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SUMMARY In this study, a novel decoupling method using parasitic
elements (PEs) connected by a bridge line (BL) for two planar inverted-
F antennas (PIFAs) is proposed. The proposed method is developed from
a well-known decoupling method that uses a BL to directly connect an-
tenna elements. When antenna elements are connected directly by a BL,
strong mutual coupling can be reduced, but the resonant frequency shifts to
a different frequency. Hence, to shift the resonant frequency toward the de-
sired frequency, the original size of the antenna elements must be adjusted.
This is disadvantageous if the method is applied in cases where the design
conditions render it difficult to connect the antennas directly or adjust the
original antenna size. Therefore, to easily reduce mutual coupling in such
a case, a decoupling method that does not require both connecting antennas
directly and adjusting the original antenna size is necessitated. This study
demonstrates that using PEs connected by a BL reduces the mutual cou-
pling from −6.6 to −14.1 dB, and that the resonant frequency is maintained
at the desired frequency (2.0 GHz) without having to adjust the original PI-
FAs size. In addition, impedance matching can be adjusted to the desired
frequency, resulting in an improved total antenna efficiency from 77.4% to
94.6%. This method is expected to be a simple and effective approach for
reducing the mutual coupling between larger numbers of PIFA elements in
the future.
key words: PIFAs, parasitic elements, bridge line, decoupling

1. Introduction

In recent years, multiple-input multiple-output (MIMO) has
been considered as an attractive method for enhancing trans-
mission system performance to achieve large capacity and
high speed; therefore, it is a key technology in achieving
next-generation communication [1]. This technique is ap-
plied not only in base stations, but also in mobile handset
terminals. Therefore, the integration of multiple antennas on
a mobile handset terminal has become a prerequisite, even
though the space for installing multiple built-in antennas has
decreased. Moreover, when antennas are closely spaced on
the same ground plane, strong mutual coupling occurs be-
tween them, which adversely affects the antenna efficiency.

To date, many decoupling solutions using various ar-
rays of conventional antenna elements have been proposed.
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For example, the method using slots on the ground plane
to physically eliminate the current path between antenna el-
ements is regarded as a simple method [2]–[4]; however,
the space for mounting electronic components on the ground
plane is reduced. In addition, placing electromagnetic band
gap (EBG) structures on the ground plane is useful for
suppressing electromagnetic wave propagation between an-
tenna elements [5], [6]. However, the EBG structure re-
quires considerable space, rendering it difficult to use it in
array antennas, which are spaced closely. Other methods
have been proposed [7]–[9]; however, those methods re-
quire the use of many electronic components to form the
decoupling circuit. A disadvantage of the decoupling cir-
cuit is that it affects the impedance matching of antennas;
therefore, to obtain impedance matching at the desired fre-
quency, a matching circuit is required as well. Moreover,
the structures of the decoupling circuit and matching circuit
are complex, and the operating bandwidth is reduced signif-
icantly.

The method using a thin metal line to directly connect
antenna elements is a well-known and effective decoupling
method and is known by various names, such as suspended
lines, neutralization lines, or bridge lines [10]–[14]. In this
study, we focus on this method because its configuration
is simple. For convenience, the method will be referred
to as a bridge line (BL) hereinafter. Thus far, the BL has
only been studied for decoupling two antenna elements. In
our previous studies, connecting antennas by a BL signifi-
cantly reduced the mutual coupling of two L-shaped folded
monopole antennas (LFMAs) [13]. However, the resonant
frequency shifts to a different frequency when the antenna
elements are connected directly by a BL, particularly in the
case where the antennas operate in a narrow band. Hence,
to shift the resonant frequency toward the desired frequency,
the original size of the antenna elements must be adjusted
individually. In [14], BLs were used to connect parasitic
elements instead of directly connect the feeding element of
antennas; however, it requires the redesign of the original
antennas. This is considered disadvantageous if the method
is applied in cases where the design conditions render it dif-
ficult to connect the antenna directly or adjust the original
antenna size. Therefore, to easily reduce the mutual cou-
pling in such a case, a decoupling method that does not re-
quire both connecting antennas directly and adjusting the
original antenna size is necessitated.

