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ABSTRACT In this work, the design procedure of a new decoupling network for different antennas is
presented for mobile terminals operating in the Sub-1 GHz band (from 0.698 to 0.96 GHz). To evaluate
its applicability for different resonant and non-resonant antenna types, two antenna elements have been
chosen to be decoupled using the proposed decoupling network: a printed inverted-F antenna and a capacitive
coupling element antenna. Simulation and measurement results showed that the decoupling network offer
promising improvements in terms of impedance matching, port isolation, envelope correlation coefficient
(ECC), and total efficiency. In addition, the antennas are also investigated with the ergodic capacity,
multiplexing efficiency, gain, and diversity gain (both calculated using maximal ratio combining technique).
Due to the contribution of the decoupling network, the ECC of both types of multiple antennas are less than
0.3, with a 30 % improvement in total efficiency and an inter-element spacing miniaturization of 34 %.

INDEX TERMS Decoupling networks, mutual coupling, multi-input multi-output, low frequency, mobile
terminal antennas.

I. INTRODUCTION
The multi-input multi-output (MIMO) technology [1] is
widely used in wireless communication systems to enhance
channel capacity. The performance of a closely-spaced mul-
tiple antenna system is heavily dependent on the reduction of
the strong coupling effects between its antenna elements. It is
therefore challenging to design multiple-antenna system with
a considerably compact size inside a mobile terminal chassis.
In recent years, many researchers have adapted several meth-
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ods to alleviate coupling effects [2]–[8]. Some of the com-
mon decoupling techniques are by implementing parasitic
elements [2], [3], neutralization lines [4], defected ground
structures [5], characteristic modes analysis [6], electromag-
netic bandgap (EBG) structures [7], decoupling ground struc-
tures [8] and decoupling network [9]–[17].

In this paper, two types of antenna elements are proposed to
evaluate the proposed decoupling network. The first is a res-
onant printed inverted-F antenna (PIFA), where the antenna
element is matched and radiating at the desired frequency,
whereas the second one is a non-resonant capacitive cou-
pling element (CCE) antenna [18], [19]. These antennas are
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FIGURE 1. (a) Antenna locations studied in this work. Dimension of the
(b) PIFA and (c) CCE antenna under study. All dimensions are in millimeter.

designed to operate in the Sub-1 GHz band, a band which
is expected to remain relevant for future technologies [20].
This work is focused on the implementation of decoupling
network on commonmobile terminal antennas, i.e., PIFA and
CCEwhich potentially can be further miniaturized [21], [22].
From the literature, such decoupling technique is mainly used
in monopole antennas instead of PIFA and CCE [12]–[17],
and are focused at decoupling antennas operating above
2.45 GHz [12], [13], [15]–[17]. On the contrary, the unique-
ness of this work is that it is focused on decoupling PIFA
and CCE antenna in the Sub-1 GHz band. Focused operation
of mobile terminals in this band with narrower bandwidths
allows the further wave propagation relative to higher fre-
quency, besides minimizing the need for filtering compo-
nents. The proposed antenna elements with the decoupling
network are simulated and validated by measurements of the
fabricated prototypes. The simulated andmeasured results are
in a good agreement, with satisfactory reflection coefficients,
isolation, envelope correlation coefficient (ECC) and total
efficiency. Moreover, an excellent trade-off between mutual
coupling and the inter-element distance is featured by the
decoupling network, while achieving satisfactory total effi-
ciency at the same time. These features are advantageous for
mobile terminals operating with multiple non-resonant anten-
nas at low frequencies. To the best of our knowledge, this
is a pioneering work in decoupling of non-resonant antenna
elements in the Sub-1 GHz band.

