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Abstract

For the requirements of low mutual-coupling MIMO antennas for WLAN, a new complemen-
tary split-ring resonator (CSRR) unit cell is introduced in this paper. A microstrip-fed Vivaldi
antenna array is designed for WLAN applications, where compact triple-band gap-comple-
mentary split-ring resonator unit cells are loaded between two antennas to examine the effect
of unit cells on the rate of mutual-coupling reduction. By inserting the CSRR, the final design
offered an improvement in decoupling by 8.5, 10.5, and 18 dB at 3.65, 4.9, and 5.8 GHz,
respectively, compared with the reference antenna. By suppressing surface waves, antenna
gain and front-to-back ratio are improved.

Introduction

Nowadays, having wireless communication with a high capacity and low error rate is critical.
Also, multiple-input and multiple-output (MIMO) systems are appropriate options for
achieving these goals. One of the main parameters in these systems is the availability of
multiple independent channels; that way, when the channel correlation is maximized,
MIMO systems will not be different than single-channel communication systems [1].
Mutual coupling between the antennas is one of the most important factors affecting the
correlation. An increase in the distance between the antennas helps reduce its effects; however,
the advancement of technology and the need for small telecommunication devices, especially
in the fifth generation multiband systems [2], have prompted researchers to study how to
reduce mutual coupling [3]. One of the main sources of mutual coupling is the surface
wave. Control and reduction of the surface wave are related to the performance of an
MIMO system [4]. Thus, according to the sources of mutual coupling and also trying to
constrain the size, the coupling between the antenna elements increases in various frequency
bands in a multi-band MIMO system. Therefore, research on the decoupling of multi-band
antennas is important.

In recent years, various techniques including defected ground structure [5], optimizing
array configuration [1], frequency selective surface, electromagnetic band gap (EBG)
[4, 6–9], and metamaterials [10–14] have been suggested. In [15], through dual-band enhan-
cing isolation by providing a new dual-band, EBG was achieved; nevertheless, conventional
models of EBG structures gave their place to uniplanar models such as those in [16, 17]
due to electrical losses caused by the vias and owing to more difficulty in construction. In
[17], the small size of a proposed uniplanar EBG reduced the distance between two antennas
and decreased mutual coupling 19 and 11 dB in the E-plane and H-plane at 5.8 GHz. One of
the practical ways of enhancing isolation is a 3D structure, which has been used in [3, 13, 18–21].
One can say that 3D-dimensionality of the structure and egress final antenna from the planar
state are the most important disadvantages of the mentioned studies. Complementary split-ring
resonators (CSRRs) constitute another method of reducing coupling, which is a simple way to
achieve a −10 dB reduction in the mutual coupling at a single band [22]. Overall, there is a
gap in finding a simple method which is also expandable in multi-band applications.

In this paper, a compact triple-band gap-complementary split-ring resonator (CTBG-
CSRR) unit cell has been presented, which is loaded between two microstrip-fed Vivaldi
antennas to reduce mutual coupling in the triple band for WLAN applications. Because
final size of the unit cell is compact, the edge to edge distance of the two antennas is close,
which also improves the front-to-back ratio of Vivaldi MIMO antennas. This work is struc-
tured as follows: section “CTBG-CSRR design” presents a proposed CTBG-CSRR prototype
and characterization, along with the dispersion diagram which is compared with the conven-
tional CSRR model, and to ensure the proper function of the unit cell, it is placed in a parallel
waveguide structure. In the section “Mutual coupling reduction between two microstrip-fed
Vivaldi antennas,” a microstrip-fed Vivaldi antenna array is designed for WLAN applications,
and CTBG-CSRR unit cells are loaded between two antennas to examine the effect of unit cells
on the rate of mutual-coupling reduction. Also, antenna fabrication and measurement results
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are outlined in this section. Finally, in the section “Conclusion,” a
summary together with concluding remarks and a comparison
with the studies mentioned are presented.

