, is the width of the
section for the proposed geometry. The impedance of the LB and
HB sections is considered as Z, = Z, = Z,,.

_ Z1 + jZstan Bl
Zin = Zo‘ Zy+ jZytan Bl )
and
2r
p== 3

where Z; and f are the load impedance and propagation constant,
respectively. The fl is the electrical length of the transmission line
and it is considered as A/4. The C = 1.5pF and Lg=0.71nH are
used as a fixed capacitor to avoid the coupling between the sections
and a fixed inductor to capture the inductive effect (Xs) of the
shorting pin in the transmission line model, respectively. The
inductive effect (Xy) is written as follows:

h
XS=XP=’70‘U[ 4c ’

22C | Zadye, @
where £ is the Euler's constant, d is the diameter of feeding probe
and shorting pin, ¢ is the speed of light and 7, is the free space
intrinsic impedance. We can assume that the inductive effect of the
feed pin (Xp) is same as the inductive effect of the shorting pin
(Xs)

Fig. 1c shows the equivalent circuit model for PIFA with series
tuning capacitor C,. It can be used to demonstrate the mechanism
of tuneable frequency for the designed PIFA. Here, Z;, and Z;, are
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Table 1

Extracted values of transmission line for the proposed MIMO reconfigurable PIFA

Parameters Sections
Ll] L12 Ll3 LZI LZZ
impedance, Q Z, =472 Z, =3593 Z, =32.15 Z, =33.93 Z,=15.12
electrical length, deg. 15.9 30.6 29 28.5 321
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Fig. 2 Simulated S-parameters and isolation parameters of the proposed MIMO reconfigurable PIFA for different capacitance of varactor diode
(a) S-parameters (S}, = Sy,) for LB tuning, (b) Isolation parameters (S, = S,,) for LB tuning, (c) S-parameters (S}, = S,;) for HB tuning, (d) Isolation parameters (S, = S,,) for HB

tuning

the input impedances of the short-circuited transmission line
model. For this PIFA, the Zi, assumes to be zero for short-circuit

open-end and Z{, can be written as follows:

L, 1 Z,
Zn= 500, T Fan(pLy) ®)
and
L1

Zy = 7ZItan(/3Lil> (6)

by equating (5) and (6)

ZwC,tan(BL

L= Lian1[ 22 an(PL.,) (7)

p tan(fL,,) + Z,wC,

where L, and L,, represent the new length and physical length of
the transmission line, respectively. With the help of series tuning
capacitor C,, the centre frequency (f) can be calculated as follows:

fe= \/fmaxfmin

Here f,, is the maximum resonant frequency and f,, is the
minimum resonant frequency. It is obtained with variable
capacitance values of C,, and C,;, for different Z, values. The
Z, = Z, assumption is used to simplify the analysis. Finally, with
the use of centre frequency, the impedances, the length, and width

®)
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of each quarter wavelength sections realised in the microstrip
configuration are extracted and listed in Table 1. Also, from (1) to
(8), we will be able to evaluate the tuning range of the proposed
PIFA.

2.0.2 Simulation results

Based on the extracted values from the transmission line model, the
proposed reconfigurable PIFA is designed and placed in the MIMO
configuration with centre-to-centre distance of 43 mm. Fig. 2
shows the simulated S-parameters (S;; =S,) and isolation
parameters (S;, = S,) of the proposed MIMO reconfigurable
antenna for LB and HB frequency tunabilities. The variable
capacitance value of the varactor diode decreases, the resonant
frequency shifted towards higher frequency. Figs. 2a and b show
the S-parameters and isolation parameters for LB frequency tuning.
It is observed that by varying the capacitance of varactor diode (V)
from 4.15 to 0.72 pF and V, kept constant at lower value of 0.86 pF.
As a result, the centre frequency of LB tunes from 0.8 to 0.98 GHz
(22%). Similarly, when the varactor diode (V,) is tuned by varying
the capacitance from 4.15 to 0.72 pF and V, kept constant at higher
value of 4.15 pF. The centre frequency of higher band is tuned from
1.65 to 2.2 GHz (30%). It is noted that the S-parameters (S, = S»,)
and isolation parameters (S}, = S,,) results for both ports 1 and 2 in
MIMO configuration are similar in nature. Hence, S,, and S, are
overlapped, similarly the S, and S,, are also overlapped. The —6
dB impedance bandwidth is realised for both LB and HB tunings.
Also, the isolation parameters are well below 20 dB as expected for
mutual coupling between both the ports. It is concluded that both
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the bands are shifted towards higher frequency with decreasing the
capacitance of a varactor diode.

