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ABSTRACT In this paper, a two efficient Planar Inverted-F Antenna (PIFA) system for dual-band function-
ality on fourth-generation (4G) band (2.5-2.7 GHz) and future fifth-generation (5G) band (3.4-3.8 GHz) is
presented. During the optimization process, in order to obtain an efficient system, particular attention has
been paid to the antenna system efficiency as well as the isolation between the antennas. Thus, the influence
of the antenna slot design used to achieve a dual-band behavior on the antenna efficiency has been particularly
studied. Moreover, the antenna positions on the Printed Circuit Board (PCB) have been chosen thanks to the
use of characteristic mode analysis to obtain high isolation levels in both bands. The final system is optimized
for Multiple Input Multiple Output Half Duplex (MIMO HD) 4G communications and Tx/Rx Full-Duplex
(FD) 5G communications. A prototype with 140 mm × 70 mm ground plane was simulated, fabricated and
measured. A high isolation level between the two ports of the PIFA elements, better than 35 dB in 5G band
and 20 dB in 4G band in simulation and measurement that were done in free space, is obtained. Additionally,
the most important diversity metrics are computed to evaluate the potential of this two-antenna system for
diversity applications.

INDEX TERMS Full-duplex (FD), half duplex (HD), isolation, multiple input multiple output (MIMO),
planar inverted-F antenna (PIFA), multi-band antenna system.

I. INTRODUCTION
Multimode mobile terminals are always occupying massive
interests in global wireless communication researches as for
each time a new generation arrives [1]. This is due to the rapid
development of the radio access technologies, where thewire-
less communication networks are exploiting heterogeneous
networks accessing 2 or more functioning modes simultane-
ously, e.g. Wi-Fi and GSM, or complementary, e.g. fourth
and fifth generations ofmobile communications (4G and 5G).
As a result, the study of multiband antenna systems became a
must for present and future mobile terminals, especially con-
cerning Multi-Input-Multi-Output (MIMO) technology [2].
Nowadays, daily speech about the emersion of 5G is exten-
sively increasing. The reason behind this, is the necessity
to increase the capacity of the channel to accommodate as
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much users as possible, quenching the enormous data traffic
increase thirst [3] while the world is moving straightforward
to enable Internet of Things ‘‘IoT’’ [4], and to lower the
communication lag to less than millisecond [3]. And much
more than the previous generations of wireless technology,
5G is intended to dramatically enhance the speed and vol-
ume of data transfer. This will allow users to flip through
high-quality video content on mobile devices, including 4K,
3D, and virtual reality content, and have the same or better
experience as watching cable television. However, the tran-
sition from 4G to 5G will not occur radically, but smoothly.
So, and as the previous development of mobile technology
generations, the idea of multi-mode mobile terminals came
into view again. The need now is antenna systems dedicated
to mobile terminals that may support, the 4G/LTE and the
5G bands at the same time [2]. Several different operating
frequencies for the 5G technology, are under negotiation
including the 28 GHz, 38 GHz, 60 GHz, and even in the
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sub-6 GHz, (3.4-3.8 GHz) [5]–[9]. Thus, different works
have considered the sub-6 GHz band as an important can-
didate for 5G communications [10]–[12]. One of the key
features of 5G is to exploit the Full-Duplex (FD) technol-
ogy [13], [14]. FD radio technology has attracted significant
research attention to introduce a new communication model,
where the same carrier frequency is deployed for concurrent
transmission and reception at the same user equipment or
base station [13]. Theoretically, it is doubling the system
throughput over conventional HD MIMO while requiring no
additional bandwidth [14], [15]. But, in order to have good
performance FD systems need to deal carefully with the self-
interference (SI) issue, i.e., the interference caused by the
transmitting antenna to the receiving one if they are close to
each other. Recent results show that SI can be reduced for
about 100 dB as in [16], and this can be sufficient for realizing
the FD technology. However, this isolation level is reached
by adding the effect of 3 types of SI cancellation solutions
called, analog cancellation technique, digital cancellation
technique, and field cancellation technique [14], [15]. If we
consider antenna systems for MIMO or FD applications,
the field cancellation technique corresponds to the improve-
ment of the isolation between closely spaced antennas. This
can be obtained by the use of different decoupling techniques
such as decoupling networks [17], neutralization lines [18],
quarter wavelength filter [19], introduction of some well-
designed slots into the ground plane in case of mobile ter-
minals [20], and additional local ground plane [21]. Usually,
these solutions lead to improve the isolation level of about
20 dB which is sufficient for HD MIMO applications but
insufficient for FD ones which need a minimum isolation
level of 100 dB as aforementioned. Other solutions could be
the use of metamaterials [22] where its usage may cause radi-
ation efficiency drops [23], or the defected ground structure
(DGS) [24], which is not at all realistic for mobile telephony
where the screen itself can be considered as a metallic plane
that removes the effect of the DGS [25]. Moreover, all these
techniques are considered narrow band which is not the case
in the 5G band. Therefore, exploiting characteristics modes
of the Printed Circuit Board (PCB) by finding the optimal
positions of the 2 antennas to obtain the maximum isolation
has been also used [26]–[29]. This solution is interesting
although the isolation level reached is not sufficient for our
purpose.

