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Abstract—An antenna array formed by four PIFA elements located very close to each other, with
low inter-element matching for MIMO applications is proposed. The antenna array consists of four
F-inverted wideband radiators, with a fractional bandwidth around 56%, spaced one to each other by
a very short distance (< 0.065\g) at a centre frequency of 2.55 GHz. The operational bandwidth goes
from 1.88 to 3.15 GHz considering the S;; < —10dB at each port. Moreover, the coupling among ports
reaches values below S;; < —10dB and getting values less than —30dB at 1.8 GHz, just by employing
an uncomplicated technique implemented by a neutralization line between elements. The antenna array
gain goes from 2dB to 6 dB over the operating bandwidth. Concerning MIMO figures of merit, the
radiation pattern of each element is orthogonal to each other. The Envelope Correlation Coefficient
is below 0.04 at the designed frequency, reaching a peak around 0.082 at 1.8 GHz, but still achieving
the requirement for MIMO operation (less than 0.5). The Total Active Reflection Coefficient (TARC)
is almost convergent at the design frequency, showing low dependence on random signals at different
elements, and finally, the diversity gain reaches values close to 20 dB, making the array suitable for
MIMO access point applications.

1. INTRODUCTION

Given the fast evolution of communication systems, the demand for higher data rates in a specific channel
with limited bandwidth has increased in recent years. Therefore, many commercial applications with
Multiple Inputs and Multiple Outputs (MIMO) have been developed, which are superior to systems
with a Single Input and a Single Output (SISO) in terms of bit rate and reliability [1-3]. The main
characteristics that highlight MIMO systems are (1) an increased spectral efficiency by using multiple
antennas in the transmission and reception ends, and (2) an increase of the wireless channel capacity [4].
Both have been studied theoretically and experimentally, showing substantial improvements in data
throughput and reliability when using several antennas in both sides of the system, even surrounded
by rich scattering environments. These statements can be explained by considering that the multipath
propagation can support several independent sub-channels [5].

Nevertheless, the performance of MIMO sub-channels is degraded if there is a high correlation
among them caused by poor diversity in multipath propagation as well as elevated electromagnetic
coupling among the elements of the MIMO array [4,6,7]. The correlation caused by propagation and
mutual coupling is strongly dependent on the array geometry and becomes more pronounced as the
inter-element distance is diminished [8,9]. Hence, the correlation among MIMO sub-channels is a hot
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topic in communications, especially in handsets where space is considerably reduced, and radiators are
closely placed to each other.

There are diverse studies that demonstrate that a highly mutual coupling among radiators has a
significant degrading effect on the MIMO channel capacity [10-13]. In the same way, the radiation
efficiency is also decreased because the impedance matching is affected by the same phenomenon [14].

Therefore, considering the drawbacks mentioned above, various works have been developed to
reduce the mutual coupling among antennas. Many of the solutions are inherently narrowband, e.g.,
EBG structures [15, 16] used as electromagnetic walls, neutralization lines [17, 18] employed to modify
the current distribution on the array surface, decoupling networks with lumped [19, 20] or distributed
elements [21] to mismatch the undesired signals, defected structures on the ground plane of the
array [22,23] and parasitic elements between antennas [24, 25], both also employed as electromagnetic
walls. The problem gets more complicated when one tries to decouple multiband or wideband multiport
arrays, even more, when such an array has more than two radiators.

As general antenna theory explains, the electric parameters of an antenna can change when one
body of any kind approaches the radiator. In antenna arrays, the proximity among elements plays a
very important role in the desired performance. When two radiators are closely separated, the mutual
electromagnetic coupling can provoke port mismatching, increase cross-polarization levels, reshape the
radiations pattern, etc.

Certain solutions have been proposed using three radiators arrangements to overcome the difficulties
expressed above. The array proposed in [26] has two symmetric elements placed on the borders of a
substrate and one asymmetric element located in the centre, perpendicular to the others. The achieved
bandwidth is very wide, but external baluns with high performance are needed to feed the symmetric
elements in this large bandwidth, and they are not included in the antenna structure. The antenna
proposed in [27] recovers the same idea of placing two symmetric elements on opposite sides and a
different kind of radiator in the centre; however, this design is a narrowband solution. Both [26, 27]
exemplify this technique where different types of radiators are used in a MIMO array to effectively
reduce the coupling among them and to obtain radiation patterns that point to different directions,
achieving spatial diversity.

