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Te design of isolators to reduce mutual coupling in large two-dimensional antenna arrays is complex and requires signifcant
computational efort. Tis work attempts to alleviate this problem by applying diferent types of planar isolators in diferent
orientations and experimenting frst with two-element microstrip antenna arrays. A U-shaped planar transmission line isolator,
a U-shaped planar transmission line-based destructive ground structure, and a planar neutralization line structure are designed to
reduce E-plane or H-plane coupling in two-element microstrip antenna arrays. A mutual coupling reduction of approximately
6 dB is achieved. Four combinations of these planar isolators are compared and analyzed in a four-element microstrip antenna
array. An optimal combination is then obtained by using two reversely placed U-shaped line isolators, which reduce the mutual
coupling by more than 6.1 dB.Te study is also extended to a 5× 5 antenna array. Similar results of mutual coupling reduction are
obtained. In addition to simulation, both two-element and 25-element microstrip antennas have been constructed and tested.Te
agreement of the simulation results with the measured results confrms the efectiveness of the decoupling structures.

1. Introduction

Multiple-input multiple-output (MIMO) technology uses
multiple antennas to signifcantly increase the system’s data
throughput [1, 2] and transmission rate [3, 4] without ad-
ditional bandwidth. It has been used in 5G wireless com-
munication systems and future wireless communications.
However, the increasing number of antenna elements and
limited spacing aggravate the mutual coupling problem.
Mutual coupling results in impedance mismatching [5] and
radiation pattern distortion, degrading system performance
[6, 7]. Terefore, improving the isolation between antennas
becomes increasingly important.

Several decoupling techniques have been proposed to
achieve low mutual coupling, such as resonant isolators
[8–10], neutralization structures [11, 12], electromagnetic
bandgap (EBG) [13, 14], and frequency-selective surface
(FSS) structures [15–17]. However, the studies of these

structures are limited to two-element or one-dimensional
(1D) antenna arrays, which reduce the coupling on E-plane
or H-plane only.

For two-dimensional (2D) antenna arrays, both H-
coupling and E-coupling exist, which increases the iso-
lator design complexity. A double-layer meta-surface
superstrate [18] and an array-antenna decoupling surface
(ADS) [19] have been proposed to reduce the mutual
coupling by placing the structures above the antenna arrays.
Te superstructure generates refected waves that can cancel
surface wave coupling by varying the pattern of the refective
metal sheets on the superstructure. A cross-shaped metal
wall [20] and a metamaterial absorber wall [21] have been
investigated to suppress the surface wave coupling. Te
metamaterial wall absorbs part of the coupled electromag-
netic wave energy, thus reducing the coupling between the
antennas. However, these isolators [18–21] have a high
profle due to the additional height of the superstrates or
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walls. In addition, the isolators are designed for specifc
antenna arrays; the change in the isolator is required to work
in antenna arrays of diferent scales. Transmission-line-
based decoupling structures [22, 23] could efectively reduce
the mutual coupling by analyzing the impedance perfor-
mance at port interfaces and choosing all the transmission-
line parameters. Te isolators [22] designed in a four-
element antenna array have been extended to large-scale
antenna arrays. However, the parameters of the transmission
lines would need to be altered for diferent scales of antenna
arrays. Destructive ground structures (DGSs) have been
investigated for the reduction of mutual coupling by
changing the current distributions, and an H-shaped DGS
has been studied in a four-port microstrip antenna array
[24]. In [25], the isolation is enhanced by adjusting the shape
of the ground plane under the antenna array, but with
a limitation on practical implementation. A decoupling slot-
strip array (DSSA) has been shown in [26]. Te DSSA
consists of a slot array etched on the ground plane and a strip
array printed on the patch plane. Te DSSA interferes with
the current distribution and reduces the mutual coupling to
less than −30 dB in a four-element antenna array. However,
the same isolator could only provide an isolation lower than
−16 dB in a 4× 4 antenna array.