II. MULTI-ELEMENT ANTENNA
The antenna elements have been chosen to be positioned at
the edge of the chassis based on [23], where the character-

istic mode indicated in this area is most suited for multi-
ple antennas operating frequency below 1 GHz. A chassis
sized of 110 x 55 x 1.524 mm3 is chosen to evaluate two
types of antenna elements, as illustrated in Fig. 1(a). The
PIFA is chosen to represent the resonant antenna, whereas
the CCE antenna is selected to represent the non-resonant
antenna elements. Both antenna types are located at the edge
of the chassis and designed for Sub-1 GHz band operat-
ing from 0.698 to 0.960 GHz (with a center frequency, fc
of 0.829 GHz). The inter-element distance is 15 mm (0.08 λg)
apart, which causes high coupling. All antenna elements are
designed on a Rogers RO 4003C substrate with permittivity
εr = 3.38. The design of the PIFA and CCE antenna elements
are shown in Fig. 1(b) and 1(c), respectively. The overall
size of both antenna elements is 20 mm x 23 mm2. All
the antennas are connected with a SMA connector as the
feeding port. To enable a fair comparison, the CCE antennas
are designed similarly in dimensions with the PIFA, and are
located with an air gap of 4 mm above the chassis. On the
other hand, the CCE antennas are matched using lumped
components to enable its operation in the Sub-1 GHz band.
The matching circuit is limited to two lumped elements to
ensure design simplicity.

III. DESIGN PROCEDURE OF THE DECOUPLING NETWORK
The overall design flow for the decoupling network on the
different types of multiple antennas is summarized in Fig. 2.
Generally, the three main design stages in this work: i) the
transmission line; ii) the decoupling network; and iii) the
matching network are denoted in the dotted boxes in Fig. 3.
The circuit of the decoupling network, Yp is connected in
parallel with the antennas, and consists of a reactive (X ) and
resistive (R) element. Finally, a simple L-section is applied
as a matching circuit for frequency tuning. This procedure
is applicable to both PIFAs and CCE antennas. A more spe-
cific design procedure is explained as follows. The mutual
coupling between the elements is represented by the complex
antenna admittance, −Y21. A decoupling network with an
admittance of Yp can then applied in parallel to the antenna
structure to eliminate the −Y21, (so that Yp − Y21 = 0). The
antenna structure is assumed to be initially matched prior to
the implementation of the decoupling network. Hence, the
non-resonant CCE antennas are required to be matched using
a pre-matching circuit. Next, a positive R{Y21} is required
to be introduced to the antennas with an equivalent phase of
|arg{Y21}| ≤ 90◦. The positive R{Y21} is introduced via an
additional transmission line, with its length used to control
the value of arg{Y21} at a specific frequency. The combined
implementation of a resistive element and a transmission line
(instead of using the transmission line alone) adds to the
design flexibility of the proposed decoupling network.

To estimate the values of the lumped element in the circuit
of Yp, the resistive and reactive elements can be calculated as
follows:

R =
1

Re{Y21}
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FIGURE 2. Design flow of the decoupling network and multiple antennas.

X =
1

Im{Y21}
(1)

These values are used to eliminate the real and imaginary
parts of the −Y21, respectively. For the reactive element,
a capacitor or inductor can either be applied as X for a
positive or negative susceptance at the specific frequency,
respectively. The required value of the reactive element is
estimated by:

XC =
1

2π fC
and XL = 2π fL (2)

It is known that resistive components connected to antenna
feeds causes small amount of losses, and the rest of the power
is ideally radiated by the antenna. However, an important
point to consider is the original isolation between the two
antenna elements, which the isolation prior to the implemen-
tation of the decoupling network. This factor directly affects
the efficiency of the antenna, as low isolation results in lower
efficiency. However, depending on the value of the resistor,
this efficiency can be improved if the losses in the resistor

FIGURE 3. Schematic of the two-element antennas and the transmission
line, the decoupling network and matching network.

FIGURE 4. Layout of PIFA (a) without and (b) with the decoupling
network; Layout of CCE antenna (c) without and (d) with the decoupling
network.

is smaller than the improvement in isolation [13]. In other
words, in this work, the power loss contributed by the resistors
(499 � for the PIFA and 1024 � for the CCE) is small and
negligible compared to the contribution of the decoupling
network in preventing the coupling between the two ports of
the antennas.

Fig. 4 depicts the layout of the PIFAs and CCE antennas
with and without the decoupling network. The transmis-
sion line length of the for the PIFAs and CCE antennas is
75.5 mm (0.383 λg) and 72.48 mm (0.368 λg), respectively.
Meanwhile, Table 1 summarizes the values of the lumped
components in the circuit, including the pre-matching net-
work components for the CCE antennas. For both the PIFA
and CCE antenna designs, positive values are obtained for
Im{Y21}, and thus capacitors have been implemented as the
reactive element in the decoupling network.
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TABLE 1. Lumped component values for the fabricated prototypes.

