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Abstract

:

To implement efficient isolation between units of a multi-input multi-output (MIMO) antenna, a defected ground structure (DGS) has been investigated. An antenna with two elements operating at 5.8 GHz and fed by coaxial is considered. To reduce mutual coupling between the elements, a zigzag groove is inserted into the center of two elements formed as a DGS. To verify this design, a scattering matrix was tested, such as reflection coefficient S11 and transmission coefficient S21 between two element ports. Meanwhile, radiation pattern, current distribution, envelope correlation coefficient (ECC), and diversity gain of the antenna were simulated and measured. The results showed that the mutual coupling was reduced by 28.8 dB when a DGS was used, and the ECC was less than 0.02. Owing to these good performances, each antenna element can operate almost independently, and this MIMO antenna can be efficiently applied to the narrow band Internet of Things system.
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1. Introduction


Wireless communication systems must provide large channel capacity and high reliability requirements. These indexes can be achieved by utilizing multi-input multi-output (MIMO) antenna technology [1]. The microstrip antenna introduces several advantages such as simple structure, low profile, easy fabrication, and conformal shape as the prioritized candidates of multiple elements [2] in the MIMO antenna. Meanwhile, surface waves and near fields can lead to coupling between the antenna elements. This coupling often affects radiation and frequency response characteristics seriously. The near field coupling is very strong in the situation where the antenna is printed on thin dielectric substrates (less than   0  . 3  ×  λ 0  /    ε r    /  (  2 × π  )    in thickness) with low permittivity; on the contrary, the surface wave coupling plays a major role [3]. While the surface wave is weakly excited in the situation above, the space wave, especially, shows strong coupling when the antenna elements are placed close to each other [4].



To reduce the mutual coupling, various methods have been proposed. These attempts include the use of decoupling and matching networks [5], neutralization line [6,7], parasitic branches [8,9], electromagnetic bandgap [10,11,12], and a defected ground structure (DGS) [3,4,13,14,15,16,17,18,19,20,21] to limit the surface wave. On the one hand, the DGS structure is popularly adopted due to its unique characteristics of slow-wave propagation, which contributes to miniaturization of the antenna. However, the electromagnetic bandgap structures are too complex to design and occupy a comparatively large area. For example, in [12], split ring resonator structures are embedded and require an elaborate fabrication procedure. On the other hand, different shapes of DGS have been proposed to reduce the mutual coupling between antenna elements. In [3,4,13,14,15,16,17,18,19], different decoupling structures were employed between two symmetrically placed antenna elements to suppress the E-plane surface waves which are H-shaped, folded split-ring resonators, as well as complementary split-ring resonators, rectangular strip and spiral type. Meanwhile, studies by [18,19] referred to reducing the mutual coupling of dual frequency. For suppression of H-plane coupling, it is rarely reported. In [20,21], the reduction of H-plane coupling between the microstrip antenna elements was achieved by using annular slots and hexagon ring. The DGS was inserted in the ground below the antenna elements, but the frequency response characteristic of antenna was significantly affected at the same time.



A more compact MIMO antenna is designed in this paper. A simple DGS between antenna elements is etched at the common ground plane, which solves the conflict of suppression of H-plane coupling and the frequency response characteristic of microstrip array antennas. The total structure design is introduced in Section 2. A description of the antenna performances, as well as the property of the DGS is provided in Section 3, including the scattering matrix, radiation pattern, current distribution, envelope correlation coefficient (ECC), and diversity gain. Finally, in Section 4, we describe how the fabricated sample is measured and the results that validate the design, and then we outline the conclusions in last section.




2. Design of the DGS in a MIMO Antenna


A dumbbell structure was proposed to reduce coupling between microstrip antenna unit cells [22], which was etched on the ground surface and located in the middle of two radiation patches. This DGS leads to increasing the effective capacitance and inductance of the transmission line. Considering the transmission line theory, some defects etched on the ground plane interfere with the shielded current distribution on the same ground plane, and then change the effective distribution parameters of transmission lines, such as lines’ capacitances and inductances. After that, an improved periodic dumbbell defect structure was proposed to decrease the coupling between microstrip antenna elements [23]. Two microstrip antenna elements are placed on the same substrate and the same side; and dumbbell units are arranged periodically between the two elements above, located on the ground plane on the other side. This structure can reduce coupling between antenna elements, but the operation frequency is shifted.