Te design of isolators in large 2D antenna arrays is
complex. In general, the isolators designed in small-scale
antenna arrays, such as 2× 2 antenna arrays, need to be
modifed to have similar isolation enhancements in large
antenna arrays. Tis paper hence addresses the problem by
adopting a combination of diferent isolators and orienta-
tions. Isolators designed in a two-element antenna array can
then be extended to work in a large-scale antenna array and
maintain similar level of coupling reduction without
changing the size, which simplifes the design complexity.
Te isolators proposed include a U-shaped planar trans-
mission line isolator, a U-shaped planar transmission line-
based DGS, and a planar neutralization line structure. Te
study of their efectiveness in the reduction of mutual
coupling extends from a 2× 2 microstrip antenna array to
a 5× 5 microstrip antenna array. Further details are
presented below.

In Section 2, a U-shaped transmission line isolator and
a U-shaped transmission line-based DGS are described to
reduce E-plane coupling and a neutralization line structure
to reduce H-plane coupling in two-element microstrip
antenna arrays. In Section 3, a comparison will be made on
the combinations of abovementioned three types of isolators
on improving isolation in a 2× 2 microstrip antenna array.
In Section 4, the study will be extended to a 5× 5 microstrip
antenna array with the optimal combination found in
Section 3. Conclusions will be drawn in Section 4.

2. Isolator Design for Two-Element Microstrip
Antenna Arrays

2.1. Horizontally Placed Two-Element Array. Patch antennas
are widely used in base stations because of their low profle,
low cost, and easy-to-manufacture performance. Terefore,
the microstrip antenna is chosen as the reference antenna.

Figure 1(a) shows two identical microstrip antennas of
length (L) 19.22mm and width (W) 26.30mm placed
horizontally on an FR-4 substrate.Te edge-to-edge distance
(S) is 21.40mm (λ/4). Tis coupling between two hori-
zontally placed microstrip antennas is noted as H-plane
coupling.

To investigate isolators in diferent orientations later,
a noncentrosymmetric U-shaped planar transmission line
isolator is then introduced between the antennas, as shown
in Figure 1(b). Tis isolator structure is an extended design
inspired by the work of a U-shaped resonant isolator [27].
Te isolator consists of four symmetrically placed U-shaped
lines. It has an overall width (X) and length (Y) which are
chosen to be 13.00mm and 36.00mm, respectively. Te
width of lines (a) and the gap between lines (g) are both
0.3mm.

Te U-shaped line isolator can be considered as a band-
stop flter. Te operating mechanism of the isolator is that
the incident electric feld is perpendicular to the gap between
the U-shaped lines, acting as a capacitor. Conversely, per-
pendicular to the surface, the H-feld introduces inductance.
Te lengths and gaps can be varied to change the resonant
frequency with the changing inductance and capacitance.
Te electric feld intensity at the end of the U-shaped lines is
high. When the lines are placed in reverse, the diference in
electric feld strength is larger; therefore, the capacitance
between two adjacent lines is larger. A smaller total in-
ductance is then required to have the same resonant fre-
quency, which means the arms of the U-shaped lines could
be shorter, leading to a smaller total size of the isolator. Te
U-shaped line isolator could be further modifed by re-
moving a part of the ground plane.

A DGS-based U-shaped line isolator is shown in
Figure 1(c) where the top layer is shown in red and the
ground is grey. A part of the ground plane with length
(Xslot) 16mm and width (Yslot) 48mm is removed. A U-
shaped line isolator with a width (X1) of 14.5mm and
a length (Y1) of 38mm is then printed on the area at the back
side of the FR-4 substrate.Te width of the lines (a1) and the
gap between lines (g1) are both 0.7mm. Te defects in the
ground layer increase the length of the coupling current path
and suppress unwanted surface waves. Tey provide band-
stop fltering characteristics around 3.58GHz. Te coupling
current generated by the strip array can ofset the coupling
current generated by the excitation current.