Herein, we propose a novel decoupling method using
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parasitic elements (PEs) connected by a BL. First, as a pri-
mary study, the proposed method will be investigated for
two planar inverted-F antennas (PIFAs), which are gener-
ally used as built-in antennas for mobile handset terminals,
to confirm the possibility of the proposed method. The sim-
ulations in this study were performed using the simulator
CST, version 2020.

2. Configuration of PIFAs and Effect of BL Connected
Directly to PIFAs

2.1 Configuration of PIFAs

Figure 1 shows the configuration of the two original PIFA
elements mounted on a rectangular ground plane measur-
ing 120 mm × 45 mm. The ground plane is represented as
a shielding plate in a mobile handset terminal. The PIFA
patches were optimized to a size of 20 mm × 19 mm such
that the PIFAs resonated at a frequency of approximately
2.0 GHz ( f0). The two PIFA elements were symmetrically
mounted with respect to the centerline of the ground plane
and separated by 7 mm (0.05 λ0). They were placed 7 mm
above the ground plane, and each PIFA element was fed by
a 50Ω source at the feeding pin. Moreover, to increase the
space for mounting electronic components on the ground
plane, which is below the PIFA patches, the feeding and
shorting pins were placed at the short edge of the ground
plane and arranged symmetrically to each other with re-
spect to the centerline. An advantage of the PIFA is that its
impedance matching can be easily accomplished by adjust-
ing the positions of the feeding and shorting pins. Therefore,
the distance between the feeding and short pins was set to
11 mm after performing a parametric study. The PIFA ele-
ments and ground plane were made of copper and measured
0.3 and 0.5 mm thick, respectively.

2.2 Effect of BL Connected Directly to PIFAs

In a previous study pertaining to two LFMAs, as shown in
[13], it was observed that the mutual coupling reduced but
the resonant frequency shifted to a higher frequency. How-
ever, the LFMA exhibited a certain structure that might have
caused a change in the resonant frequency when the anten-
nas were connected directly by the BL. In this study, a BL
was applied to two PIFAs to evaluate the effect of the BL on
the resonant frequency more effectively. First, we discov-
ered that the BL should be connected at the feeding pin of
the antennas, where the currents have the highest intensity
[10]. Figure 2 shows the configuration of two PIFAs con-
nected directly to their feeding pins by the BL. The BL was
positioned at the same height as the PIFAs.

Figure 3 shows the S-parameters of PIFAs with and
without a BL. As shown, in the case of PIFAs without a
BL, the resonant frequency was 2.0 GHz, and a strong mu-
tual coupling (S21 = −6.6 dB) occurred between two PIFAs
at their resonant frequencies. Meanwhile, when the PI-
FAs were connected by a BL, S21 reduced significantly at

Fig. 1 Configuration of two original PIFAs.

Fig. 2 Configuration of PIFAs connected directly by a BL.

Fig. 3 S-parameters of PIFAs with and without BL.

approximately 2.3 GHz. However, the resonant frequency
shifted from 2.0 to 2.3 GHz, and the impedance matching
deteriorated compared with the case of PIFAs without a
BL. The reason contributing to the shift in the resonant fre-
quency to a different frequency at a higher band after di-
rectly connecting the PIFAs will be explained in Sect. 4.2.

The antenna size can be increased to shift the reso-
nance to a lower frequency. However, this may not be
appropriate from the viewpoint of miniaturization but ac-
ceptable in cases where the design conditions facilitate the
technique. Figure 4 shows the S-parameters when the PIFA
patch length lf is varied. As shown, the resonant frequency
was 2.0 GHz when lf = 24 mm. Furthermore, the lowest S21
increased when lf increased, but it was still less than −18 dB
at 2.0 GHz.

It is noteworthy that the objective of this investigation
is not to determine the amount of mutual coupling that can
be reduced when the PIFAs are directly connected by the
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Fig. 4 S-parameters of varying PIFA patch length lf (with a BL).

BL. However, based on our results, we would like to em-
phasize the following salient points: 1) Although the LF-
MAs and PIFAs had different configurations, the resonant
frequencies remained similar when the abovementioned an-
tennas were connected directly by the BL. In other words,
the BL significantly affected the resonant frequency regard-
less of the antenna configuration; 2) when the BL was used
to directly correct the antennas, the antenna size must be
adjusted to shift the resonant frequency toward the desired
frequency or improve the impedance matching.