TABLE 2. Comparison of chassis size, decoupling size and inter-element
distance between antennas.

Both antennas in this work are dimensioned at 23 x 20mm2

(0.116 x 0.1 λg). Table 2 summarizes the sizes of the chassis,
antenna elements, and decoupling element in comparison
with previous literature [11], [13], [14], [17]. It indicates that
the proposed antenna element, which needs to theoretically
be at least a quarter of a wavelength, can be designed on the
smallest area compared to other works. Moreover, the area
occupied by the decoupling element (0.09 x 0.08 λg) is also
found to be the smallest among the existing literature.

IV. PERFORMANCE EVALUATION METRICS
In mobile terminal, the performance of the antennas is evalu-
ated using the S-parameters. In addition, MIMO antenna and
MIMO link metrics are implemented to further evaluate the
performance of the MIMO antenna. In this work, the MIMO
antenna metrics are first calculated (e.g., total efficiency and
envelope correlation coefficient (ECC)). These parameters
are then used to calculate the MIMO link metrics.

ECC is one of the essential metrics to determine the perfor-
mance of MIMO antennas in a mobile terminal. It showed the
correlation between the two antennas which are placed side-
by-side in all combinations. MIMO antennas should have a
low ECC value to ensure the antennas are uncorrelated and
the threshold of the accepted value is 0.5 according to the
literature [24]. The ECC, ρe in this work is evaluated from
the antenna radiation patterns equation (3), as shown at the
bottom of the next page, [25].

Meanwhile, the total efficiency (ηtot ) in MIMO antenna is
a function of the radiation efficiency (ηrad ) and the matching
efficiency (ηmis+coup). It includes the mutual coupling, as
follows [26]:

ηtot = ηradη(mis+coup) = ηrad (1− |S11|2 − |S12|2) (4)

where parameters S11 and S12 indicate the mismatch loss
and coupling loss between the MIMO antenna elements.
Improved matching of these elements using the decoupling
network can directly result in the improvement of total effi-
ciency.

The ergodic capacity is defining as the rate of the achieved
averaging capacity over the channels and evaluated as fol-
lows [27]:

EC = E
(
log2

(
det

(
IN +

SNR
N

H (H)H
)))

bit/s/Hz

(5)

where E denotes the averaging operator, IN denotes the iden-
tity matrix of sizeN ,N denotes the number of antennas, SNR
denotes the signal-to-noise ratio, and H denotes the channel
matrix.

Besides the ergodic capacity, the multiplexing efficiency,
ηmux which is related to the performance of channel capac-
ity is investigated. The ηmux is evaluated using the MIMO
antenna performance metrics such as ECC and efficiency,
as follows [28]:

ηmux =
N

√√√√( N∏
i=1

ηi

)
det

(
R̄
)

(6)

where ηi denotes the i-th antenna efficiency and det (R̄)
denotes the determinant of the matrix of complex envelope

correlation. The N

√(∏N
i=1 ηi

)
describes the geometricalmean

of the individual antenna efficiencywhile N
√
det

(
R̄
)
describes

the correlation among the antennas. These two elements pro-
vide the impact to improve the ηmux which approach to the
ideal channel capacity.

The performance of the MIMO antennas is also evaluated
using the maximal ratio combining (MRC) technique. The
received signals of the multiple antennas are combined using
optimal coefficient in this technique. The result is performed
in cumulative distribution function (CDF) with the MRC
technique and is given as follows [29]:

PMRC (γ ≤ x)= 1−
N∑
j=1

λN−1j e−SNR/λj∏N
k 6=j

(
λj − λk

) (7)

where λj and λk denote the eigenvalues of the SNR covariance
matrix at the j-th port and k-th port, respectively.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. S-PARAMETERS
The fabricated prototypes of the optimized PIFAs and CCE
antennas with the decoupling network is shown in Fig. 5.
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FIGURE 5. Fabricated prototypes of the two-element antennas with the
decoupling network: (a) PIFA (front view), (b) PIFA (back view), (c) CCE
antennas (front view), and (d) CCE antennas (back view).

The decoupling networks are built using surface mount com-
ponents for optimized space consumption and minimizing
losses.