Taking the two-element microstrip array without an
isolator as a reference, Figure 2 shows the simulated results
of |S11| and |S21| parameters between two microstrip an-
tennas with the introduction of the isolators above. Te
reference antenna has a matching frequency of 3.58GHz.
Te |S21| value at 3.58GHz is −22 dB. With the introduction
of the U-shaped line isolator and DGS-based U-shaped line
isolator, the simulated |S21| values at 3.58GHz are reduced to
−27 dB and −27.5 dB, respectively. Te isolation is improved
by 5 dB and 5.5 dB, respectively, in simulation. When the
antenna array and isolators are fabricated and tested, the
measured results are also shown in Figure 2. For the ref-
erence antenna, the measured value of |S11| is −33 dB at
3.58GHz and the measured value of |S21| is −22 dB at
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3.58GHz. Te measurements also show that the U-shaped
line isolator can decrease |S21| to lower than −28.8 dB and
DGS-based U-shaped line isolator can decrease to lower
than −28.4 dB in the operating region. Te isolation is
improved by 6.8 dB and 6.4 dB, respectively, consistent with
those obtained by simulation.

2.2. Vertically Placed Two-Element Array. When two iden-
tical microstrip antennas are placed vertically with λ/4 edge-
to-edge distance in spacing, as shown in Figure 3(a), a simple
neutralization line can efectively enhance isolation, as shown
in Figure 3(b). Te neutralization line has a length of 19mm

and a width of 4.5mm, and it is inserted in between the
microstrip antennas to produce an induced coupling with
around 180° phase diference to the direct coupling between
them, thereby reducing the overall coupling. Figure 4 shows the
simulated and measured |S11| and |S21| results of the antenna
array with and without the neutralization line. Both simulation
and measurement give similar results, apart from a slight
frequency shift. Te measured |S11| and |S21| without isolator
are −29dB and −24dB at the matching frequency of 3.58GHz.
Te neutralization line improves themeasured |S21| to −29.7 dB
or better over the operating bandwidth.

3. Isolator Design for Four-Element Microstrip
Antenna Arrays

Extended from the two-element microstrip antenna ar-
ray arranged in Section 2, a 2 × 2 microstrip antenna
array is formed, as shown in Figure 5(a), with the edge-
to-edge spacing of 21.4 mm between adjacent antennas.
For easy description, each antenna in the array is
numbered from 1 to 4. Te simulated current distribu-
tion of the antenna arrays is shown in Figure 5(b) when
Antenna 1 is excited while the rest of the antennas are
terminated by 50Ω loads. Since the current distributions
are similar over the operating frequency band, only the
current distributions at the center frequency of 3.58 GHz
are shown. When Antenna 1 is excited, considerable
currents are induced onto Antennas 2 and 3, and cur-
rents induced onto Antennas 4 are generally weak.
Hence, the couplings among diagonal elements are not
taken into consideration.

With the choices of isolators, four diferent combina-
tions of isolators, as shown in Figure 6, are considered to
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Figure 1: Te prototype of antenna arrays: (a) horizontally placed antenna array, (b) antenna array with the U-shaped line isolator, and
(c) antenna array with the DGS.
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Figure 2: Simulated and measured S-parameters for horizontally
placed antenna arrays with and without isolators.
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Figure 3: Vertically placed patch antenna array: (a) the surface current distribution of the antenna array and (b) antenna array with
a neutralization line.
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Figure 4: Simulated and measured S-parameters for vertically placed antenna array with and without a neutralization line.
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Figure 5: 2× 2 patch antenna array: (a) structure of the antenna array and (b) the surface current distribution of the antenna array.
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show the efect of isolator type and orientation on mutual
coupling. Tese four combinations are listed as follows:

Case 1: two identical U-shaped line isolators and two
neutralization lines
Case 2: two reverse-placed U-shaped line isolators and
two neutralization lines
Case 3: two reverse-placed U-shaped line-based DGSs
and two neutralization lines
Case 4: a line isolator, a U-shaped line-based DGS, and
two neutralization lines