As mentioned above, when the design condition en-
ables the antennas to be directly connected by the BL and
the size of the original antennas to be adjusted, then it is easy
and effective to decouple the antennas using this method.
However, for decoupling the antennas when the design con-
dition is difficult to achieve, we propose another decoupling
method known as parasitic elements (PEs) connected by a
BL, which will be discussed in the next section.

3. Proposed Decoupling Method Using PEs Connected
by BL

In this section, we present the decoupling method using PEs
that are connected by a BL and loaded onto the PIFAs. Pre-
viously, PEs were generally utilized to adjust either the di-
rectivity of the antenna to the desired direction or to en-
hance the operating bandwidth, as discussed in [4] and [15]–
[17]. Studies utilizing PEs to reduce the mutual coupling
of MIMO antennas are few. Moreover, the novelty of our
proposal is that the advantages of the PEs and BL are uti-
lized to reduce the mutual coupling as well as to maintain
the impedance matching at the desired frequency and the
original size of the two PIFAs.

3.1 Configuration and Effects of PEs Connected by BL

Figure 5 shows the configuration of two PEs connected by
a BL and then loaded onto the PIFAs. The size of each PE
was lp × wp, and the air gap between PEs and PIFAs was hp.
The spacing between the two PEs was the same as that of
the two PIFAs (7 mm). The BL was used to connect them at
points closest to the feeding strip of the PIFAs. To determine

Fig. 5 Configuration of PIFAs-loaded PEs (connected by a BL).

the optimal position and size of the PEs, we varied several
parameters individually while fixing the other parameters.

First, hp was varied to investigate the effects of the PEs
on the PIFAs when the space between them was small. The
reason for loading PEs onto PIFAs by a small air gap was
that it does not significantly increase the volume of PIFAs
with PEs. In this investigation, the dimensions of the PEs
were fixed to lp = 10 mm and wp = 9.5 mm. As shown
from the results in Fig. 6, when hp = 1.5 mm, two reso-
nances were observed; one appeared at a lower frequency,
whereas the other at a higher frequency of 2.0 GHz. For
convenience, we shall refer to the resonances appearing at
the lower and higher frequencies as the first and the sec-
ond resonances, respectively. The mutual coupling at the
first resonant frequency was extremely strong. Meanwhile,
the mutual coupling at the second resonant frequency was
considerably reduced. Hence, we shall focus only on the
second resonance for the next investigation. Moreover, the
second resonance shifted to a lower frequency when hp de-
creased. In particular, when hp was 0.5 mm, a resonance
with S11 < −10 dB was observed at 2.35 GHz. This reso-
nance will shift to a frequency lower than 2.35 GHz if hp is
decreased to less than 0.5 mm; however, the shift is not sig-
nificant. Therefore, hp was fixed to 0.5 mm, and the other
parameters of the PEs must be investigated to shift the res-
onance from 2.35 to 2.0 GHz. In this study, we investigated
the size of the PEs by varying wp and lp. The objective of
this investigation is to determine the size of PEs that enables
the following two targets to be achieved simultaneously: 1)
shifting the resonance from 2.35 to 2.0 GHz, and improv-
ing or at least maintaining S11 for less than −10 dB; and 2)
maintaining S21 at less than −10 dB at 2.0 GHz.

Figure 7 shows the S-parameters of the PIFAs when
wp was varied from 9.5 to 25.5 mm, while lp was fixed at
10 mm. It is obvious that, even though wp increased consid-
erably, the resonance only shifted slightly from 2.35 GHz
to a lower frequency. Moreover, when wp = 25.5 mm, S11
deteriorated for beyond −10 dB. Hence, it was evident that
the first target of this investigation cannot be achieved by
varying wp. Therefore, wp was fixed at 9.5 mm. Mean-
while, as shown in Fig. 8, when lp increased from 10 to
26 mm, the resonance shifted from 2.35 GHz to a lower fre-
quency. In particular, when lp = 26 mm, the resonance ap-
peared at 2.0 GHz, and S11 improved significantly for less
than −30 dB. Additionally, S21 was maintained at less than
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Fig. 6 Effects of varying hp (lp = 10 mm and wp = 9.5 mm).