In [28-30], four elements MIMO-antenna arrays are shown where terminated loads are included
to cancel mutual coupling among elements, and even more radiators are discussed in [31], where
the elements are excited by a set of reconfigurable feeding networks. In the case of four elements,
a perpendicular arrangement may be employed [32], but this is not a viable solution for some
communications devices where there is not enough space to accommodate perpendicular antennas.
When four radiators are considered in the array, some works implement a decoupling technique between
pairs of elements. However, this procedure turns the design significantly bulkier and complex in some
setups [28]. More compact arrays are proposed in [29] and [30] where an asymmetric element is rotated
around a central point to complete four elements in the array. In both cases, isolating walls among
elements were used as a decoupling technique.

In this article, the concept of rotating an antenna element to obtain a four-element array is explored
with a different approach; instead of using different kinds of radiators, antenna alike elements are
employed and decoupled by using neutralization lines.

2. ANTENNA CONFIGURATION AND SIMULATION RESULTS

For demonstration purposes, the array was designed to operate at a centre frequency of 2.55 GHz. The
first approach of the design of the antenna array is presented in Figure 1, and this will be developed to
obtain a compact and high-performance configuration.

As observed in Figure 1, each PIFA element uses a wide feeding plate with a simple tapered profile
that reduces the reactive load near the feeding point, which allows matching the radiator over a wider
bandwidth, as proposed in [33]. The short-circuited wire is connected at one point where the port
matching at the center frequency is the best for the current configuration. Due to the symmetry of the
antenna, parameters S“ == Sjja 512 == 514 == 523 == 534, 513 = 524 = 531 = 542, then to simplify the
visualization of results, just Si1, S12, and S13 are described as shown in Figure 2.

As seen in Figure 2, the bandwidth of the antenna array shown is of 700 MHz, starting at 2.35 GHz
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Figure 1. PIFA four elements array.
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Figure 2. PIFA four elements array.

and ending at 3.05 GHz. The isolation between antennas 1 and 2 varies from 12 to 15dB, while the
one from antenna 1 to 3 reaches values of 38 dB at the lower cut-off frequency and varies to 13dB at
the upper cut-off frequency. As observed, the antennas show good isolations between elements, but the
size of the array is large, presenting an area of 180 x 180 mm?. To reduce the size of the arrangement,
each element is placed closer to each other, and to maximize the result of this change, the shape of
the radiators is modified. Thus, the rectangle-shaped bent part of the antenna developed in [33] was
modified to a trapezoidal one to optimize the use of the available space when four elements are considered
around a rotation axis, as well as to avoid overlapping of the upper plates. The reduced antenna array
configuration is presented in Figure 3.

Making the geometric adjustments presented in Figure 3, the plate area is reduced, and the
total antenna’s volume went from 805.788 mm?® to 248.7mm?. Nevertheless, as expected, the electric
parameters of the antenna array were modified, which can be seen in Figure 4, where the simulated
S-parameters are presented.

From Figure 4, it is observed that the bandwidth of the antenna is improved, where the lower
and upper cut-off frequencies are 1.55 GHz and 2.94 GHz, respectively. However, the isolation between
elements is considerably degraded. The isolation from antenna 1 to 2 is very poor from 1.55 GHz to
2.35 GHz, achieving a value lower than 10 dB. For the rest of the bandwidth, the isolation is improved,
reaching values above 10dB and a peak higher than 25dB at 2.6 GHz.

On the other hand, the isolation determined by the S13 parameter shows that there is more coupling
between radiators 1 and 3 than the conventional arrangement, showing values oscillating from 10 to
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Figure 4. Simulated S parameters of the reduced antenna array.

15dB. The poor isolation values among radiators show that the array displayed in Figure 3 are not
suitable for MIMO applications. Thus, in this paper, neutralization lines (NLs) are employed to increase
this parameter. The idea of using NLs in an arrangement is to cancel the effect of the adjacent radiator
by feeding a signal with the same intensity and opposite phase. To optimize this phenomenon, the
position of the NL is a very important parameter that must be considered.

To understand the performance of neutralization lines, Figure 5 shows the analysis of the surface
current distribution of the modified array configuration when NLs are introduced. The surface current
distribution analysis of each antenna was made for different NL positions, but for paper briefness, only
the best performance is reported. It was determined that the addition of neutralization lines between
the diagonals of adjacent top plates could invert the currents on the borders. As a result, a reduction
of the effect of the electromagnetic coupling among elements is obtained. Using these neutralization
lines, the design is uncomplicated compared to the techniques aforementioned and does not introduce
high parasitic effects that distort the radiation characteristics [34].