The simulated and measured S-parameters for both
antenna designs are shown in Fig. 6. For the sake of brevity
and due to the symmetry of the antenna elements, only S11
and S12 are shown. The simulated S11 and S12 values for
the PIFAs with and without the decoupling network are first
analyzed, and are presented in Fig. 6(a). The designed PIFA
without the decoupling network at 0.829GHz showed S11 and
S12 value of−16 dB and−3 dB, respectively. In comparison,
when implemented with the decoupling network, the PIFA,
the mutual coupling is reduced significantly from −3 dB to
−26 dB. Based on [25] a strong mutual coupling exists when
more than one antenna is located in the strong E-field current

FIGURE 6. (a) Simulated S-parameters of PIFAs with and without the
decoupling network. (b) Simulated S-parameters of CCE antennas with
and without the decoupling network.; (c) Simulated and measured PIFAs
with the decoupling network (d) Simulated and measured CCE antennas
with the decoupling network.

region. The antennas shared the same E-field excitation at
the short edge of the chassis and leads to a high coupling.
In this work, it is worth noting that the initial value of mutual
coupling determined from the PIFAs and CCE antennas with-
out the decoupling network is above −5 dB. In Fig. 6(a),
PIFAs with and without the decoupling network showed a
bandwidth of 7.2 MHz (from 0.7881 to 0.8353 GHz) and
11.2 MHz (from 0.8215 to 0.8327 GHz), respectively.

On the other hand, Fig. 6(b) shows the simulated results of
the CCE antennas with and without the decoupling network.
The CCE antennas with the pre-matching network featured
a S11 and S12 of −16 dB and −5 dB, respectively. When
implemented with the decoupling network, the S11 and S12 is
improved to −16 dB and −23 dB, respectively. In Fig. 6(b),
the CCE antennas with and without the decoupling network
operates from 0.8237 to 0.832 GHz (8.3 MHz) and from

ρe =

∣∣∣∫ 2π
0

∫ π
0

(
XPR Eθ1E∗θ2Pθ + Eϕ1E

∗

ϕ2Pϕ
)
d�
∣∣∣2∫ 2π

0

∫ π
0

(
XPR Eθ1E∗θ1Pθ + Eϕ1E

∗

ϕ1Pϕ
)
d� x

∫ 2π
0

∫ π
0

(
XPR Eθ2E∗θ2Pθ + Eϕ2E

∗

ϕ2Pϕ
)
d�

(3)
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FIGURE 7. Parameter study on inductor values on PIFA matching network.

0.8245 to 0.837 GHz (12.5 MHz), respectively. An impor-
tant observation is that an additional resonance is found at
0.7 GHz upon the integration with the decoupling network,
contributed by the matching circuit. The simulated and mea-
sured performance of the PIFA with the decoupling network
agreed well, as illustrated in Fig. 6(c). The measured S11 and
S12 at the center frequency are −16 dB and −18 dB, respec-
tively. Meanwhile, the simulated and measured S-parameters
of CCE antennas with the decoupling network also agreed
well, as depicted in Fig. 6(d). The measured S11 and S12
of the CCE antennas are −10 dB and −13 dB, respec-
tively. The component values in the three networks (i.e., pre-
matching, decoupling, and matching networks) were then
optimized for the CCE antennas to eliminate this additional
resonance.

B. EFFECT OF MATCHING NETWORK
From Fig. 6(a) and 6(b), the matching bandwidth of the
antenna is showing a different behavior. The CCE antennas
with the decoupling technique indicated a slight bandwidth
decrease and this is aligned with the finding shown in [14]
and [30]. On the contrary, the results shown by the PIFA is
reversed, which is caused by the additional matching net-
work. This can be seen by observing Fig. 6(a), where an
additional resonant frequency resonating slightly lower than
0.829 GHz is introduced when the matching circuit is added.
This then broadened the bandwidth of the PIFAs with the
decoupling network. To further validate this, additional sim-
ulations have been performed. The inductor in the matching
network has been tuned from 3.8 nH to 6.8 nH, resulting
in the S-parameters shown in Fig. 7. This validates that the
existence of the matching network directly influences the
bandwidth. This validation can be led to further enhancement
of the matching bandwidth after the implementation of the
decoupling network on MIMO antennas.

FIGURE 8. Effects of parameter tuning on the CCE pre-matching network.