Fig. 7 Effects of varying wp (hp = 0.5 mm and lp = 10 mm).

Fig. 8 Effects of varying lp (hp = 0.5 mm and wp = 9.5 mm).

−16.7 dB at 2.0 GHz. Hence, the two targets of this investi-
gation were achieved.

By varying the parameters, we can determine the op-
timal position and size of the PEs, where hp = 0.5 mm,
lp = 26 mm, and wp = 9.5 mm. The other parameters of
the PEs may also affect the performances of the PIFAs, al-
though insignificantly.

3.2 Miniaturization of PEs

By loading the PEs with the parameters determined above, a
low level of mutual coupling and impedance matching was
obtained at 2.0 GHz without adjusting the original size of

Fig. 9 Miniaturization of PEs.

the PIFAs. However, the volume of the PIFAs including PEs
and the BL increased. Therefore, the miniaturization of PEs
was considered. To achieve this, the PEs were bent at a cer-
tain position, as shown in Fig. 9(a), and the results are shown
in Fig. 9(b). The total length lp of the PEs was maintained
at 26 mm in this investigation. The results demonstrate that
when the PEs were bent, the resonant frequency remained
unchanged. In addition, the mutual coupling level remained
at 2.0 GHz for less than −10 dB. Therefore, the two targets
mentioned in Sect. 3.1 were still achieved.

The results above show that using the PEs and BL ef-
fectively decoupled the antennas, whose feeding pins were
closely spaced. It is noteworthy that if we widen the distance
between ports by interchanging the position of the feeding
and shorting pins of each PIFA element, then the mutual
coupling will be reduced even without using PEs and the
BL. However, applying the proposed method in this case
can further reduce the mutual coupling.

4. Comparison of Results and Discussion

In this section, we compare the results of the PIFAs with and
without PEs. By comparing the simulated and measured re-
sults, the proposed method is validated. Figure 10 shows a
photograph of the fabricated PIFAs when the PEs are loaded
onto them. In this prototype, two pieces of Styrofoam with
a thickness of 0.5 mm were inserted between the PIFAs and
PEs to maintain an air gap between them. Finally, we dis-
cuss the operating principle of the PEs by comparing the
current distributions.
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Fig. 10 Fabricated prototype of PIFAs-loaded PEs.

Fig. 11 Simulated and measured S-parameters of PIFAs.

4.1 S-Parameter, Antennas Efficiencies and Correlation
Coefficient

Figure 11 shows the simulated and measured S-parameters
of the PIFAs with and without PEs. As shown, by loading
the PEs onto the PIFAs, the mutual coupling reduced ap-
preciably from −6.6 to −14.1 dB at 2.0 GHz. Furthermore,
although the bandwidth had narrowed slightly, the resonant
frequency at 2.0 GHz with good impedance matching was
maintained. In addition, a good agreement was observed
between the simulated and measured results; hence, the pro-
posed method was validated.

Figure 12 shows the radiation efficiency and total an-
tenna efficiency of the PIFAs with and without PEs, sepa-
rately. The total antenna efficiency (ηtotal) is presented in
Eq. (1) as follows [18]:

ηtotal = ηrad(1 − |S11|
2 − |S21|

2) (1)

where ηrad represents the radiation efficiency, which is the
ratio of the radiated power to the accepted power. Figure 12
indicated that the radiation efficiency in both cases were al-
most the same at the desired frequency band. Furthermore,
the difference between the S11 in both cases at 2.0 GHz was
small, as shown in Fig. 11. Thus, the total antenna effi-
ciency mainly depends on the difference between the S21.
As shown, the use of PEs can improve the total antenna ef-
ficiency improved significantly from 77.4% to 94.6% at the
desired frequency of 2.0 GHz by reducing the S21. The cor-
relation coefficients of the PIFAs with and without PEs are

Fig. 12 Simulated radiation efficiency and total antenna efficiency of PI-
FAs with and without PEs.

Fig. 13 Simulated correlation coefficient of PIFAs with and without PEs.

shown in Fig. 13. In the PIFAs without PEs, the correla-
tion coefficient was initially low at 2.0 GHz. Meanwhile, us-
ing the PEs increased the correlation coefficient in the low-
frequency band, but a low correlation coefficient was still
maintained at the desired frequency.