In this work, the design of an antenna system for compact
size mobile terminals (MTs), powered for dual-band 4G HD
MIMO and 5G FD capabilities is presented. To achieve the
required isolation (at least of 20 dB) for HD technology and
quite high isolation (at least of 35 dB) for FD technology,
the field type cancellation of SI signals resulting from closely
spaced antennas on the same MT PCB is only used and stud-
ied. This isolation level may be improved by the 2 other types
of SI cancellation techniques (analog and digital) to reach the
minimum isolation level of 100 dB needed for FD systems.
This paper is organized as follow, in section II, a single dual-
band PIFA (Planar Inverted-F Antenna) covering the LTE

band (2.5-2.7 GHz), for 4G communications and the sub
6 GHz band (3.4-3.8 GHz) for 5G communications thanks
to the use of slot is presented. In the same section, the effect
of slot positioning over the antenna element on its efficiency
is investigated, where up to our best knowledge, no previous
studies have addressed this issue. In Section III, the integra-
tion of a second identical antenna on the same small PCB in
order to obtain at the same time a 2×2 HDMIMO for 4G and
Tx/Rx FD for 5G system is described. Particular attentionwas
brought to find the antenna positions allowing to achieve the
best isolation levels, thanks to the use of the characteristic
mode study. This later (based on the Characteristic Modes
Theory) can give rapidly the positions where antennas should
be placed to have high isolation even without using other
isolation enhancing methods. Moreover, a prototype of the
optimized system was fabricated and its overall performance
was measured and compared with simulated results obtained
with ANSYS HFSS software in order to validate our pro-
posed solution. In Section IV, the diversity characterization
of MIMO HD 4G antennas is studied. Section V concludes
the paper.

II. OPTIMIZATION OF THE DUAL-BAND PIFA
When researchers and developers are interested in designing
compact size MTs, small antennas with low and small pro-
file structures are a prerequisite [30]. Monopoles and PIFAs
are excellent candidates for this mission, because of their
great abilities and feasibilities to have good results in all
terms of antenna parameters, matching, and radiation. This
work will focus mainly on PIFA since it is a better solution
to obtain dual-band functionality without effectively losing
other antenna features and characteristics.

For this study, a metallic ground plane having the real
size of a smartphone, 140 mm × 70 mm is chosen. The
starting design was a simple PIFA optimized to operate in
low-frequency band dedicated for the 4G communications
(2.5-2.7 GHz), with 2.6 GHz as resonant frequency. Its size
was calculated from [30] using the equation:

LPIFA +WPIFA +HPIFA −W short = λ/4 (1)

where LPIFA is the PIFA length,WPIFA is its width,HPIFA is the
height and Wshort is the width of the shorting pin. The PIFA
is positioned at 4 mm × 3 mm from the upper corner of the
ground plane and its height was set to 7.7 mm. This height
is suitable for nowadays MTs as shown in [31]–[35] where
their thickness is higher than 8 mm. After optimization, the
antenna dimensions were found to be LPIFA = 21 mm, and
WPIFA = 11 mm. The width of the feed and the short pins are
both equal to 1mm. The material used to design our PIFA is
nickel silver (Cu, Ni, Zn) of conductivity 4 × 106 S/m, and
its thickness is 0.3 mm. Figure 1 shows the complete design.

The model is simulated over HFSS, and the result in terms
of the reflection coefficient is shown in Figure 2 where
the two first expected resonance modes of the PIFA are
well observed. The resonance frequencies are 2.6 GHz and
6.22 GHz. Focusing on the desired band (2.5-2.7 GHz),
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FIGURE 1. PIFA antenna with its MT ground plane: (a) whole System and
(b) zoom over PIFA radiating element.

FIGURE 2. Simulated reflection coefficient of the PIFA.

the covered bandwidth of 430 MHz (ranging from 2.37 GHz
to 2.8 GHz) is obtained for a matching criterion of reflection
coefficient less than −10 dB.
The second step consists in achieving the dual-band func-

tionality, to cover the desired higher frequency band allo-
cated for 5G communications (3.4-3.8 GHz). For this aim,
slotting technique over the PIFA plate is applied, in order
to decrease the frequency resonance of its third higher-order
mode (6.22 GHz) [36]–[38]. The width of the slot, its length
and its position over the plate have an important influence in
the shifting process as well as on the antenna efficiency.