With these combinations, the simulated and measured
results of S-parameters are shown and compared in Figure 7
together with that without the isolators. Antennas 1 and 4
are chosen as the representative antennas to demonstrate the
performance of these four isolator combinations. Te re-
sponses of S21 and S34 show the efects of upper and lower
isolators, respectively, while S31 and S24 show the efects of
right and left isolators, respectively. Te couplings among
diagonal elements in the microstrip antenna array are
generally weak and hence not taken into consideration. Te
measured results, also shown in Figure 7, are consistent with
the simulated results. It is noted that the refection co-
efcients for the arrays are similar, around −20 dB, at the
center frequency, and the bandwidths are all around 3%.
Teir levels of mutual coupling are compared as follows:

Te reference antenna array: Te maximum H-plane
mutual couplings of |S21| and |S34| are −21.6 dB and
−23.2 dB, respectively. Te maximum E-plane mutual
couplings of |S31| and |S24| are −22.9 dB and −23.0 dB,
respectively.

Case 1:TemaximumH-plane mutual couplings of |S21|
and |S34| are −26.9 dB and −27.4 dB, reduced by 5.3 dB
and 4.2 dB, respectively. Te maximum E-plane mutual
couplings of |S31| and |S24| are −28.1 dB and −30.0 dB,
reduced by 5.2 dB and 7.0 dB, respectively.

Case 2:TemaximumH-plane mutual couplings of |S21|
and |S34| are −28.7 dB and −29.3 dB, reduced by 7.1 dB
and 6.1 dB, respectively. Te maximum E-plane mutual
couplings of |S31| and |S24| are −29.0 dB and −29.1 dB,
respectively, both reduced by 6.1 dB.

Case 3:TemaximumH-plane mutual couplings of |S21|
and |S34| are −23.6 dB and −23.9 dB, reduced by 2.0 dB
and 0.7 dB, respectively. Te maximum E-plane mutual
couplings of |S31| and |S24| are −27.8 dB and −29.6 dB,
reduced by 4.9 dB and 6.6 dB, respectively.
Case 4:TemaximumH-plane mutual couplings of |S21|
and |S34| are −26.3 dB and −25.8 dB, reduced by 4.7 dB
and 2.6 dB, respectively. Te maximum E-plane mutual
couplings of |S31| and |S24| are −28.6 dB and −29.2 dB,
reduced by 4.9 dB and 5.7 dB, respectively.

Te comparison of these four cases shows that the U-
shaped line isolator can reduce the coupling by more than
4.2 dB. DGS-based U-shaped line isolator can improve the
mutual coupling by over 0.7 dB and the neutralization line
by more than 4.9 dB.

Te isolator confguration in Case 2 has the best isolation
enhancement. In Case 2, the two U-shaped line isolators are
placed reversely. Since the U-shaped line isolators are
noncentrosymmetric, the reverse placement of the U-shaped
line isolators reduces the coupling between the two U-
shaped line isolators and hence improved the overall
performance.

To further understand the decoupling efect of the iso-
lators, the simulated current distributions of the microstrip
antenna arrays with isolators are shown in Figure 8. When
antenna 1 is excited, considerable currents are induced onto
the upper isolator placed between antennas 1 and 2 and on
the left neutralization line between antennas 1 and 3. Due to
the distances from other three isolators, the right neutral-
ization line between antennas 2 and 4 has little induced
current in all four cases. Individually, for Case 1, the upper
line isolator induces a large amount of current to the line
isolator between antennas 3 and 4, which degrades the
performance of the lower line isolator placed between an-
tennas 1 and 2. For Case 2, only a small amount of current is
induced to the lower isolator, thus maintaining the
decoupling efect of the lower isolator. For Cases 3 and 4,
although the surface current coupled to the bottom isolator
is low, the induced current coupled to the upper DGS
structure is also very low at 3.5GHz, which makes the
decoupling efect of the upper layer isolator worse and can
only reduce less coupling.

