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Abstract—This brief presents a dual-band antenna decoupling
technique with independent control using composite capacitors.
Due to the inherent frequency-selective characteristic of the
decoupling structure, the decoupling in one band has almost
no effect on that in the other band, so the decoupling in
the two bands can be independently controlled simply by pro-
viding two different desired capacitances, which is achieved
using the proposed composite capacitors. An equivalent circuit
is presented to reveal the mechanism of the decoupling and
frequency-selective characteristics. Two demonstrative examples
using proposed composite capacitor circuits are extensively stud-
ied by simulation and measurement. The results show that with
the proposed decoupling scheme, not only the isolation but also
the performance of the total efficiencies and the envelope correla-
tion coefficients are all improved. Benefiting from the composite
capacitors, the total footprint of the dual-band decoupling struc-
ture is only 5 x 3 mm?, which is extremely compact compared
with the existing methods.

Index Terms—Antenna decoupling, composite capacitor
circuits, dual-band, frequency-selective, independent control,
mutual coupling.

I. INTRODUCTION

O SATISFY he increasing demands for higher data rates,
the multi-band multi-input and multi-output (MIMO)
scheme has become one core air-interface technique. However,
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due to the compact available space for antennas, mutual cou-
plings inevitably exist among antenna elements, which will
significantly deteriorate the system’s data throughput [1], [2].

Various techniques have been proposed to deal with antenna
mutual couplings in single-band scenarios, such as utilizing
neutralization lines [3], parasitic elements [4], lumped decou-
pling elements [5], special ground structure [6], [7], orthogo-
nal modes [8], just name a few. To solve the dual-band mutual
coupling problem, many efforts also have been devoted. An
effective method is to use a special ground structure, such
as a T-shaped slot [9], and a spiral line [10]. But one chal-
lenge is that the size of these ground structures is somewhat
bulky. Another category of dual-band decoupling technique
is to design a dual-band decoupling circuit or a decoupling
surface, which can be realized using lumped elements [11],
metasurface structure [12], microstrip lines [13], [14], [15],
microstrip stubs [16], and parallel lines [17]. Although these
methods can provide systematic design guidelines from the
circuit derivation aspect, they usually occupy a large size to
implement the decoupling circuits.

Recently, a new decoupling technique using decoupling
capacitors is proposed to mitigate the mutual coupling of
two single-band antennas by the authors [18], [19]. In this
brief, the inherent frequency-selective decoupling character-
istic of this method is studied for the first time. Based
on this inherent frequency-selective decoupling characteris-
tic, an independently-controlled dual-band decoupling can be
achieved by providing two desired capacitances at the two
bands, which is realized using the proposed composite capac-
itor circuit. Compared with the prior dual-band decoupling
methods, it presents three distinct features:

1) the decoupling in the two bands is independent of each
other;

2) the antenna elements are not required to be physically
connected with the decoupling structure; and

3) the occupied size of the decoupling structure is extremely
small.

II. DECOUPLING SCHEME AND MECHANISM
A. Decoupling Scheme

Fig. 1 shows the evolution diagram of the proposed decou-
pling method. At first, one group of capacitors, Cy, is intro-
duced on the outstretched stubs from the ground to decouple
two single-band antennas, as has been discussed in [18]. In
Case 2, two groups of capacitors, two C; and two C», can
be introduced on four corresponding stubs, as is shown in
Fig. 1(b). And the decoupling in the low band is just controlled
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Evolution diagram of the proposed independently-controlled dual-band decoupling scheme using composite capacitors. (a) Case 1: single-band

decoupling. (b) Case 2: Dual-band decoupling using two separate decoupling capacitors. (c) Case 3 (Proposed): Dual-band decoupling using composite

capacitors.
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Fig. 2. An equivalent circuit of decoupling two MIMO antennas using
decoupling capacitor scheme.
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Fig. 3. The geometry of the demonstrative example of two dual-band MIMO
antennas using separate capacitors.

by adjusting the capacitances of C;, while the decoupling in
the high band is controlled by tuning C,. Moreover, as is
shown in Fig. 1(c), to further reduce the footprint of the whole
antenna design, the composite capacitor is proposed to achieve
the two desired capacitances in the two bands, C; at f; and C,
at fj, respectively.

B. Frequency Selectivity

As the prior art of a single-band decoupling scheme shows
in Fig. 1(a), a small rectangle is cut from the ground, and a
proper capacitor is inserted between the ground and a short
outstretched stub. The intuition tells us that the loading capac-
itor and the connected stub together with some other parasitic
effect constitute a series resonant circuit. To describe this
attribute more clearly, an equivalent circuit for decoupling two
antennas using decoupling capacitors is depicted in Fig. 2, in
which the original coupling consists of a capacitive coupling
and an inductive coupling.