Figs. 3a and b show the analysis of surface current distribution
between port 1 and port 2 for isolation in the MIMO PIFA
configuration at LB and HB frequencies. When port 1 is excited
and port 2 is terminated in 50 Q and vice versa, it is noticed that
there is no current in the other port of PIFA. Hence, it indicates that
the isolation between both the ports is well suited for the MIMO
configuration. In addition, these figures also indicate the current
distribution at LB (0.9GHz) and HB (1.7GHz), for the
reconfigurable MIMO PIFA. It is observed that at lower frequency
(0.9 GHz), the current is distributed in the LB tuning section. At
the same time, no current is realised in the HB section. Similarly, at
higher frequency (1.7 GHz), the current is distributed in the HB
section and some amount of current is penetrated in LB tuning
section, as shown in Fig. 3a. This is due to the higher resonance of
the LB PIFA section coincides with the lower resonance of the HB
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Fig. 3 Surface current distribution of the proposed MIMO reconfigurable
PIFA
(a) Port 1 is excited for 0.9 and 1.7 GHz, (b) Port 2 is excited for 0.9 and 1.7 GHz

PIFA |

PIFA 2

Fig. 4 3D radiation pattern of the proposed MIMO reconfigurable PIFA

PIFA section. The same results are obtained when port 2 is excited
at 0.9 and 1.7 GHz because of the symmetrical structure of PIFA as
shown in Fig. 3b.

Figs. 4a and b shows the simulated 3D radiation pattern of the
proposed MIMO reconfigurable PIFA antenna at lower tuneable
frequencies of (0.8 and 0.98 GHz) and higher tuneable frequencies
of (1.65 and 2.2 GHz). It can be seen that the gain of the proposed
PIFA at all the frequencies within the bands are more than 2.5 dBi.
The 3D patterns are omnidirectional towards the lower tuneable
frequency band and becomes nearly omnidirectional with multiple
lobes towards the higher tuneable frequency band.

3 Experimental verification

The proposed MIMO reconfigurable PIFA is milled on the copper
side of RO4003C substrate using LPKF-42 Protomat milling
machine. The photographs of fabricated antenna are shown in Fig.
1d. The antenna is measured using Anritsu vector network analyser
(VNA) for an impedance matching. The radiation patterns were
measured in an anechoic chamber, both available at the antenna
and microwave laboratory (AML) at VIT University. The measured
values of the S-parameters (S, = Sy») and isolation parameters
(S), = S,) are plotted in Figs. 5a—d for port 1 and port 2 in the
MIMO reconfigurable PIFA configuration at LB and HB
frequencies. It is observed that increasing the bias voltage of
varactor diode from 0 to 15V, the resonance frequencies shifted
towards the higher frequency for both the bands. For tuning the
LB, the bias voltage of varactor diode (V) varies from 0 to 15V
and V, kept at any constant value between 0 and 15V, and vice
versa. As a result, the resonant frequency of the LB section tuned
from 0.8 to 0.98 GHz (22%) and HB section tuned from 1.65 to
2.2GHz (30%) for the impedance bandwidth of —6dB. These
results exhibit reasonable agreement, although there is a frequency
shift that can be attributed to reflection from SMA connector and
some uncertainty in the electrical properties of the substrate. The
bandwidths achieved meet the requirements of 0.8—0.980 and 1.65—
2.2 GHz for mobile hand-held device applications. The isolation
between the two antennas is better than 30 and 35 dB for the lower
and higher frequency bands, respectively.