The antenna array was optimized using the HFSS®) software, considering inter-port coupling,
bandwidth, and port matching. The position of the neutralization lines, perpendicular to the diagonals
of the elements, is a primary optimization parameter. In the same way, the separation between top
plates (the width of the neutralization lines) is fundamental to obtain adequate decoupling values for a
MIMO system.

The surface current distribution analysis considers only the port 1 excitation since this can be
extended to the other elements because they are symmetric.

In Figure 5(a), the current magnitude is plotted in contour lines. As seen, the maximum intensity
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Figure 5. Currents distributions at 2.55 GHz view upside down, expressed as: (a) Contour lines,
(b) vectors.

is located at port 1, where the input signal is applied. A lower magnitude is observed at port 2 and
port 4 which are loaded with 50 ohms terminations. In the case of port 3, the current magnitude is the
lowest among the 4 ports. This seems clear because antenna 3 is opposite to the excited antenna 1, and
hence the separation is the largest in the array. On the contrary, antennas 2 and 4 are adjacent to the
excited antenna, and the distance between them is smaller.

It is also observed that the neutralization lines between antennas 1 and 2, and 1 and 4 present a
higher current magnitude that is better analyzed in Figure 5(b), where a detailed view of the magnitude
and direction of the current near the neutralization lines are shown. Here, the currents on the borders
of the top plates near the neutralization lines flow in opposite directions with similar magnitudes. This
suggests that the compensatory effect takes place correctly and that the neutralization lines fulfill their
function.

The separation distance is important, but the directions of the currents also contribute to the
decoupling between antennas. From Figure 5(b) it is noted that the currents of antennas 2 and 4
are approximately orthogonal to the currents in antenna 1. This implicates a lower coupling between
adjacent antennas. For the case of antenna 1 and antenna 4, it is observed that the currents are parallel
but opposite. This also yields a lower coupling factor enforced by the higher separation distance in
opposite antennas.

According to these results, the final proposal of the MIMO PIFA array is presented in Figure 6.

Next, the simulated S-parameters of the final antenna array proposal are obtained and presented
in Figure 7. As presented in this figure, the antenna array shows a bandwidth from 1.8 to 3.2 GHz,
approximately, given by the parameter Si; (parameters S;; are the same). On the other hand, as
observed in the same figure, the inter-port coupling is less than —10 dB over the operating bandwidth,
reaching levels below —20 to —30dB for adjacent radiators given by parameter Si» and the opposite
radiator, specified by parameter Si3, respectively.

Comparing results from Figures 4 and 7, there is a big improvement, where the Sio parameter
is enhanced by almost 6dB, varying from —12 to —20dB over the bandwidth. Meanwhile, the Si3
parameter also shows improvement, obtaining values of at least —13dB tops, and reaching values of
—22dB to —40 dB between the cut-off frequencies. The drawback of this configuration is the bandwidth
reduction, showing that the lower cut-off frequency shifts up from 1.55 GHz to 1.82 GHz. Either way,
the fractional bandwidth is 56% at the central frequency.

Additionally, the radiation patterns of each element are also simulated and shown in Figure 8.
This figure demonstrates that the radiation pattern of each element points out to orthogonal directions
compared to each other. In this way, the field correlation among antenna elements is reduced, which
is a critical condition for a MIMO system with pattern diversity. In Figure 8, the excited antenna 1
generates a pattern with the maximum radiation intensity towards —y-axis. If the antenna number 3
is excited, the maximum radiation intensity points out to the +y-axis and complements the coverage
area of antenna 1. The same can be said for antennas 2 and 4. Therefore, better coverage of the space
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Figure 7. Simulated S parameters of the proposed array with NL.

is accomplished, and a MIMO operation with spatial diversity is enhanced.

On the other hand, to corroborate the low inter-port matching, some authors do not limit the
results to the port isolation [35, 36], but also complement this parameter with the figure of merit called
the Envelope Correlation Coefficient (ECC'). This parameter shows how independent the antennas’
radiation patterns are in a system. According to [36], the ECC can be calculated from the far-field
radiation patterns as described by Eq. (1). However, authors also show a direct correlation between the
expressions for the ECC based on electromagnetic fields and S-parameters as given by Eq. (2). As a
result, the latter is a better and more practical option for this figure of merit.

2

// £ (0,0) - F2 (6,0)] a0

ECC = - 5 - 5 (1)
/4[‘}71 (9,@)‘ dQé[‘FQ (9,@)‘ o

where F, (0, ) is the field radiation pattern of the i-th antenna when its port is excited, and - denotes
the Hermitian product [36].
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Figure 8. Three-dimensional radiation patterns of the four antennas in the array.