C. EFFECTS OF PRE-MATCHING NETWORK
This section explains the tuning process of the non-resonant
antenna element to operate at the target frequency using
the pre-matching network. During the tuning process,
the CCE antennas are first decoupled with the decou-
pling. The S-parameters are observed while the inductor in
this pre-matching network is tuned from 11.5 nH to 13.5 nH,
as shown in Fig. 8. The S-parameters indicate that the operat-
ing frequency is lowered with a higher inductor value. Mean-
while, the mutual coupling between the elements remained
under −15 dB. This indicates the capability of the CCE
antenna in resonating at different frequencies without the
need for any modifications to its physical structure. They can
potentially can be further miniaturized and integrated with
frequency reconfigurable features.

D. MIMO ANTENNA PERFORMANCE
As a final validation of the multiple antennas’ performance,
it is important to evaluate their MIMO performance in terms
of envelope correlation coefficient (ECC), total efficiency
and radiation pattern. Fig. 9 shows the ECC values and total
efficiency of the multiple antennas with and without the
decoupling network. The ECC values are below 0.5 for both
PIFAs and CCE antennas at 0.829 GHz, as shown in Fig. 9(a)
and 9(c), respectively.

The originally total efficiency of PIFAs and CCE antennas
is below 60 %. The total efficiency of the PIFAs and CCE
antennas with the proposed decoupling network improved
by 30 % and 31 %, as shown in Fig. 9(b) and 9(d), respec-
tively. This also shows that the power loss contributed by the
resistors in the decoupling network is small and negligible
compared to the contribution of the decoupling network in
minimizing the coupling between the two antenna ports. It is
worth to mention that it is more challenging to achieve higher
total efficiency in the lower Sub-1 GHz band, compared to
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FIGURE 9. Performance of the antennas with and without the decoupling
network in terms of: (a) ECC for PIFA, (b) total efficiency for PIFAs, (c) ECC
for CCE antennas, (d) total efficiency for CCE antennas.

higher frequencies above 2 GHz. This is aligned with the
finding shown in [31], [32].

Fig. 10 shows the radiation pattern of the PIFAs and CCE
antennas with and without the decoupling network. The radi-
ation patterns of port 1 and port 2 for the PIFAs and CCE
antennas are quasi-mirror images of each other at 0.829 GHz.
From Fig. 10, it is observed that the antennas are radiating
toward the Z-direction with an orthogonal behavior when
excited from port 1 and port 2, indicating the coverage of
complementary space regions in the Z-direction. It can be
observed that the realized gain of the antennas without any
decoupling techniques is low. Specifically, the realized gain
of the PIFAs and CCE antennas are negative in value, at
−2.08 dB and −0.887 dB, respectively. The realized gain
of these antennas then improved with the implementation of
the decoupling network; to 0.815 dB (for the PIFAs) and to
1.27 dB (for the CCE antennas).

It is observed in Fig. 9(a) and 9(c) that the original ECC
value is lower than the ECCwith the decoupling network. The
ECC values before the implementation of the decoupling net-
work is 0.034 (for the PIFA) and 0.001 (for the CCE). These
ECC values increased when the antennas are integrated with
the decoupling network to 0.18 (for the PIFA) and 0.069 (for
the CCE). These values are still under the acceptable ECC
limit of 0.5. The main reason for the lower ECC value before
decoupling is mainly due to the lower realized gain of the
antenna. This is illustrated in the radiation patterns (without

FIGURE 10. Radiation pattern of a) PIFA and b) CCE antennas with and
without decoupling network.

the decoupling network) in Fig. 10. Upon the implementation
of the decoupling network, the realized gain of the PIFA
improved from −2.08 dB to 0.815 dB, resulting in a more
directive radiation pattern. The more directive pattern then
causes an increase of coupling loss between the antennas,
thus slightly increasing the ECC values. Besides that, it can be
observed in Figs. 6(a) and 6(b) that the antenna S12 are wider
before the implementation of the decoupling network. This
S12 operation which then narrowed with the decoupling net-
work. This same behavior is also seen in Figs. 9(a) and 9(c),
as the ECC bandwidth changes with respect to the behavior
of S12 illustrated in Figs. 6(a) and 6(b). This explains the
changes in bandwidth shown by the ECC, and this behavior
is aligned with the finding by a recent work [33]. In general,
a narrower ECC bandwidth can be expected after the imple-
mentation of the decoupling network due to the changes in
the S12 bandwidth.