4.2 Current Distributions

To understand why the resonant frequency shifts to a dif-
ferent frequency of higher band when the antennas are di-
rectly connected by the BL (Fig. 3) and why using PEs
connected by the BL can reduce the mutual coupling, we
compared the current distributions at the corresponding res-
onant frequency of each model. Figures 14(a), (b), (c),
and (d) show the current distributions of the original PI-
FAs (2.0 GHz), original PIFAs connected directly by the BL
(2.3 GHz), PIFAs connected directly by the BL with patch
lengths lf = 24 mm (2.0 GHz), and original PIFA-loaded
PEs (2.0 GHz), respectively. In all cases, we excited port#1
and terminated port#2 by a 50Ω load.

First, in the original PIFAs, when PIFA#1 was ex-
cited, strong currents flowed primarily on the side where
PIFA#1 was located; however, a portion of those currents
flowed through the ground plane and then flowed strongly
into PIFA#2. This current was considered to be the main
contributor to the strong mutual coupling. Herein, we re-
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Fig. 14 Current distribution of (a) original PIFAs at 2.0 GHz, (b) original
PIFAs directly connected by BL at 2.3 GHz, (c) PIFAs directly connected
by BL with patches length lf = 24 mm at 2.0 GHz, (d) original PIFAs-
loaded PEs at 2.0 GHz.

fer to it as the coupling current. The coupling current ad-
versely affected the antenna efficiency; however, it made
part of PIFA#2 served as an additional radiating element
when PIFA#1 was excited. In other words, when one PIFA
element was excited, the currents on the ground plane and
both PIFA elements enabled an operation at a resonant fre-
quency of 2.0 GHz. However, the coupling current was can-
celed when the two PIFAs were connected directly by the
BL, as shown in Fig. 14(b). Therefore, when PIFA#1 was
excited, the current flowing on PIFA#2 and the ground plane
weakened, causing the overall operating current to be re-
duced compared with the original PIFAs. We consider this
to be the main contributor to the increase in the resonant
frequency from 2.0 to 2.3 GHz. To determine how the cou-
pling current might be canceled, we focused on the flow di-
rection of the currents between port#1 and port#2, as shown
in Fig. 14(b). It was clear that when the BL was used to di-
rectly connect the PIFAs, in addition to the current through
the ground plane, other current newly appeared on the BL.
The two currents canceled each other at the feeding pin of
PIFA#2 because of the opposite phase. Hence, the mutual
coupling between the two PIFAs reduced significantly. Fur-
thermore, the canceled current was compensated for when
the PIFA patch length lf was increased to 24 mm, as shown
in Fig. 14(c). Consequently, the resonant frequency shifted
back from 2.3 to 2.0 GHz.

In the original PIFAs-loaded PEs, as shown in
Fig. 14(d), a similar current distribution as that shown in
Fig. 14(c) was observed. We assumed that owing to the
proximity between the PEs and PIFAs, the PEs were elec-
tromagnetically affected by the PIFAs and hence behaved
like radiating elements. Therefore, the role of the PEs was
similar to that of the PIFAs patches. This implies that even
if the PEs are connected by a BL, mutual coupling between
elements can be reduced based on the principle shown in
Fig. 14(c).

4.3 Radiation Patterns

The simulated and measured radiation patterns at 2.0 GHz of

Fig. 15 Simulated and measured radiation patterns of PIFA#1 (2.0 GHz).

the PIFAs without and with PEs are shown in Figs. 15(a) and
(b), respectively. Owing to the symmetrical configuration of
the PIFAs, only the radiation patterns of PIFA#1 are shown.
By comparing the simulated results shown in Figs. 15(a) and
(b), it is clear that the radiation pattern changed at some po-
sitions, although insignificantly. In addition, the gains were
still maintained in all planes when the PEs were loaded onto
the PIFAs. Therefore, it can be concluded that the PEs did
not significantly affect the radiation pattern of the PIFAs.
Moreover, the simulated results were validated by their con-
sistency with the measured results.

5. Confirmation of Operating Principle of PEs via
CMA

Characteristic mode analysis (CMA) is known as an effec-
tive analytical method to understand the physical mecha-
nism of antennas in detail by providing the characteristics



636
IEICE TRANS. COMMUN., VOL.E104–B, NO.6 JUNE 2021

Fig. 16 Analysis model and MS of original PIFAs (before decoupling).