In order to obtain improved properties of the MIMO antenna, a new DGS was designed. First, a dumbbell-shaped structure, as shown in Figure 1a, was changed into a Z-shaped structure, as shown in Figure 1b. Then, some were strung together vertically, as shown in Figure 1c and this periodical structure formed a zigzag unit, as shown in Figure 1. To implement the isolation between elements of the MIMO antenna efficiently, a pair of zigzag units were used.



Simply, the MIMO antenna with rectangular patch structure was designed to be suitable for devices applied in the narrow band Internet of Things system, as shown in Figure 2a. There were double sides covered with thin metal copper film on the dielectric substrate board, two rectangular patches etched on one side, and the ground plane on the opposite side. The designed DGS etched on the ground plane was located at the center of the antenna patches on the opposite side, as shown in Figure 2b; and the dimensions of one zigzag unit are depicted in Figure 2c.



From Figure 2a, the structure dimensions of MIMO antenna are described as follows: The antenna consists of two microstrip antenna elements, each rectangular radiation patch with dimension L1 × W1 operate at 5.8 GHz using coaxial feeding, and the distance between patches of edge-to-edge is t. The antenna element is symmetrically printed on the dielectric substrate along the H-plane coupling. The distance from the coaxial to the antenna element, center-to-center, is G, and the inner radii of coaxial is 0.6 mm, which provides 50 Ω matching impedance. In Figure 2b, the DGS etched on the ground plane is located between two antenna elements to limit the surface wave of the elements, and two zigzag units with a gap of distance k from edge-to-edge. Figure 2c shows a zoomed-in structure of one unit, zigzag grooves on both sides of a strip with dimension of L2 × W2. Other dimensions such as a, b, and c are discussed in the next section. Both antenna patches and DGS have been etched on the polytetrafluoroethylene dielectric substrate board, with dielectric constant εr = 3.5, tangent loss σ = 0.0018, and thickness h = 1.524 mm. It can be packaged on the devices easily.




3. Simulation and Analysis of DGS


To validate the design above, an electromagnetic simulation tool, high frequency simulation software (HFSS) was used. Isolation of ports between two antenna elements and reflection coefficients of the antenna must be checked carefully.



3.1. Discussion of Different Location of One Zigzag Groove Unit


If the DGS is with one zigzag groove unit only, the location of this unit is considered first. Three typical cases are simulated to save space, which are the DGS unit located in the middle, on the top, and at the bottom positions on the ground plane side of the MIMO antenna, as shown in Figure 3. The simulated S21 is illustrated in Figure 4. As can be seen from the results of S21, when the DGS unit simulations are located at the top and bottom positions, the isolations are better than when the DGS unit was in the middle. In addition, it is clearly shown that the mutual coupling of two ports is obviously reduced around 5.8 GHz and did not live up to expectations.




3.2. Further Study of DGS


To obtain much better isolation between two antenna elements, the proposed DGS which is composed of two zigzag groove units is carried out; their locations are shown in Figure 2b. Simulated S21 is depicted in Figure 5 (with DGS). As a comparison, before the DGS is etched on the ground plane, the S21 is simulated (without DGS), also shown Figure 5. It is clear that the mutual coupling between two ports is much lower when DGS is used. The isolation is much lower with DGS than without DGS and also lower than each case in Figure 4. This result shows that the coupling of the system with DGS is 28.8 dB lower than that without DGS, which is mainly due to the fact that the DGS in array form can be effectively excited by the non-radiative aperture of microstrip antenna to change the current distribution of the ground.



To further understand the effect of DGS on antenna performance, key parameters of DGS are carried out to analyze b, c, and k. Here, S21 is still selected as the characterization parameter. The simulated S21 is depicted, if b and c change, as shown in Figure 6, when a = 1.29, k = 1.8, L2 = 1.685, and W2 = 0.5, the DGS acts as a bandstop filter, as shown in the figure, and it shows clearly that b and c mainly influence the operating frequency of the antenna. That is, the frequency gradually shifts to lower while increasing the size of b and c, which is consistent with the description reported in [16]. In order to obtain significant isolation of two ports at 5.8 GHz, b = 0.7 and c = 2.29 are selected. The S21 curve which varies with k is simulated, as shown in Figure 7. The k mainly works on decoupling depth, meanwhile, it hardly affects the operating frequency of the bandstop filter characteristics. When the distance of two antenna elements is confirmed (2.6 mm from edge-to-edge), the effect of decoupling is best at k = 1.8. All the above default length units are millimeters.