FIGURE 3. Current distribution over the PIFA at resonance frequency
of 2.6 GHz.

FIGURE 4. The seven tested configurations for slot openings over short
and long edges of the PIFA.

Moreover, the slot design must not disturb the first mode of
resonance in the low band allocated for 4G communications.
As a result, this PIFA must be carefully slotted in the area
where the current distribution is low (Figure 3), to preserve
the resonance in the low desired band. Different slots with
different sizes have been tested, to reach the high desired
band. After optimization, the slot length and its width were
fixed to 28.3mm mm and 0.7 mm respectively. The slot takes
a ‘‘snake’’ shape in line with the region where the current
distribution is low. The opening position of this slot was also
studied. Seven different configurations as shown in Figure 4,
were tested to show the effect of the slot opening position
over the PIFA plate, on the antenna reflection coefficient and
its radiation efficiency (ηrad ).

To realize this study, the opening of the slot was swept
on both, the short and the long edge of the PIFA, while
conserving the overall size and the initial geometry of the
slot and without any further modifications. Three positions
were chosen for opening the slot on the short edge of the
PIFA (Figures 4a to 4c). Figures 4d to 4g show the four slot
opening positions along the long edge. Figure 5 compares
first the simulated reflection coefficients obtained for these
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FIGURE 5. Simulated reflection coefficients for different configurations
slot openings along the long edge of the PIFA.

FIGURE 6. Simulated reflection coefficients for different configurations
slot openings along the short edge of the PIFA.

different slots opening positions over the long edge. It is
noticed that the higher bandwidth changes drastically as well
as the resonant frequency in this band. However, the antenna
is always matched even if it is not always in the desired
band except for a specific slot opening position (case (d)).
Moreover, for the lower band, the resonant frequency shifts
slightly while sweeping without having a significant effect on
the level of matching nor on the desired bandwidth.

The results concerning the slot opening positions over the
short edge are presented in Figure 6. In the three cases, the
low-frequency band shifts and is always out of the desired
one. Moreover, for the higher one, although resonance always
exists for all configurations, its level in terms of matching
changes drastically.

The bandwidth becomes narrower and narrower in line
with the slot opening position. We can observe the particular
shape of the bandwidth corresponding to the slot resonance,
which is placed in the high desired band, for all slot posi-
tions. Indeed, for all cases, a sharp and rapid decrease in

FIGURE 7. Simulated radiation efficiency (ηrad) for different
configurations slot openings along the long edge of the PIFA.

FIGURE 8. Simulated radiation efficiency (ηrad) for different
configurations slot openings along the short edge of the PIFA.

the reflection coefficient curves is seen. This issue leads
us to study carefully the evolution of the antenna radiation
efficiency at these specific frequencies versus the slot open-
ings over both long and short edges (Figures 7 and 8). For
the sweeping over the long edge, the results represented by
Figure 7 show that for the low band, the behavior of the
antenna radiation efficiency (cases (d) to (g)), is the same all
over the band. However, it is observed that it exists a deep
decrease between the high and low desired bands depending
on the slot opening configuration. Indeed, for the worst-case
(g), a difference of 17% is obtained between the lower and
upper limits of the band (79% at 3.4 GHz instead of 96% at
3.8 GHz) respectively.

The study of ηrad of the short edge slot sweeping shown
in Figure 8, reveals that the deep gap between the 2 bands
slides significantly with the slot opening, sweeping towards
the high band with a significant increase in its level. It is
observed, that the ηrad curves case (b) and case (c) corre-
sponding to configurations (b) and (c) of Figure 5 respectively
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FIGURE 9. Slotted PIFA with parasitic element for dual-band
functionality: (a) 3D view and (b) top view.

are totally included in the high desired band. As a conclusion,
the slot opening position over the PIFA plate must be chosen
very carefully, in order to maximize the dual-band PIFA ηrad .
This choice may disturb the first resonance mode even when
choosing the slotting over the low current distribution area of
the PIFA. Therefore, the slotting technique must be carefully
applied taking into account all parameters that may affect
the results in terms of matching and efficiency and has to be
studied more in details to define future designing rules.