TABLE I
ELEMENT VALUES OF THE EQUIVALENT CIRCUIT IN THE TWO BANDS
(UNITS FOR R, L, AND C ARE 2, NH AND PF.)
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Without loss of generality, a validation example using
the decoupling scheme shown in Fig. 1(b) is used to study
the working mechanism. As the antenna geometry shown in
Fig. 3, two dual-band inverted-F antennas (IFAs) working in
two bands, 1.8 — 1.88 GHz (5G N3 band) and 3.4 — 3.6 GHz
(5G N78 band) are mounted along the same edge of the ground
plane formed on one side of an FR4 substrate with a thick-
ness of 1.6 mm, permittivity of 4.3 and loss tangent of 0.02.
Compared with the coupled and decoupled cases, the only
difference lies in the cut and capacitors on the ground plane
for decoupling. By fitting the simulated results of the EM
and circuit models of the coupled case, the element values
of the equivalent circuit can be obtained, as listed in Table I.
Figs. 4(a) and 4(c) depict the comparison of the circuit and
EM simulated results in the low band and high band of the
coupled IFAs, respectively, showing good agreement. And for
the decoupled one, the extra coupled series-resonant decou-
pling circuit is introduced, as also listed in Table I. Figs. 4(b)
and 4(d) show the S-parameters of the decoupled cases in the
low and high bands, respectively. The phase results also show
similar agreement and are omitted here for brevity.

To study the frequency selectivity, the S-parameters of
the circuit model for the coupled and decoupled cases are
compared in Fig. 5. In the low band (Fig. 5(a)), the RLC
decoupling circuit decouples the two IFAs within the desired
band of 1.8 to 1.88 GHz, while leaving the other bands almost
unaffected. In the high band (Fig. 5(b)), the RLC decoupling
circuit only affects a band of 3.2 to 3.8 GHz, also presenting
an inherent frequency selectivity. To further justify the cir-
cuit model, the reactance of the decoupling circuit in Fig. 2 is
also studied for both the low and high bands. It is found that
the decoupling circuit presents a low reactance in the desired
band while a high reactance in other bands, indicating a natural
frequency selectivity.
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Fig. 4. Magnitude of circuit and EM simulated results. (a) Coupled case in the low band. (b) Decoupled case in the low band. (c) Coupled case in the high

band. (d) Decoupled case in the high band.
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Fig. 5. Comparison of circuit simulated results between the coupled and
decoupled cases. (a) Low band. (b) High band.

C. Composite Capacitors

To make the decoupling structure more compact, a com-
posite capacitor is proposed, as has been shown in Fig. 1(c).
And to construct the desired composite capacitors, the required
capacitor value in the two bands should be discussed first.
As has been discussed in the above Part B, the introduced
capacitor and the outstretched stub constitute an LC series
resonant circuit that resonates in the working band. Therefore,
for one certain outstretched stub, whose equivalent inductance
is a constant, the required capacitor value in the low band is
higher than that in the high band, meaning that C; is larger
than C,. Based on this rule, two composite circuits composed
of three elements are proposed in Fig. 6.

The circuit in Fig. 6(a) is of Parallel-Series type, meaning
that the capacitor Cp is parallel with the series LC circuit
which is made up of Lg and Cs. And the resonant frequency
of this inner series LC circuit locates between f; and fj, so it
will present capacitance at f; and inductance at f;, making it
possible that C; is larger than C;. Given Cy, Ca, fi, fn, and
Cp, the inductance Lg and capacitance Cs can be found by

_ (C1 = Cp)(Cp = C)(fy = )
C (G- Cpff + (Cp = Cf
. Ci—C
ST A - e - O - 1)
Similarly, for the Series-Parallel type of composite capacitor

shown in Fig. 6(b), given Cy, Cy, f;, fr, and Cs, the inductance
Cp and capacitance Lp can be readily solved.

(1)

(1b)
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Fig. 6. Two circuit topologies of composite capacitors for the proposed
dual-band decoupling scheme. (a) Parallel-Series type. (b) Series-Parallel type.

75

Fig. 7. Antenna geometry of the demonstrational example using proposed
Parallel-Series type composite capacitors.

@ (b)

Fig. 8.  Photos of the decoupled antennas. (a) Top side. (b) Bottom side.
(c) Zoom-in view of the composite capacitors on the bottom side.

III. DEMONSTRATION EXAMPLE

At first, one pair of dual-band IFAs is decoupled using the
proposed composite capacitors of parallel-series type, as is
shown in Fig. 7. The values of f; and f;, are 1.84 and 3.5 GHz.
Using a similar method to the example in Part B of Section II,
C; and C; can be found as 3.5 and 0.75 pF. In this design, Cp
is selected to be 1.4 pF, so Cs and Lg can be readily found
as 0.8 pF and 5.76 nH according to formulas (1a) and (1b).
In the EM simulation, due to the unavoidable connecting pad
and parasitic effect, the values of the three elements are fine-
tuned, and the final values are 1.2 pF, 0.85 pF, and 4.9 nH for
Cp, Cs, and Ls.
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Fig. 9. Simulated and measured S-parameters of the demonstrational
example. (a) Simulated. (b) Measured.