Te maximum gains of antenna 1 in the four-element
microstrip antenna array with and without isolators are
given in Figure 9. Both simulation and measurement results
show that all four isolator combinations could reduce the
gain of the antenna array by up to 0.7 dBi. Te measured
maximum gain of antenna 1 without isolators is 3.48 dBi at
3.58GHz. Te measured maximum gain at 3.58GHz of
antenna 1 with two U-shaped line isolators (Case 1), that
with two reverse-placed U-shaped line isolators (Case 2),
that with two DGS-based U-shaped line isolators (Case 3),
that with a line isolator, and a DGS-based U-shaped line
isolator (Case 4) are 3.23 dBi, 3.05 dBi, 3.42 dBi, and 3.42 dBi,
respectively. Four combinations of isolators only reduce the
measured gain within 0.43 dBi at 3.58GHz.

Te simulated and measured radiation patterns of the
antenna array with and without isolators are shown in
Figure 10. Te simulated radiation efciency of Antenna 1
without isolators is 52.6% at 3.58GHz. Te radiation ef-
ciencies of antenna 1 with two U-line isolators (Case 1),
antenna 1 with two reversely placed U-line isolators (Case 2),
antenna 1 with two DGS-based U-line isolators (Case 3), and
antenna 1 with one line isolator and one DGS-based U-line
isolator (Case 4) are 46.9%, 48.1%, 53.5%, and 54.2%, re-
spectively. Four combinations of isolators change the ef-
ciency by only 6%. As shown in Figure 10, the back lobe of
the antenna array with Case 3 and that with Case 4 is slightly
higher due to the variation of ground. Four combinations of
isolators have a limited efect on the radiation patterns.

Te antenna arrays with and without diferent types and
orientations of isolators are compared in Table 1. Four
combinations of isolators have a limited efect on gain and
efciency. Combining a reversely placed U-line isolator and
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Figure 6: Four-element microstrip antenna arrays: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.
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Figure 7: Continued.
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a neutralizing line isolator (Case 2) reduces the coupling
between the antennas to a greater extent. In a 2× 2 antenna
array, the proposed combination reduces the coupling be-
tween antennas by more than 6.1 dB. Tus, it will be used in
the 25-antenna array.

4. Isolator Design for Twenty-Five-Element
Microstrip Antenna Arrays

To further verify the efectiveness of the isolators mentioned
above in a large-scale microstrip antenna array, a 5× 5 array
is constructed, as shown in Figure 10(a), with antennas
numbered from 1 to 25. Antenna 13 is situated at the center
of the array and has the most complex coupling. Hence, it is

chosen as a representative antenna with an active excitation.
Without applying the decoupling structures, the simulated
and measured S-parameters of the 5× 5 antenna array are
shown in Figure 10(b). It is seen that the simulated results
are consistent with the measured results. Te maximum H-
plane mutual couplings |S12, 13| and |S14, 13| are −22.3 dB
and −22.4 dB, respectively. Te maximum E-plane mutual
couplings |S8, 13| and |S18, 13| are −20.6 dB and −20.8 dB,
respectively.

Since the combination of reversely placed U-shaped line
isolators and neutralization line isolators is shown to be
efective in Section 3, this combination is implemented for
the 5× 5 antenna array, as shown in Figure 11(a). Te
simulated and measured results of the 5× 5 antenna array
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Figure 7: Simulated and measured S-parameters of the microstrip antenna arrays: (a) reference antenna array, (b) array with Case 1,
(c) array with Case 2, (d) array with Case 3, and (e) array with Case 4.
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Figure 8: Surface currents on the microstrip antenna arrays: (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.
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Figure 10: Radiation patterns of 2× 2 patch antenna array with and without isolators: (a) simulated patterns in the E plane, (b) simulated
patterns in the H plane, (c) simulated patterns in the E plane, and (d) simulated patterns in the H plane.