Regarding the previous results, and after optimization, con-
cerning the size and shape of the slot, configuration (d) of
Figure 4 is chosen to proceed. However, the use of the
slot creates only narrow bandwidth insufficient to cover the
whole desired high band. Moreover, a slight shift in the low-
frequency band is noticed, leading to resizing and reposition-
ing the PIFA to 3 mm × 3 mm from the upper right corner
instead of 4 mm× 3mm as previously announced. Therefore,
to enlarge the desired higher band, a second technique also
used to create multi-band antennas is applied. It consists of
adding a quarter wavelength parasitic element to create a
new resonance [39]. Nevertheless, the choice of its size and
position close to the driven element must also be carefully
studied in order to remove efficiency drops which may occur
with this kind of solutions [40]. After optimization done by
simulation, the suitable size and position of this parasitic
element to cover the whole 5G band was found (Figure 9).
The new antenna dimensions are LPIFA = 19.5 mm,
WPIFA = 10 mm, while the size of the parasitic element is
7 mm × 1.3 mm and its height is still 7.7 mm. The total size
of the slot was also further optimized to be 27.8 mm and its
width equal to 0.7 mm.

FIGURE 10. Comparison of the simulated reflection coefficients of the
initial PIFA without slot and the dual-band slotted PIFA with and without
parasitic element.

FIGURE 11. Simulated total efficiency (ηtot) of the single PIFA, PIFA with
slot and PIFA with slot and parasitic element.

The simulated reflection coefficient is shown in Figure 10.
It is seen that the dual-band functionality is now well
obtained. The two desired bands are well covered by this
configuration with parasitic element in contrary to the other
two starting configurations: initial PIFA design with no slot
(Figure 1) and dual-band PIFA without parasitic element
(Figure 4d). The 4G band covered with the first mode of the
PIFA, goes from 2.5 to 2.7 GHz at −10 dB. The 5G one
starting at 3.34 GHz to 4.5 GHz at the same (−10 dB) level,
is obtained by the coupling of the third mode of the PIFA and
the resonance frequency of the parasitic element. Thus, for
the upper band, a very wide bandwidth greater than 1 GHz
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FIGURE 12. 3D radiation patterns of the slotted PIFA with parasitic
element: (a) 2.6GHz and (b) 3.6GHz.

is achieved thanks to the coupling of the two resonances
obtained by the uses of slot and added parasitic element.

Figure 11 shows the simulated total efficiency (ηtot ) of the
initial PIFA configuration in addition to slotted PIFA with
and without parasitic element antenna systems. The ηtot in
the 4G band ranges between 85% and up to than 99% for the
initial PIFA configuration and between 85% and up to more
than 90% for the other two configurations. For the dual-band
PIFA, the ηtot obtained in the high band is between 70% and
90% without parasitic element because the 5G band is partly
covered, while it is noticed that the ηtot is always over 90% in
thewhole 5G band for the structurewith the parasitic element.

Figures 12a and 12b show the simulated 3D radiation
patterns of the suggested dual-band PIFA antenna at 2.6 GHz
and 3.6 GHz respectively. The main radiating direction is in
the YOZ-plane at an angle of around 45◦ for both frequencies.
The total gain is found to be 5.4 dBi at 2.6 GHz and 5.2 dBi
at 3.6 GHz.

III. OPTIMIZATION OF THE DUAL
BAND-ANTENNA SYSTEM
As aforementioned in the Introduction, adding a second
antenna element on the same PCB is the next target. The
radiating element chosen is another slotted PIFA having all
the same dimensions as the initial one. In order to maximize
ηrad of the antenna system, a study to obtain the best isolation
level between the two radiating elements was performed by
investigating different antenna positions on the PCB. In this

FIGURE 13. Current distribution over slotted-PIFA antenna system with
parasitic element: (a) at 2.6 GHz and (b) at 3.6 GHz.

FIGURE 14. The 3 different configurations of antennas positions over
ground plane: (a) major axis symmetry, (b) minor axis symmetry, and
(c) center of symmetry.

methodology, we are dealing with field interference cancel-
lation only without taking into account the other cancellation
techniques. Before adding the second dual-band PIFA on
the same ground plane, the current distribution vectors of
the single dual-band PIFA with parasitic element has been
studied (Figure 13).

The plot at 2.6 GHz shows that the main radiating parts
at this frequency are the PIFA plate and a part of the mobile
chassis due to high current distribution presents in this area.
At 3.6 GHz, the main radiating parts are this time the slot
and the parasitic element. Then, the second antenna (ANT-2)
positioned on the other corner symmetrical to the first one
(ANT-1) with respect to the major axis of the PCB (Case (a))
is introduced (Figure 14a). Moreover, two other positions are
also studied for the ANT-2: on the fourth corner symmetric
with respect to the minor axis of the PCB (Case (b)) as shown
in Figure 14b, and on the opposite corner where themaximum
distance of separation between the 2 PIFAs is obtained i.e.
symmetric with respect to the center of the PCB (Case (c)) as
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FIGURE 15. Simulated S-Parameters of the 3 different configurations.