Fig. 17 Current distributions of modes before decoupling.

of modes. It has been used in several applications, including
MIMO antennas [19]–[22]. In this section, CMA is pre-
sented to discuss the operation principle of the PEs in more
detail. CMA is expected to facilitate the identification of the
mode, which can present the mutual coupling between two
PIFAs.

Figure 16 shows the analysis model and modal sig-
nificance (MS) of the two original PIFAs mounted on the
ground plane. In the model used in CMA, the antenna feed
is excluded because the modes depend only on the antenna
configuration or size. Furthermore, a mode is defined as res-
onant when its MS value is 1 [23]. As shown, five modes
with MS = 1 appeared within the frequency range from

Fig. 18 Analysis model and MS of PIFAs directly connected by BL.

Fig. 19 Analysis model and MS of PIFAs-loaded PEs.

0.5 to 5.0 GHz. In particular, two modes (Modes 3 and 4)
appeared at approximately 2.0 GHz, which is the resonant
frequency of the PIFAs, as shown in the previous section.
Hence, it can be concluded that the characteristics of the PI-
FAs are mainly dominated by modes 3 and 4. To understand
the characteristics of each mode in detail, their current distri-
butions were analyzed individually. Figures 17(a), (b), and
(c) correspond to the current distributions of Modes 1, 2, and
3, respectively. It is evident that the currents flowed strongly
on the long edge of the ground plane and certain positions
on the PIFA patch surface. Furthermore, these currents
flowed along the x-axis and were symmetric with respect
to the centerline, indicating that the two PIFA elements per-
formed similarly and were almost unaffected by each other
in Modes 1, 2, and 3. Meanwhile, a distinctive characteris-
tic is shown in Fig. 17(d), which illustrates the current dis-
tribution of Mode 4. As shown, the currents flowed strongly
on the PIFA patch and the short edge of the ground plane,
where the PIFAs were mounted. Moreover, the current from
one PIFA element flowed through the ground plane and then
flowed strongly into the other one. This current distribu-
tion was similar to that shown in Fig. 14(a). Hence, it is
clear that Mode 4 resembled a special mode demonstrat-
ing mutual coupling between two PIFAs. Figures 18 and
19 show the analysis model and MS of the PIFAs directly
connected by the BL and PIFAs-loaded PEs, respectively.
In both cases, Mode 4 shifted from 1.9 to 2.0 GHz and ap-
peared at almost the same frequency as Mode 3. Meanwhile,
the other modes changed slightly. In other words, Mode 4
was significantly affected by the direct BL connection or the
PEs loaded onto the two PIFAs. Figures 20(a) and (b) show
the current distributions of Mode 4 for the two abovemen-
tioned cases. The similarity in current distribution between
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Fig. 20 Current distribution of mode 4 after decoupling (2.0 GHz).

these two cases was evident. In particular, the current flow-
ing on the ground plane decreased compared with that of
Mode 4, as shown in Fig. 17(d). Furthermore, the current
flowed strongly on the BL in both cases, thereby reducing
the current on the ground plane. Therefore, the operating
principle of the proposed method was confirmed via CMA.

6. Conclusion

In this study, a novel decoupling method using PEs was pro-
posed for two PIFAs in the case where the design conditions
render it difficult to connect the antenna directly or adjust
the original antenna size. Instead of directly connecting the
antennas, a BL was used to connect the PEs, which were
then loaded onto the PIFAs. Using our proposed method,
the mutual coupling decreased from −6.6 to −14.1 dB, and
good impedance matching was maintained simultaneously
at the desired resonant frequency of 2.0 GHz without having
to adjust the original sizes of the PIFAs. Therefore, the to-
tal antenna efficiency improved from 77.4% to 94.6%. Fur-
thermore, the operating principle of the proposed method
clarified that the PEs served as radiating elements, whereas
the currents appearing on the BL canceled the coupling cur-
rent. Additionally, the operating principle of the proposed
method was discussed in detail via CMA.

In the future, we plan to improve the bandwidth and
apply this decoupling method to reduce the mutual coupling
of three PIFA elements.
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