Figs. 6a and b show the measured normalised radiation patterns
of the proposed PIFA for LB and HB frequencies, respectively. The
Ey and E, patterns are taken to predict the behaviour in XZ (Co-
pol. and X-pol.)-plane and YZ (Co-pol. and X-pol.)-plane. During
the measurement, only port 1 of PIFA is excited while port 2 of
PIFA is terminated with a 50 Q load. It is observed that the patterns
are omnidirectional in tuning band for both LB and HB tuning
frequencies. It can be concluded that the performance of the PIFA

Max 0.5

(a) Port 1@ PIFA 1 at: lower tuneable band 0.8 and 0.98 GHz, higher tuneable band 1.65 and 2.2 GHz, (b) Port 2@ PIFA 2 at: lower tuneable band 0.8 and 0.98 GHz, higher tuneable

band 1.65 and 2.2 GHz
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Fig. 5 Measured S-parameters and isolation parameters of the proposed MIMO reconfigurable PIFA for different capacitance of varator diode
(a) S-parameters (S;; = Sy,) for LB tuning, (b) Isolation parameters (S;, = S;) for LB tuning, (¢) ¢ S-parameters (S;; = S»;) for HB tuning, (d) Isolation parameters (S;, = S,;) for

HB tuning

PIFA 1

-= YZ Co-pol.
-+~ XZ Co-pol.

PIFA 2

Fig. 6 Measured radiation pattern of the proposed MIMO reconfigurable PIFA

-o- XZ X-pol.
-+~ YZ X-pol.

(a) Port 1 @ PIFA 1 at: lower tuneable band 0.8 and 0.98 GHz, higher tuneable band 1.65 and 2.2 GHz, (b) Port 2 @ PIFA 2 at: lower tuneable band 0.8 and 0.98 GHz, higher

tuneable band 1.65 and 2.2 GHz

for both reverse and forward bias conditions is well matched for
uniform power levels. In the proposed MIMO reconfigurable PIFA
configuration, the radiators are placed symmetrically, therefore, it
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will provide complementary or diversity patterns when one antenna
port is excited at a time and the other one is matched terminated.
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Fig. 8 ECC of the proposed MIMO reconfigurable antenna
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4 Diversity performance of MIMO reconfigurable
PIFA

The diversity performance of the proposed MIMO reconfigurable
antenna is computed with the parameters such as total active
reflection coefficient (TARC), envelope correlation coefficient
(ECC), mean effective gain (MEG), diversity gain (DG), channel
capacity loss (CCL) and multiplexing efficiency.

The TARC relates the total incident power to the total outgoing
power in an N-port microwave component. The TARC is mainly
used for MIMO antenna systems and array antennas, where the
outgoing power is unwanted reflected power. TARC can be
evaluated for the proposed reconfigurable MIMO system by the
relation [27]

(S Se®) + (| S + Sne[)

TARC = 7 ©)

where 0 is the feed phase difference of each excited signals of
MIMO antenna. The phase difference varies from 0° to 180° with
equal intervals of 30°. The TARC performance of the proposed
MIMO antenna is calculated at two tuneable frequencies for both
the LB (0.86 and 0.97 GHz) and HB (1.65 and 2.2 GHz) are shown
in Figs. 7a—d. The shape of TARC graph has a slight deviation
from the original antenna return loss due to the effect of increased
mutual coupling. The TARC values are found to be in good
agreement with reflection coefficient (S-parameters) parameter of
the antenna S,,/S,.