in Figure 14c. The simulation of the Scattering (S) parameters
of these 3 different cases are represented in Figure 15. Due
to structures symmetry in the three cases, S11 and S22 are
coinciding as well as S12 and S21 and that is why S22 and
S21 are not represented. For Case (a), it is noticed that the
low band is still matched as well as the high band at a level
minor to−10 dB, whereas the isolation levels differ between
the low band and high band. For the low desired band, it has
a minimum of 17 dB and a maximum of 18 dB less than the
20 dB expected for this band to perform 4G MIMO commu-
nications. In the high band, the isolation magnitude ranges
between 27.5 dB and 28.3 dB. For Case (b), the simulation
results show that the 2 bands are still matched as in the
previous configuration, but the isolation levels are worse in
the two bands. Indeed, in the low band, the isolation level
is now ranging between 15 dB and 17 dB maximum for the
whole desired band, whereas it is ranging between 16 dB and
17 dB for the high band. Now for Case (c), the results show
that the low and high bands are also still matched at −10 dB.
The isolation levels are much better compared to the first two
cases. For the low band, it has a minimum of 26 dB and a
maximum of 39.7 dB level of isolation. This means that this
position is suitable for 2 × 2 HD MIMO 4G communica-
tions. Concerning the high band, the isolation ranges between
25 dB minimum and 37 dB maximum. Table 1 summarizes
the differences between the 3 configurations: (i) major axis
symmetry (Case (a)), (ii) minor axis symmetry (Case (b))
and (iii) center of symmetry (Case (c)), in the low and high
bands. As a result, and especially when comparing the first
and the second cases, it is clear that high isolation level, does
not depend surely on the distance between PIFA elements
over ground plane.

To justify this latter observation, a new study was done on
several other antenna positions over the ground plane where

TABLE 1. Matching and isolation levels for the three different antenna
configurations in the low and high bands.

better isolation levels could be obtained, even not for high-
est distance of separation between antenna elements. Thus,
ANT-1 was fixed at the upper left corner while the ANT-2
was firstly fixed as in Case (c). ANT-2 was then moved over
the short and long edges seeking for better isolation level but
no interesting results were found. Then, ANT-2 was fixed as
in Case (a). The same movement procedure was applied by
moving ANT-2 from a point A (57 mm, 3 mm) along –X
direction (distance between the edge of ANT-1 and the edge
of ANT-2 of 44 mm) to a point B (15 mm, 3 mm) which
corresponds to a 2 mm separation between the 2 antennas
(edge to edge). Then, ANT-2 was moved along Y direction
starting with the same point A, towards the third corner F
(70 mm, 140 mm) to reach point E (57 mm, 117 mm) of the
mobile chassis where the antenna remained 3 mm apart from
the corner. This movement procedure led to interesting results
in terms of isolation (Figure 16). We can see that there exist
some points over the mobile chassis where we can have good
isolation level for MIMO HD 4G mobile communications
and, at the same time, a quite high level for the FD 5Gmobile
communications. The best isolation level was found for the
ANT-2 at point D (57 mm, 87 mm) as shown in Figure 17.
We can observe that ANT-1 is positioned at the upper left
corner while the ANT-2, is placed over the long side at a
distance of 77.9 mm (0.935λ) corner to corner, between the
2 PIFAs, where λ is the wavelength corresponding to the
resonant frequency of 3.6 GHz (Figure 17). We can notice
that as it is a non-symmetrical case, S11 and S22 parameters
are not coinciding anymore.

Although we are not used to this form of antenna position
on the edges of mobile chassis, where designers usually select
the corner (top or bottom) to implement it, a change in the
way of thinking is a must when we are seeking for more
complicated communication system like FD system.

Furthermore, the position of the antenna over the PCB
affects its resonant frequencies. Indeed, a shift of the first res-
onant frequency of ANT-2 which resonates now at 2.5 GHz,
is observed (Figure 22). Despite this shift and due to the high
band of coverage at −10 dB, the low band allocated for 4G
communications is still covered by ANT-1. Concerning the
band covered by ANT-2, we can observe that the bandwidth
at −10 dB is narrower due to the shift of the resonance
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FIGURE 16. Isolation level as function of position of ANT-2: (a) along
X-direction (b) along Y-direction.

frequency of the first mode of the PIFA. This loss can be
recovered by resizing ANT-2. The results also show that the
high band allocated for 5G communications is still totally
covered by both antennas, despite a very slight shift in the
resonant frequency.

Concerning the isolation, it is observed a minimum
of 35 dB and up to around 54 dB in the high band where it
is still having a minimum of 20 dB isolation at the same time
suitable for the HD MIMO 4G application in the low band.
These results where unexpected as the distance of separation
between the antenna elements is not the maximum, but they
confirm the previous conclusion that the highest distance of
separation does not surely correspond to better isolation level.