The CCE antennas with decoupling network is chosen as
the final antenna in this work due to its ease in frequency
reconfiguration and further size miniaturization potential.
This structure is evaluated further using the ergodic capacity,
multiplexing efficiency, and the MRC gain. Fig. 11 shows
the ergodic capacity of the CCE antennas with and with-
out the decoupling network, with a 2 x 2 independent and

VOLUME 9, 2021 59481



W. L. Cheor et al.: Decoupling Network for Resonant and Non-Resonant Sub-1 GHz MIMO Mobile Terminal Antennas

TABLE 3. Comparison of different antenna elements with decoupling network.

FIGURE 11. Ergodic capacity of the CCE antennas in free space with and
without the decoupling network, and a 2 x 2 IID capacity.

identically distributed (IID) capacity as reference. The num-
ber of the random channel realization is fixed at 50,000 to
ensure the satisfactory accuracy, whereas the ergodic capac-
ity is calculated at an SNR value of 20 dB. In free
space, the ergodic capacity at 0.829 GHz is improved from
15.39 to 16.99 bit/s/Hz, and is closer to the IID capacity
of 17.75 bit/s/Hz.

Fig. 12 depicts the multiplexing efficiency (ηmux) for the
CCE antennas with the decoupling network in free space.
It improved the ηmux by 0.329, from 0.437 to 0.766. Besides
this, the contributions of the elements to the ηmux results (i.e.,
N

√(∏N
i=1 ηi

)
and N

√
det

(
R̄
)
from equation (5)) are provided

in Fig. 12. It can be observed ηmux is mainly influenced by

FIGURE 12. Multiplexing efficiency of the CCE antennas with and without
the decoupling network in free space.

the N

√(∏N
i=1 ηi

)
term. On the contrary, the term N

√
det

(
R̄
)

remained consistent, with a close-to-unity value with and
without the decoupling network.

Fig. 13 shows the CDF curves of the MRC gain (scaled
from 0 to 1) for the CCE antennas in free space. The
effects of the decoupling network to the individual antenna at
0.829 GHz can be observed when the CDF curves are shifted
to the higher normalized SNR values. The MRC diversity
gain is illustrated in this figure using the MRC gain. The
highest MRC gain of the individual antenna is at a CDF level
of 0.5. TheMRC diversity gain of the CCE antennas with and
without the decoupling network are 3.769 dB and 3.618 dB,
respectively.
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FIGURE 13. CDF of the MRC gain and the individual CCE antennas with
and without the decoupling network in free space.

Table 3 compares the antenna performance with the
proposed decoupling network with other relevant antennas
available in literature. The distance between antennas in all
literature are less than the conventional requirement of a
quarter wavelength except for [12]. It is evident that the anten-
nas with the decoupling network proposed are capable to be
spaced with the smallest inter-element distance of 0.08 λg.
In addition to that, the PIFAs and CCE antennas featured
better performance in terms of total efficiency, with at least
13.3 % of improvement relative to other published works.
At the same time, the levels of coupling level reduction
offered by this work are comparable, if not better than these
literatures, which have been mainly designed for operation in
the 2.4 GHz band.

VI. CONCLUSION
In this work, a decoupling network applicable for a two-
element PIFA and CCE antenna in a compact mobile terminal
are presented for Sub-1 GHz band. Both proposed multi-
ple antennas are designed to operate in the same frequency
band and similarly dimensioned to provide a fair comparison.
Results in terms of S-parameters, ECC, and total efficiency
indicated that this decoupling network can be implement
on different resonant and non-resonant antenna elements
with improved inter-element distance (of up to 34 % nearer)
and total efficiency improvements (of up to 30 %) at the
same time. These features are especially advantageous for
mobile terminals with multiple CCE antennas in the Sub-
1 GHz frequency bands. In addition, further investigation
of CCE antennas with decoupling network shown promis-
ing enhancement in terms of ergodic capacity, multiplexing
efficiency, and MRC diversity gain. Moreover, additional
antenna miniaturization can be further implemented by opti-
mization of the pre-matching network, decoupling network,
and matching network. Finally, a tunable decoupling network
on multiple antennas is planned for future work.
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