Next, in the MIMO environment ECC and MEG will give the
deterministic and the channels statistical parameters for multi-
antenna system. The ECC can be evaluated from the correlation
between the radiation patterns of multiple antenna elements. For
analysis of ECC, all incoming multipath fields arrive from a
uniform propagation environment is assumed to be § = /2 and the
cross-polarisation discrimination (XPD) is assumed to be unity
(I' =1). The ECC can be characterised by the following equation
[13]:

7 [* 4,0, )sin 640 dep .
Pe;j = .
j \//Omﬁ’”A”(e’ $)sin0d0dg- \/AZ”A”A/'/(Q, P)sin0dodd

)

where

A =T - Egf0. DES0. )P0, ) + Ei(0, (0. $)Py(0. )
(11)

where Ey 4(0,¢) is the complex electric far-field component
association with the antenna element ‘i’. Py 4(0, ¢) is the power
angular density function of the incoming plane waves in the € and
¢ polarisation. The I is the XPD of the incident multipath field and
it is written in terms of vertical to horizontal time-average power
ratio as follows:

XPD—PV 12
=B, (12)

For the proposed MIMO reconfigurable PIFA, the ECC can be
evaluated as < 0.007 and < 0.003 for LB and HB tuneable
frequencies which is well matching with the measured values of
< 0.054 and < 0.044. The measured ECC is shown in Figs. 8a and
b.

4.1 Mean effective gain

In MIMO environment, the MEG is defined as the ratio of mean
received power (P.) of an antenna to the mean incident power
(Py) of the same antenna along the vertically and horizontally
polarised waves received by an isotropic antenna [5] and expressed
as follows:

MEG; = == (13)

(see (14))

where Gyy(0, ¢) is the gain pattern for the ‘ith’ element. For the
uniform propagation environment XPD=1 and Py = Py = 1/4x, the
MEG of an element is equal to half of its total radiation efficiency
(ely) and can be represented as

_ [ ["XPD - Gyi(0, §) - Po(0. D) + G0, P) - Py(6, ) _
A o 1+ XPD
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MEG; = % (15)
and
) 2 T
du= [ [ 0.0+ Gy0.psinoa0as 16
0 0
For a good diversity performance, the MEG ratio

(]MEG;|/|MEG|) and MEG difference (MEG;| — |[MEG) of the
multiple antennas in the MIMO system should approach unity and
zero, respectively and should lie within +3 dB. It indicates that the
branch signals are as independent as possible from each other, and
the power is delivered almost equally to all the branches. As
expected for the proposed MIMO reconfigurable PIFA, the MEG
values (MEG, and MEG,) are similar at each frequency of interest
at both LB and HB tuning as shown in Table 2. The slight
difference between MEG, and MEG,, considering the fact that the
two antennas are identical, is due to the difference in the gain
patterns at the assumed angle for the incident power. In addition,
this MEG, and MEG, ratio also defines the power imbalance of
two ports. This power imbalance leads to degradation of diversity
gain for the MIMO environment and written as

DG = 101 —p2 - k (17)

The DG can be calculated in dB and & is the MEG ratio. Thus
MEG gain should be required as 1 for good DG [28]. It is noted
that the proposed antenna has diversity gain (DG > 9 dB) for the
entire operating frequency range. The calculated values of DGs are
found to be 9.98 and 10dB for the LB tuning and HB tuning,
respectively. This dual-feed reconfigurable PIFA can therefore be
used as a diversity/MIMO antenna in wireless applications.

Similarly, capacity loss (bits/s/Hz) is another performance
parameter which characterises the quality of a MIMO antenna
system. Channel capacity is the tightest upper bound on the rate of
information that can be reliably transmitted over a communications
channel. This can be defined using the correlation matrix given in
[29], and is calculated by using (18), which is found to be below
0.4 bits/s/Hz

Cioss = — log, det (¥*) (18)

R . .. . .
where W is the receiving antenna correlation matrix and expressed
as follows:

Pii  Pij
Pji - Pjj
pi=1- (|Sii|2 + |Sij 2)’

pR =

)

pij = - (S:fS,j + S;S,]

19
fori=1,2,3,... (19)

In Table 2, the comparison of measured and simulated capacity
loss values of the proposed MIMO antenna. It is observed that the
capacity loss does not exceed 0.3 bits/s/Hz and it is well below the
threshold value 0.4 bits/s/Hz for both the LB tuning and HB tuning
for the proposed MIMO reconfigurable PIFA. In the spatial mode
of operation to achieve the optimum antenna system design,
multiplexing efficiency [21] is evaluated for the proposed MIMO
reconfigurable PIFA. It is noted that for the proposed antenna
design, the simulated multiplexing efficiencies of the LB ranges
from —3 to —7 dB and the HB ranges from —1.5 to —5 dB. All the
measured and simulation of diversity performance for the proposed
MIMO reconfigurable antenna are summarised in Table 2. Table 3
shows the performance of the proposed MIMO PIFA with
previously selected references. It is concluded that the proposed
antenna can be used for modern mobile hand-held devices.