To explain this strong isolation between the 2 antennas at
these positions, we simulated the characteristic modes of the
ground plane [41], [42]. It is proved that for each mobile
chassis there exist several characteristic modes that can be
excited to constitute together with the antenna, a radiating
element [43]. These characteristic modes can be either odd or

FIGURE 17. Top view of antennas location for the best isolation in the
high band.

even which are considered orthogonal modes. The advantage
of these modes is that often when the current distribution
shows a maximum value for a given characteristic mode in
a given position of the mobile chassis, it can also show a
minimum value for another orthogonal mode at the same
position at the same time. This means that we are able to
excite different orthogonal modes independently using appro-
priate antennas that can be implemented at these positions
where the current is maximum for one mode while minimum
for the other mode. Hence, if an antenna excites a given
odd mode at a specific position, while a second antenna
excites another orthogonal mode at another position, then
the isolation level between the two antenna ports can be
easily enhanced. Therefore, in order to improve the isolation
level between two antenna ports, we have to excite two
orthogonal modes independently at two different positions
of the mobile chassis by means of two different antenna
ports. In order to select the two desired orthogonal modes,
we have to check the most significant modes that meet the
following two conditions simultaneously: the characteristic
significance valuemust be close to the 1 and the characteristic
angle value must be close to 180 degrees. The simulation
results of the characteristic significance (Figure 18a) and the
characteristic angle (Figure 18b) show that in the high band,
in addition to the odd modes (1 and 5), the even mode (2)
is also radiating at 3.6 GHz meeting the two aforementioned
conditions.

The observation of the characteristic currents of the odd
mode 1 (Figure 19a) and the even mode 2 (Figure 19b) at
3.6 GHz shows that these 2 orthogonal modes can be excited
by different positions on the ground plane. These positions
correspond to those found for the 2 antennas on the PCB,
which explain the strong isolation obtained.

A prototype of this configuration was fabricated
(Figure 21). The S-parameters were measured with a ZVM
Rohde and Schwarz Vector Network Analyzer [44] and then
compared with the simulation results (Figure 22). The simu-
lations were done in two configurations: with and without a
screen aiming to check the effect of the screen on the designed
antenna system. The modeled screen consists of 3 parts:
metallic back, display screen, and glass. From [45] and [46],
the permittivity of the glass is εglass = 5.5 and the OLED
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FIGURE 18. Characteristic modes of the ground plane (a) Significance.
(b) Angle.

FIGURE 19. Characteristic current on the ground plane at 3.6 GHz (a) of
mode 1 (b) of mode 2.

display screen is εOLED = 3.23. The screen was aligned back
to back with the antenna system, where the metallic back
touches directly the ground plane of the antenna system to
constitute together one metallic plane as shown in Figure 20.
The comparison between the simulated results with and
without the presence of the screen shows a slight shift in
the resonance frequencies while the effect on the isolation

FIGURE 20. Side view of the alignment of the screen with the antenna
ground plane.

FIGURE 21. Fabricated prototype of double dual-band slotted PIFAs with
the best isolation between the 2 elements.

is negligible (Figure 21). The results of Figure 21 show also
a good agreement between the simulated (without screen) and
the measured results. The slight shifts and small differences
occurred in the matching levels between simulation and
measurements are mainly due to fabrication and experimental
tolerances. The impurities of the used metal, as well as the
cable influence [47] and difficulties in measurements, may
also play a role in the differences between the simulation and
measured results.

If we analyze the measurement curves of this prototype,
it is shown that the 2 desired bands are totally covered, and at
the same time, the minimum level of 20 dB suitable for 2× 2
HD MIMO for 4G/LTE communications has been reached.

Indeed, the minimum isolation level measured for this
prototype is 35 dB at the boundaries of the high desired
bandwidth, which is equal to the simulation result, but it
can also reach more than 65 dB in the middle of the band,
as shown in Figure 22. This very good result could certainly
be further improved by the application of analog and digital
cancellation techniques in order to completely fulfill the iso-
lation requirements for FD 5G communications.