CTBG-CSRR design

Unit cell characterization and dispersion diagram

Figure 1 displays the configurations of CTBG-CSRR unit cell.
Figure 1(a) shows a customary CSRR unit cell and Fig. 1(b)

exhibits the proposed unit cell. Upon placement of two cross-
shaped CSRRs in all four corners of every unit conventional
CSRR cell, two other frequency bands were added to it; only
one-quarter of them are visible in the unit cell, which eventu-
ally causes our final model to operate as triple band. To show
CTBG-CSRR stop-band characterization, the dispersion dia-
gram of the unit cell is simulated with the eigen-mode solver
using the CST Microwave Studio, where the corresponding
Brillouin diagram for each unit cell is plotted along the Γ–X
axis of the periodic structure. Figures 2(a) and 2(b) display
the dispersion diagram of conventional and presented unit
cells, respectively. As can be observed in Fig. 2(b), band-gaps
which are around 3.65, 4.9, and 5.8 GHz are practical in
WLAN bands.

Fig. 1. (a) Conventional CSRR unit cell. Unit cell parameters: Wc = 4 mm, Lc = 4 mm,
S1 = 1 mm, S2 = 1 mm, P = 0.5 mm. (b) Proposed CSRR unit cell. Unit cell parameters:
Wp = 4 mm, Lp = 4 mm, W2 = 4 mm, L2 = 4 mm, Q1 = 2 mm, Q2 = 2 mm, Q3 = 2 mm,
Q4 = 2 mm, Q5 = 2 mm, G1 = 2 mm, G2 = 2 mm, G3 = 2 mm, G4 = 2 mm, G5 = 2 mm.

Fig. 2. Dispersion diagrams for (a) conventional and (b) proposed unit cells.

Fig. 3. Simulated S21 with the parallel plate waveguide method in the x-direction.

Fig. 4. Configuration of reference antenna: (a) top view and (b) bottom view:
W = 103.3 mm , L1 = 60.8 mm, L2 = 45.6 mm, S1 = 2.9 mm, S2 = 0.96 mm, S3 = 11.7 mm,
G = 0.87 mm, R1 = 3 mm, R2 = 0.92 mm, D1 = 31.6 mm, D2 = 32 mm, D3 = 10.1 mm,
D4 = 130 mm, θ = 73°, H = 1.6 mm.
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Examining unit cells in parallel plate waveguide setup

To increase the simulation speed and also ensure the correct
operation of the presented unit cell, parallel plate waveguide
setup is used; previously, other models of transmission lines
were used in [15, 19]. As illustrated in Fig. 3, 4 × 4 unit cells
are used in the X and Y directions, and two wave ports are located
in the direction of the X-axis, where the transmission coefficient
between the two ports is less than 20 dB within 3.55–4.1 GHz and
4.76–5.02 GHz and 5.84–6.16 GHz. Differences in the basics of
both methods (dispersion diagram and parallel plate setup)
such as the limited number of unit cells used in the parallel
plate setup and the lack of support for calculating losses in the
eigen-mode solver method are the most important reasons for
the slight difference in the operation band, especially at higher
frequencies.

Mutual coupling reduction between two microstrip-fed
Vivaldi antennas

Microstrip-fed Vivaldi antenna array design with CTBG-CSRR
loaded

AVivaldi antenna is part of a group called traveling-wave antenna
which has a wide impedance bandwidth with an end-fire radi-
ation pattern. A microstrip-fed Vivaldi antenna is manufactured
with a dielectric substrate which lies on a metal side with an
exponentially tapered slot connected to a circular slot-line cavity.

Fig. 5. (a) Proposed Vivaldi array antenna (loaded unit cell) and (b) surface current
distribution at 3.65, 4.9, and 5.8 GHz in the top view of reference and proposed
antennas.

Fig. 6. Simulated transmission and reflection coefficients of the reference and pro-
posed antenna array.