5 SAR performance of the MIMO reconfigurable
PIFA

The SAR is an important criterion to examine the health risks of
electromagnetic absorption in the human body for mobile devices.
It is computed as

2

o
SAR = 7 |E (20)

where p (kg/m®) and ¢ are the body tissue density and conductivity,
respectively. £ (V/m) is the root-mean-square (rms) value of the
electric field strength in the tissue. The SAM phantom model for
head and hand as shown in Figs. 9a and b for the proposed MIMO
reconfigurable PIFA. The PIFA is placed at an angle of = 45°, ata
distance of 15 mm over 1 g of the human tissue mass, which is the
voice position for the mobile device based on the IEEE Std. 1528
[30]. To investigate the effect of hand model, one hand scenario
with an antenna orientation of 0° is chosen. Figs. 10a—d show the
human head and hand model SAR performances for both LB (0.86
and 0.98 GHz) and HB (1.72 and 2.20 GHz) tuneable frequencies.

Here, 24 and 21 dBm taken as an input power of the proposed
model to determine the SAR values [19]. It is observed that the
SAR in the human head and hand models has a maximum value of
0.26627 and 0.5198 W/kg, respectively. It is noticed that the higher
amount of SAR is fundamentally concentrated in the hand at a
lower tuneable frequency and less amount in the higher tuneable
frequency. Table 4 shows the SAR values and E-field distribution
of different frequencies, the distance from the head and one-hand
scenario hand models of the proposed MIMO reconfigurable PIFA.

The SAR and E-field intensity are more for the LB compared to the
HB tuneable frequencies. This may be due to the larger penetration
depth of electromagnetic waves in the lower frequencies. Finally,
the obtained SAR values at all the tuneable frequencies are below
1.6 W/kg for 1 g tissue. For the sake of brevity, we are only
showing two lower and two higher tuneable frequencies.

6 Conclusion

In this paper, a dual-frequency reconfigurable MIMO PIFA has
been presented for LTE band application in hand-held devices.

Table 2 Diversity performance of the proposed MIMO reconfigurable PIFA

Tuning band Loading capacitor, pF Frequency, GHz MEG, dB Diversity Channel capacity Multiplexing
gain, dB loss, bits/s/Hz efficiency, dB
MEG1 MEG2 [MEGI1--MEG2|
4.15 0.80 —6.4523 —6.4685 0.0162 9.8 0.26 -6.9
LB 1.51 0.92 —6.1201 —6.0662 0.0539 9.85 0.23 —4.1
0.86 0.96 —6.4045 —6.3876 0.0170 9.88 0.24 -3.2
0.72 0.98 —6.4183 —6.4540 0.0357 9.88 0.25 -2.8
415 1.65 —6.2633 —6.3134 0.0501 10 0.24 -5.2
HB 1.51 1.93 —6.2274 —6.3698 0.1424 10 0.25 -3.7
0.86 2.10 —6.2821 —6.4622 0.1801 10 0.24 -24
0.72 2.20 —6.0870 —6.0737 0.0133 10 0.25 -1.5
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Table 3 Performance comparison of the proposed MIMO reconfigurable PIFA with some important references