Figure 23 represents the 2D simulated and measured radi-
ation patterns in the XOZ and YOZ planes. The measure-
ments were done in the anechoic chamber of LEAT using
a KEYSIGHT PNA-X N5264A measurement machine [48].
It is shown that the measured patterns agree well with the
simulated ones. The slight differences are also caused by
the influence of feeding cables, as well as the fabrication
tolerances and measurement difficulties [47]. The radiation
pattern of each PIFA was also simulated and measured to
verify the pattern diversity of the system. Figures 23a and 23b
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FIGURE 22. Simulated (with and without screen) and measured S
parameters of the dual-band PIFA system.

show respectively the radiation patterns at the low resonant
frequency of 2.6 GHz and at the high frequency of 3.6 GHz,
when alternatively, ANT-1 is excited and ANT-2 is loaded by
50 � and vice versa. It is also noticed from Figure 23 that
when ANT-2 is excited, the radiation patterns are very differ-
ent than when ANT-1 is excited, because of non-symmetric
position and this may be advantageous for diversity feature.
The simulated realized gain when ANT-1 is excited is found
to be 5.4 dBi and 6.5 dBi while the measured ones are 5.6 dBi
and 6 dBi at 2.6 GHz and 3.6 GHz respectively. When ANT-2
is excited the simulated gains are 5.7 dBi and 4.5 dBi whereas
the measured total gains are 4.8 dBi and 3.9 dBi at 2.6 GHz
and 3.6 GHz respectively.

The total efficiency ηtot was then measured in a SATIMO
STARLAB 18 antenna measurement facility [49]. Fig-
ure 24 shows the comparison between the measured and
simulated efficiencies of the two antennas system. We can
observe that the simulated and measured results are in good
agreement. ηtot in the low band ranges between 85% andmore
than 90% when ANT-1 is excited and ANT-2 loaded by 50�
and between 70% and up to more than 90% when ANT-2 is
excited and ANT-1 loaded by 50 �. The ηtot curve of ANT-1
for the two-PIFA system is close to the one obtained with the
dual-band PIFAwith parasitic element of Figure 11, probably
because of the same position over ground plane, as well as the
high isolation level between the two antenna ports as ηtot is
given in terms of ηrad and S parameters as (2).

ηtot = ηrad (1− |S11|2 − |S12|2) (2)

The differences between the ηtot of ANT-1 and ANT-2,
of the two-PIFA antenna system in the low band, are due to
non-symmetric form of the system as observed by comparing
S11 and S22 of Figure 22. In the high band, the ηtot of both
antennas is between 90% and 98% upon the whole band. The
measurement results show an efficiency of up to 88% but no
less than 70 % for both desired bands.

If we compare these results to other similar works, in [38],
to cover the bands of GSM 900 and DCS 1800, the authors

FIGURE 23. Simulated and measured radiation patterns of the two-PIFA
system: (a) 2.6 GHz; (b) 3.6 GHz. When ANTi is excited, ANTj is loaded
by 50 �.

used slotted PIFA techniques to attain dual-band functionality
while the efficiency is not studied. In [39], the authors used in
addition to the slotting PIFA technique, a parasitic element to
cover GSM/PCS and GPS standards. The studied efficiency
shows better values than 60% in all bands. In [50], the authors
use only the slotting PIFA technique to acquire the following
bands: GSM, DCS, PCS, UMTS,WiBro, Bluetooth, SDM-B,
WiMax, and WLAN. The recorded efficiency was better
than 79% in all the covered bands. In [51], the authors suc-
ceeded to acquire a very large bandwidth from 2 GHz and
to 6 GHz suitable for WLAN applications and using ground
plane etching technique, to increase the bandwidth of their
designed PIFA, but unfortunately, the efficiency of the design
is not given. The authors of [52], used printed IFA antenna
solutions to acquire wideband suitable for GSM 1800, GSM
1900, UMTS, LTE 2300, LTE 2500 and WLAN bands.
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FIGURE 24. Total efficiency (ηtot ) of ANT-1 and ANT-2 of the two-PIFA
system.

The studied efficiency was found to be better than 81%
in all the bands. Except [52], none of the previously cited
works, where the authors use the neutralization lines tech-
nique to have an isolation level of more than 15 dB in
the (1.73-2.69 GHz) band, is applied to MIMO commu-
nications in mobile terminals. Whereas in our work, first,
we used slotting PIFA with parasitic element technique to
cover the 4G (2.5-2.7GHz) and 5G (3.4-3.8GHz) bands, and
secondly, we achieved a much wider bandwidth up to more
than 1GHz including the 5G band thanks to the parasitic
element technique. The recorded efficiency is better than
80% in the 2 bands. We have a minimum isolation level
of 20 dB for MIMO HD 4G communications and a minimum
isolation level of 35 dB for Tx/Rx FD 5G communications
by studying and exploiting the characteristic modes of the
PCB. Table 2 summarises the comparison between all the
cited results.