Table 1: S-parameters of isolators in the 2× 2 antenna array.

Antenna array S21 (dB) S31 (dB) S34 (dB) S24 (dB) Gain (dBi) Radiation efciency
(%)

Reference antenna array −21.6 −22.9 −23.2 −23.0 3.48 52.6
Case 1 −26.9 −28.1 −27.4 −30.0 3.23 46.9
Case 2 −28.7 −29.0 −29.3 −29.1 3.05 48.1
Case 3 −23.6 −27.8 −23.9 −29.6 3.42 53.5
Case 4 −26.3 −28.6 −25.8 −29.2 3.42 54.2
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Figure 11: 5× 5 patch antenna array: (a) fabricated board and (b) simulated and measured S-parameters.
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are shown in Figure 11(b). Te measured results agree well
with the simulation results. It is noted that the maximumH-
plane mutual couplings |S12, 13| and |S14, 13| are −28.1 dB
and −28.2 dB, respectively.Temutual coupling between the
horizontal pairs is suppressed by over 5.8 dB. Te maximum
E-plane mutual couplings |S8, 13| and |S18, 13| are −27.3 dB
and −27.6 dB, respectively. Te E-plane coupling is reduced
by over 6.7 dB, similar to that in a two-element microstrip
antenna array. Tis, hence, verifes that the isolators’ ef-
fectiveness is almost independent of the number of antenna
elements.

Te simulated maximum gain of antenna 13 against
frequency is presented in Figure 12 and with and without the
isolators are 3.49 dBi and 3.55 dBi, respectively, at the center
frequency of 3.5GHz. However, the measured maximum
gain of antenna 13 with the isolators is 3.71 dBi at 3.58GHz,
which is 0.29 dBi lower than that without isolators.

As shown in Figure 13, the radiation patterns with and
without isolators are similar, indicating that the isolators
only have a small impact on radiation patterns. Te simu-
lated radiation efciency of the antenna 13 without and with
isolators is 50.2% and 42.5%, respectively. Te isolators
reduce the efciency by only 7.7%.

As shown in Table 2, the proposed isolator shows
a relatively low level of gain reduction and acceptable mutual
coupling reduction level compared to the previous work, and
the mutual coupling reduction levels remain almost constant
as the antenna array is varied. In addition, the recent work
requires adaptation of the designed isolator to be applied to
larger antenna arrays. Te proposed decoupler obtains
similar isolation enhancement in 2× 2 and 5× 5 antenna
arrays, verifying that the proposed isolator is almost in-
dependent of the number of antennas, which provides an
opportunity to apply the designed isolator to large-scale
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Figure 12: 5× 5 microstrip antenna array with isolators: (a) fabricated array, and (b) simulated and measured S-parameters.
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Figure 13: Gains of the 5× 5 microstrip antenna array with and without symmetrical line isolators.
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antenna arrays. However, the isolation enhancement level is
only over 6 dB over the entire bandwidth, which needs to be
improved.

5. Conclusions

Tis paper comparatively analyzes the mutual coupling
between isolators of diferent types and orientations in
a two-dimensional antenna array. Tree isolators are pro-
posed in two-port antenna arrays.TeU-shaped line isolator
and the U-line DGS can reduce the H-feld mutual coupling
by more than 6.4 dB to below −28.4 dB. Te neutralization
line obtains about −30 dB of the E-feld mutual coupling.
Without changing the isolator size, combining the isolator
with two reverse-placed line isolators reduces the coupling
between the antennas to a greater extent and tunes the
isolator performance in the 2× 2 microstrip antenna array.
Te proposed combination reduces the coupling between
the antennas by more than 6.1 dB in the 2× 2 antenna array
and more than 5.8 dB in the 5× 5 antenna array. Similar
isolation enhancement is obtained, verifying that the pro-
posed isolator is almost independent of the number of
antennas. In addition, the introduction of symmetrically
arranged U-shaped line isolators has almost no infuence on
the gain and radiation patterns.
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