References  MIMO Tuneable Radiating Ground Antenna Switching Isolation, Efficiency, Peak SAR, Substrate
environment  bandwidth/ element size, type element dB % gain, W/kg
bandwidth  size, mm’ mm’ dBi
[3] no 880-960 MHz, 42x13  42x100 reconfigurable MEMS — >50 >1.4 — Rogers
1710-1990 MHz PIFA 4003
[4] yes 704-787 MHz, 5x125 260x200 reconfigurable PIN >20 >51 — — FR-4
791-862 MHz, PIFA diode
2500-2690 MHz
[8] yes 2.27-2.35GHz 5x26 43x43 PIFA — >20 >50 >098 — FR-4
[13] yes 1.17 and 2.42 GHz, 17.7x56.6 65x120 reconfigurable  PIN >12 >52 >1.37 —  Rogers
0.74 and 1.03 GHz PIFA diode 4003C
[14] yes 755-3450 MHz 12x30 65x120 reconfigurable PIN >14 >40 >32 — FR-4
PIFA diode
[15] yes 1.48-4.56 GHz 20x40 150x200 reconfigurable varactor >14 >79 >26 —  Rogers
PIFA diode 3450
[17] yes 0.75-0.96 GHz, 11x13  65x130 PIFA — — — — 27 FR-4
1.7-2.7 GHz
[19] no 875-1013 MHz, 10x34 50x100 reconfigurable PIN — >46 >-0.89 1402 FR-4
1700-2725 MHz PIFA diode
[20] no 880-960 MHz, 20x40 40x100 PIFA — — >50 >2.82 1.262 FR-4
1710-1880 MHz
[21] yes 0.75-0.96 GHz, 12x26  65x130 reconfigurable MEMS >10 — — 4.2 FR-4
1.7-2.7 GHz PIFA switch
[26] no 0.7-1.1 GHz, 18x36  63x100 reconfigurable varactor >20 >60 — — Rogers
1.7-2.3GHz PIFA diode 4003C
proposed yes 0.8-0.98 GHz, 19%x37.5 63x100 reconfigurable varactor >20 >80 >3.44 0.279 Rogers
work 1.65-2.22 GHz PIFA diode 4003C
/
a b B tva
Fig. 9 HFSS model employed to study the user proximity effect on the ! ::EEE . E%EE;
performance of the MIMO reconfigurable PIFA at voice position 2 TioRe g Tdope
Using the varactor diodes, the antenna elements tune their " :EEE ;32:23;
operating frequency between 0.8—9.98 and 1.65-2.2 GHZ bands. H 1'\::3:: -_ TBEEE
The proposed MIMO antenna consists of two symmetrical PIFAs s osarz-an 13083 01
with the centre-to-centre distance of 43mm (0.19064,) has I i . ey
isolation greater than 20 dB for all the tuenable frequencies. The iy i

diversity performance was evaluated by ECC, TARC, MEG, DG,
CCL and multiplexing efficiency. Furthermore, the SAR
distribution in a human head and hand models was investigated and
found to be within acceptable SAR limit of 1.6 W/kg. Therefore,
the proposed antenna is suitable to integrate multiple antennas into
a limited space platform for mobile hand-held devices.
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Fig. 10 SAR performance on antenna with head model @ 15mm and
hand model

(a) 0.86 GHz (LB tuning), (b) 0.98 GHz (LB tuning), (¢) 1.72 GHz (HB tuning), (d)
2.2 GHz (HB tuning)

IET Microw. Antennas Propag., 2020, Vol. 14 Iss. 5, pp. 419-427
© The Institution of Engineering and Technology 2020



Table 4 Comparison of SAR and E-field for the proposed
MIMO reconfigurable PIFA

Tuning Tuneable Distance, SAR (1 W/kg) E-field, V/m

Model band frequency, mm
GHz
0.86 5 0.3539 54.688
0.98 0.3763 75.397
head LB 0.86 10 0.2361 52.553
model 0.98 0.2983 79.187
0.86 15 0.2217 10.119
0.98 0.2662 87.728
1.72 5 0.2275 23.391
2.22 0.1403 27.040
head HB 1.72 10 0.0704 1.8079
model 2.22 0.1167 32.682
1.72 15 0.0508 3.1834
2.22 0.1035 25.699
LB 0.86 — 0.4021 8.1467
0.98 — 0.5198 10.872
hand
model
HB 1.72 — 0.2607 8.6443
2.22 — 0.2794 13.984
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