IV. DIVERSITY CHARACTERIZATION OF MIMO HD 4G
ANTENNA SYSTEM PERFORMANCE
First, it should be noted that except the isolation, the perfor-
mancemetrics for 5G FD antenna system are some signal pro-
cesses or propagation models characterization as the average
mobile station downlink experienced rate, the average mobile
station uplink experienced rate, the average mobile station
sum experienced rate [53]. However, it is not our objective
in this work. For 4G, in order to evaluate the diversity perfor-
mance of the two-PIFA system, the envelope correlation (ρe),
as well as the diversity system gain (DSG), have been cal-
culated. The envelope correlation is usually calculated from
the far-field radiation patterns of the antennas, but it has been
demonstrated that for highly efficient antennas, theρe, can be
completely determined from the antennas S-parameters [54],
where the equation to calculate the ρe can be reduced to:

ρe =

∣∣S∗11S12 + S∗12S22∣∣
(1− |S11|2 − |S21|2)(1− |S22|2 − |S12|2)

(3)

FIGURE 25. Simulated and measured Envelope Correlation (ρe).

FIGURE 26. Simulated and measured curves of CDF as function of
received power by ANT-1, ANT-2 and the combination of the 2 branches
at 2.6 GHz.

However, we calculated the envelope correlation by using
the two methods (Figure 25). We can see that in the bands
where the antennas are well-matched (corresponding to those
where the total efficiencies are the highest), the calculated
envelope correlation values with the two methods are very
close confirming the conditions of use given in [54]. That
is why we used the measured S-parameters to calculate the
envelope correlation instead of using the measured far-field
radiation patterns.

Moreover, we can observe that ρe is less than 0.05 in the
low band, that is less than the 0.5 reference value generally
given for good ρe [55]. We notice also that the measured ρe
by (3) also agrees with the simulated one.

For calculating the DSG, it is first necessary to find the
diversity gain (DG) at 2.6 GHz. DG was calculated after
plotting the probability density function curves (CDF) of the
instantaneous signal to noise ratio (γ ) as a function of the
received power (x) by each PIFA branch [56], [57].

Figure 26 shows the branch powers Pb1 and Pb2 received
by ANT-1 and ANT-2 respectively, as well as P, the
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TABLE 2. Comparison between our work and different similar works of antenna designs over mobile terminals.

combination curve of the two branch powers. The DGdB is
calculated at 1% and found to be 10.1 dB. Whereas DSGdB is
calculated from (4):

DSGdB = DGdB + 10log(ηtot) (4)

It is found that DSG for ANT-1 is equal to 9.9 dB whereas
for ANT-2 it is 9.7 dB. The DG was also calculated from
the measurement results and CDF is also plotted in the same
Figure 26. DGdB is found to be 10.1 dB where DSGdB is
9.1 dB for ANT-1 and 9.3dB for ANT-2. The difference in
the level of DSGdB between simulation and measurement is
mainly due to the difference in their corresponding efficiency
levels. However, the diversity performance shows that this
antenna system is suitable for the intended application. All
these results, including the plotted radiation patterns as well
as the ρe and the DSG meet the requirements of MIMO
systems for 4G communications.

V. CONCLUSION
In this work, the design of a dual-band antenna system
for future Tx/Rx FD 5G as well as 2×2 HD MIMO 4G
communications dedicated for mobile terminals of standard
size suitable for nowadays smartphones 140mm × 70mm is
presented. The first goal was to provide the two needed fre-
quency bands i.e. the 4G and the 5G bands. Then, the objec-
tive was to obtain the best isolation level for the 5G band

using field cancellation technique in order to facilitate the
further application of analog and digital cancellation tech-
niques upon fabrication of the whole mobile device. At the
same time, a good isolation level for the 4G band for the
HD application has to be reached, using only the field can-
cellation technique and without any reference to other tech-
niques. The best solution consists of having simultaneously
the 2 conditions of isolation for the HD MIMO 4G and FD
5G communications without any complications and as less
complexity as possible. To achieve this, a characteristic mode
analysis was successfully carried out. The results of the work
presented in this paper show that our design achieved totally
the goal for the HD MIMO of 4G in the low band in terms
of matching and bandwidth, with a minimum isolation level
of 20 dB. Moreover, we achieved also the whole 400 MHz
band coverage as well as a minimum level of 35 dB isolation
between the 2 antenna ports and up to more than 60 dB upon
the high desired band for FDMIMO of the 5G. The efficiency
of our antenna system was also investigated. Indeed, the
influence of slot opening position over the PIFA plate on
the efficiency of the system was studied. It was shown that
the position of the slot is of great importance and has to be
taken into consideration when designing the dual-band PIFA.
A prototype was fabricated and measured. A good agree-
ment between simulated and measured results was obtained
in terms of scattering parameters and total efficiency.
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The diversity andMIMO performance of the system has been
also evaluated for the low band. The results showed that
our solution is suitable for the intended application. As FD
technology over the mobile terminal is of great importance
and interest nowadays, the future work will focus mainly on
increasing the efficiency and reliability of these systems by
trying the use of the MIMO technology for FD MIMO 5G
applications.
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