In the prototyped sample, the soldering values of these three
elements are 1.0 pF, 0.9 pF, and 5.1 nH. And Fig. 8 shows the
top and bottom sides of the fabricated prototype. The soldered
components of 1.0 pF, 0.9 pF, and 5.1 nH are high-Q series of
Murata to reduce undesired loss, and the total occupied size
of the decoupling structure is only about 5 x 3 mm~.

It is seen from Fig. 9 that the simulated and measured
results agree well with each other. The results show that
the isolation at the lower center frequency of 1.84 GHz is
improved from about 9 dB to better than 20 dB, and from 13
to 28 dB at 3.5 GHz. In both frequency bands, the matching
results are also improved as compared to those of the coupled
counterpart.

It is found from Fig. 10 that the average total efficiency
throughout the lower band (1.8 — 1.88 GHz) is improved from
62% to 66%, and from 50% to 62% for the higher band. The
envelope correlation coefficient (ECC) is calculated using the
measured far-field electric fields. As is shown in Fig. 10, the
ECCs are reduced significantly after decoupling, from 0.26 to
0.046 in the low band and from 0.27 to 0.064 in the high band,
indicating a lower spatial correlation.

A comprehensive comparison of the proposed dual-band
decoupling method and the prior works is conducted in
Table II. It is observed that the proposed method is based on
the inherent frequency selectivity of the decoupling structure,
and the design in the two bands is naturally independent of
each other. Furthermore, the required footprint for the decou-
pling structure is the smallest, which is highly attractive to
terminal MIMO antenna applications. And the achieved worst
isolations within the desired bands are comparable with the
prior works.

And the three components in the proposed composite cir-
cuit can be replaced using corresponding varactors or tunable
switches to achieve frequency tuning to some extent. In partic-
ular, Cp mainly tunes the high band while Cg mainly tunes the
low band, and Lg, and Lg can adjust the two bands simultane-
ously. Therefore, one can design a tunable circuit by replacing
the elements with the corresponding tunable device according
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Fig. 10. Measured total efficiencies and calculated ECCs of the coupled and
decoupled IFAs. (a) In the low band. (b) In the high band.

TABLE II
COMPARISON OF STATE-OF-THE-ART DUAL-BAND
DECOUPLING METHODS

Achieved

Ref. ?éﬁi; Istglzgi)on Incgf:::ﬂfnt Size (mm?)
poprr 2248 2037267 No 18.6 x 10
papr 2230 s No 43 %10
pspre 2072 10 No 30 x 14
[16]22 ?1‘5_72542‘7‘5/ 20/20 No 422 %11
o L9200 201 No 41 %424

Proposed 2, "B usg Yes 5x3

to these frequency control guidelines. And it should be noted
that this reconfigurable capability is limited within a narrow
band, which is mainly resulted from the matching degradation
with a too-large tuning shift. And the simulated radiation effi-
ciency with different component losses of the three elements
is studied. It is found that the simulated radiation efficiency
decrease with the component loss. Quantitatively, the radiation
efficiency will decrease by about 2% with a 0.1 €2 increase in
the component loss.

To justify the generality, another example using series-
parallel composite capacitors is further studied. And the
working bands are tuned as 2.11 — 2.17 GHz (5G N1 band)
and 3.4 — 3.6 GHz (5G N78 band) by tuning the length of the
longer arm, as the antenna geometry and dimension shown in
Fig. 11. To calculate the three element values of the composite
capacitor, the values of fj, f;, C; and C, can be first found as
2.14 GHz, 3.5 GHz, 2.85 pF, and 0.8 pF. Similar to the above
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Fig. 12. Simulated S-Parameters of the second example.

first example, Cg is selected as 1.25 pF, so Cp and Lp can be
readily found as 4.88 pF and 0.78 nH.

The simulated S-parameters of the coupled and decoupled
IFAs are compared in Fig. 12. It is found that the isolation at
2.14 GHz is improved from 7.8 to 23 dB after decoupling and
from 11.6 to 26 dB at 3.5 GHz.

IV. CONCLUSION

An independently-controlled dual-band decoupling tech-
nique based on inherent frequency selectivity is presented in
this brief. The working mechanism of the decoupling scheme
is revealed by studying a concise equivalent circuit model.
The circuit model reveals that the decoupling structure is
equivalent to a coupled series-resonant circuit, which has an
independently controlled decoupling effect. And two compos-
ite capacitor circuits are proposed to further reduce the size
of the decoupling structure. Two demonstrative examples are
presented using the proposed composite capacitor circuits. The
results show that the performances of a MIMO antenna array
in the two bands, such as port isolation, impedance matching,
total efficiency, and ECC are well improved after using the
proposed dual-band decoupling scheme.
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