To compare the two methods, computer calculations of FCC based on far-field and S-parameters
methods are done. According to the expression given in Egs. (1) and (2), Figure 9 shows the ECC
behavior between antennas 1-2 and 1-3. Because of the high computing resources needed to obtain the
far-field ECC, only a few points are calculated. However, comparing the results from S-parameters and

far-field simulations, similar comportment is observed, validating the use of the formula described by
Eq. (2) for the ECC.
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From Figure 9, it is noted that the ECC for antennas 1 and 2 shows a very small value, achieving
no more than 0.04 at 1.8 GHz (where the maximum values are got), and for antennas 1 and 3, the value
is less than 0.035 at 2.2 GHz. Meanwhile, a lower value than 0.01 at 2.55 GHz (the design frequency)
for both cases (1-2 and 1-3) is obtained, showing a low correlation between adjacent and opposite
antennas. This behavior is fulfilled either by the S-parameter equation or by the far-field procedure.
According to [37], a maximum of 0.5 is required for MIMO applications, giving a great margin between
desired and achieved results.

On the other hand, another figure of merit employed in space diversity systems is the diversity
gain. Table 1 illustrates the simulation of this parameter at different frequencies, showing higher values
over the operation bandwidth which is a great result for both relations: antenna 1 to antenna 2 and
antenna 1 to antenna 3.

Table 1. Simulated diversity gain.

Diversity gain Diversity gain
Frequency [GHz] Antenna 1 to 2 Antenna 1 to 3
[4B] [dB]
1.8 19.994 19.998
24 19.996 19.712
2.7 20.0 20
2.9 19.999 19.999
3.1 20.0 19.999
3.3 19.999 19.999

Finally, the Total Active Reflection Coefficient (TARC) is presented. This figure of merit is
extremely important for evaluating the performance of a MIMO antenna over a certain bandwidth.
In [38], the authors demonstrate the generalization of the N-ports TARC formula and its correct
application to evaluate MIMO antennas. The equation to calculate the TARC' is given by Eq. (3) as:

N 2
TARC = N7\ |3 "3 " Sipeiten (3)
i=1 [k=1

where N is the number of antennas in the array; S;; are the S-parameters; and 6 is the phase of the
arriving signal to the k-th-1 element. For N = 4 elements, which is the case of this work, three variables
are presented: 61, 02, and 3. As explained in [38], § must vary from 0° to 360°; then, taking discrete
values, Eq. (3) can give as many curves as desired. For example, for five different values, there would
be 125 curves. Then, to simplify the analysis and to present a clearer result, only 6 will vary, taking
values of 0°, 90°, 180°, 225°, and 270°. The remaining variables will be set to 0°. The result of applying
Eq. (3) with the specified phases is presented in Figure 10.

From Figure 10, several points must be explained. Since the TARC gives a more realistic behavior
of the array when different signals with different phases arrive at the MIMO antenna, as observed in
Figure 10, the system bandwidth changes, and it is a function of the referred phases. For example, when
the S11 parameter is shown in Figure 7, the bandwidth goes from 1.82 GHz to 3.17 GHz. However, when
the interaction of the other antennas is taken into account, the bandwidth changes according to the
incoming signals. In Figure 10, the bandwidth keeps almost the same when the phases vary from 90° to
225°, but it is reduced when the phases are between 270° and 360°. Nonetheless, the array shows low
vulnerability to random signals arriving at the radiators at the design frequency, keeping good matching
from 2.48 GHz to 3.16 GHz.

N

3. EXPERIMENTAL RESULTS

After optimizing the antenna, the prototype was constructed and measured, and photos of the device
are presented in Figure 11, showing top and bottom views.
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Figure 10. Total active reflection coefficient considering five values for 6.
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Figure 11. The prototype of the antenna array: (a) Top view and, (b) bottom view.

This prototype was designed and constructed using a low loss flexible laminate Taconic
fastFilm ™27 with dielectric constant 2.7 and thickness 0.005”. The ports are connected through
standard SMA connectors. A block of Styrofoam is employed to provide mechanical stability to the
array, in which dielectric permittivity is close to 1. To complete the construction, four short wires were
welded between the top plate and the ground plane of each PIFA, using AWG 23 copper wires.

The setup in an anechoic chamber is presented in Figure 12, where two identical PIFA arrays were
employed, separated 1.5 m to assure the measurements in the far-field region.