Fig. 7. Proposed Vivaldi array antenna (loaded unit cell). (a) Photograph of the fab-
ricated antenna. (b) Measured and simulated reflection coefficient compared with
the reference antenna. (c) Measured and simulated transmission coefficient com-
pared with the reference antenna. (d) The 3D view of two antennas with CSRR.
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On the other side of the substrate there is a microstrip line ending
in a broadband radial quarter-wave stub. In this work, two
microstrip-fed Vivaldi antenna arrays have designed to operate
at 3.65 and 4.9 and 5.8 GHz printed on an FR4 substrate
(εr = 4.4, loss tangent = 0.025); it is referred to as the reference
antenna whose details are shown in Fig. 4. In the proposed
antenna array, 4 × 14 unit cells are loaded between two antennas,
which in Fig. 5, the surface current distribution is shown in two
states suggesting that the suppression of surface waves has been
done at three operation band wells. The simulated S-parameters
for the reference and proposed antenna arrays are depicted in
Fig. 6. The antennas resonate at 3.65, 4.9, and 5.8 GHz. From

the transmission coefficient S21, we see a high reduction in mutual
coupling when CTBG-CSRR is located between the radiating ele-
ments. The mutual-coupling reduction is 8.5, 10.5, and 18 dB at
3.65, 4.9, and 5.8 GHz, respectively.

Antenna fabrication and measurement

Figure 7 demonstrates a photograph of the fabricated antenna and
its measured S-parameters. The measured results show excellent
agreement with the simulated results. Figure 8 displays the simu-
lated and measurement radiation patterns of the reference and
proposed antenna, at 3.65, 4.9, and 5.8 GHz in the YOX-plane

Fig. 8. Measured and simulated radiation patterns
(YOX-plane and ZOX-plane) of reference and pro-
posed antenna array at (a) 3.65 GHz, (b) 4.9 GHz,
and (c) 5.8 GHz.
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and the ZOX-plane. As can be seen, both radiation antenna para-
meters are better in three bandgaps which are mentioned in the
previous section. Removal of annoying surface waves by
CTBG-CSRRs helps improve the antenna radiation performance
of maximum gain and front-to-back ratio. Also, in order to
have a better image of radiation pattern, the 3D-view of the radi-
ation pattern is presented in Fig. 9. Figure 10 shows the measured
and simulated realized gains of the proposed antenna array. The
simulated and measurement gain of the traditional antenna
array is also included for comparison. The performance of the
array for MIMO systems could be checked by the envelope correl-
ation coefficient (ECC). The rich diversity performance with a
low correlation coefficient could be achieved. For a two-element
antenna system, ECC can be calculated using equation (1)
where S11 and S22 are return losses at two ports, and S21 and
S12 are the isolation parameters [23]:

r12 =
|S∗11S12 + S∗21S22|2

(1− |S11|2 − |S21|2)(1− |S22|2 − |S12|2)
(1)

The ECC has been calculated and compared in Table 1. By
reducing the ECC, the higher diversity gain can be ensured.

In Table 1, the performances of the proposed decoupling
structures and previous studies are compared from different per-
spectives such as edge to edge distance, number of operating fre-
quencies, ECC, etc.

Conclusion

This work presented a CTBG-CSRR unit cell, which is loaded
between two microstrip-fed Vivaldi antenna arrays. The final
design offered an improvement in decoupling by 8.5, 10.5, and
18 dB at 3.65, 4.9, and 5.8 GHz compared with the reference
antenna. The simulated results are validated by measuring manu-
factured prototypes. The method presented in this paper helped
us to achieve an ideal MIMO antenna for WLAN.

Fig. 9. 3D radiation pattern at (a) 3.65 GHz, (b) 4.9 GHz, and (c) 5.8 GHz.

Fig. 10. Comparison of simulated and measured results for the realized gain.
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