The measured Si1, S12, and S13 parameters are plotted in Figure 13. The reflection coefficient is
convergent to the simulated values presented in Figure 7, and the Si5 and Si3 parameters barely differ
at some frequencies but maintain the general trend of simulated curves. In any case, the decoupling
levels among radiators are below —10dB all over the bandwidth, where large decoupling peaks can
be identified at some frequencies. Specifically, Si2 falls to —33dB around 2.6 GHz, while S13 drops to
—42dB at 2.75 GHz, which are excellent levels considering the closeness of the radiators.

The gain of the antenna array was measured along the horizontal and vertical planes. To simplify
the comparative analysis, only the measured gain in the vertical plane is plotted in Figure 14. The
curves (a) and (b) in Figure 14 show the measured and simulated gains in this plane, respectively. Note
that the measured values follow the same trend of the simulated gain curve and vary from 0 to 3dB,
approximately. However, the maximum gain is not necessarily located over a single plane. That is why
the curve (c) is included to show the simulated maximum gain over the entire sphere. The simulated
maximum gain values are between 1.48 dB and 5.64 dB over the 1.82-3.18 GHz band. In the same way,
the total radiation efficiency was simulated and included in Figure 14 as the curve (d). The efficiency
values are higher than 65%, which are acceptable for PIFA antennas [34]. As observed, the antenna
gain is small, even when the antenna array presents a wide aperture. This is because a PIFA antenna
presents a small gain around 3 to 5dB, but in this case, the geometry of the radiator was changed to
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Figure 13. Measured S11, Si2, and Si3 parameters.
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Figure 14. Different antenna parameters of each element of the array.

reduce the dimensions. For this cause, the gain is also reduced, remembering that a reduction in the
antenna size directly affects either the bandwidth or the gain. In this case, the bandwidth was not
considerably affected, but the gain was.

For clarity, Figure 15 shows the measured radiation pattern only for the PIFA number one at
different frequencies, since the remaining antennas patterns are shaped-alike like this one, but orthogonal
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to each other, whose reference can be observed in Figure 8. In Figure 15, the normalized patterns in
the zy-plane, at 1.8 GHz, 2.4 GHz, and 2.7 GHz, are shown. The measured patterns are compared to
simulated ones, showing great convergence for both types of data.

Finally, since the simulated results are obtained by S-parameters and far-field methods for the
ECC converged, the first one is employed to obtain the measured ECC of the array. The results are
presented in Figure 16. As depicted in this figure, the measured FCC for antennas 1 and 2 increases at
lower frequencies in comparison to simulated results. However, as explained in [37], the requirements for
MIMO applications are still fulfilled, since a value less than 0.5 is achieved, reaching 0.082 at 1.8 GHz,
approximately, for antennas 1 and 2, respectively.

180

1880 Mlz
(a)
1]

Measured
— —Simulated

180
2400 MHz
(b)

Figure 15. Radiation pattern on Antenna 1 at different frequencies in the zy-plane: (a) 1880 MHz,
(c) 2700 MHz, and (b) 2400 MHz.
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Figure 16. Measured ECC for Antenna 1 to 2 and 1 to 3.
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4. CONCLUSIONS

In this work, it is demonstrated that by employing a novel configuration of a reshaped PIFA array
and electrically isolated by neutralization lines, the device performs adequately for access point MIMO
applications. The separation among elements is very short, reaching a distance less than 0.065)g, at
the center frequency. Using the four neutralization lines, it was possible to decouple the array elements
adequately despite the very short distance of separation. One of the remarkable characteristics of the
array is the wide bandwidth of the arrangement described by the S;; parameters, going from 1.82 to
3.18 GHz, with acceptable inter-port decoupling levels that reach maximum values around S1o = —33dB
and Si3 = —42dB at some frequencies. Moreover, an FCC analysis was made considering the S-
parameters and far-field methods, showing great convergence in results. This demonstrates that using
the S-parameters method is good enough to observe the correlation level between ports, even for not-
highly efficient antennas. Besides, the calculation of the FC'C by this method is much more efficient,
when considering the time and computer requirements. Additionally, the array shows that the radiation
patterns are orthogonal to each other and cover the surrounding space in a complementary manner, a
very desirable characteristic of MIMO systems. Moreover, conducting a gain diversity analysis, achieving
values around 20dB indicates the low correlation between the radiated fields among the antennas in
the array. Therefore, high spatial diversity is obtained, and a correct decoupling among elements in the
array is realized even when the separation of the elements is very small.
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