The comparison of structure and simulation results between proposed DGS in Section 3.2 and one zigzag groove unit in Section 3.1 is shown in Figure 8 and Figure 9, respectively. As can be seen from Figure 9, the isolation of the MIMO antenna with DGS is 34.48 dB, which is 21.3 dB higher than the zigzag groove unit on the top and 17.87 dB higher than when it is at the bottom. At the same time, a center frequency of 5.8 GHz is required. Therefore, the structure composed of two zigzag groove units on the top and at the bottom are selected as the final structure.




3.3. Effect of the DGS


To understand the bandstop filter and slow wave characteristics of the DGS, the performance of the designed MIMO antenna with and without DGS has to be analyzed by using computer simulation. The working bandwidth, isolation, current distribution and gain have to be checked.



Simulation results of S11 and S21 are depicted in Figure 10. It can be seen from the figure that the working bandwidth (S11 less than −10dB) is 199 MHz (5.685–5.884 GHz), and the mutual coupling of two ports between the two antenna elements is −5.3 dB at 5.8 GHz, which results in severe H-plane coupling (it is noted that the L1 = 13.05 mm of microstrip element). Figure 10 shows the S11 and S21 of the designed MIMO antenna with DGS, and the dimensions are the same as those reported in Table 1. The operating bandwidth of the designed MIMO antenna is 170 MHz (5.722–5.892 GHz), and S21 equals −34.1 dB at a working frequency. Figure 10 shows that the working frequency of the antenna with DGS is lower than that without DGS. This is because the increased slot changed the current distribution and extended the current path effectively. Thus, the corresponding working frequency is shifted to lower. As can be seen from the Figure 11b, the current is cut off by the DGS and its path is extended. In [22] and [23], the DGS is relatively short in the antenna, therefore, the frequency almost does not change. When the DGS is added to the ground plane, additional frequency is excited, because the addition of DGS increases the effective capacitance and inductance, thus producing another operating frequency. A comparison with an antenna without a DGS shows a reduction of 0.57 mm in the size of antenna element and the isolation is improved by 28.8 dB with DGS; the impedance matching and frequency characteristic of the designed MIMO antenna are not affected, which effectively validates the effect of decoupling and the slow wave of the DGS.



Current distribution is used to directly describe the isolation of two ports between antenna elements. Figure 11 shows the simulated current distribution of the antenna at 5.8 GHz and T/2 (T is a phase period) which is the working frequency for S11. Figure 11a shows that the currents flow to the ground plane of the other antenna element via the substrate without loading DGS. The currents which come from the other antenna element caused high coupling between the two ports. With DGS, Figure 11b shows that significant amounts of current are coupled to the DGS and radiated via DGS. As a result, the surface current density of the ground plane is obviously sparse between the two ports. Thus, the reduction of mutual coupling is achieved similar to the results shown in Figure 10.



Radiation patterns of the designed MIMO antenna are shown in Figure 12. The electric and magnetic fields are referred to E and H, respectively. Figure 12a,b shows the E plane and H plane of the radiation. It can be seen from Figure 12a that the gain is 5.06 dBi at the θ = 0° without the DGS, and the gain is 5.36 dBi at the θ = 0° after the DGS is added. We especially checked out the radiation pattern of the H-plane as compared with and without the DGS, as shown in the Figure 12b. The results do not show any difference between the main lobes’ patterns. It tells us that the DGS does not affect the radiation pattern. Whereas a considerable enhancement of the backward radiation of the designs with the planes is detected, which is mainly due to part of the radiation energy of the antenna radiating through the defected ground structure, which is inevitable. To sum up, the reduction of mutual coupling is achieved. The directional radiation can be better achieved.





4. Measurement Results and Discussion


As previously discussed, by using the electromagnetic simulation tool, HFSS, the performance of designed DGS in a MIMO antenna has been carried out, in terms of working bandwidth, reflection coefficients, mutual coupling, radiation pattern, and gain. This designed MIMO antenna with DGS was fabricated in our laboratory and must be checked in experiment. The overall size of this antenna is W × L × h = 55.6 mm × 45 mm × 1.524 mm. Other dimensions in Figure 2 and the preferred physical sizes as selected in the above discussion are listed in Table 1.



The S11 and S21 are measured by using an Agilent PNA-X network analyzer (N5244A). The results are shown in Figure 13 where solid lines represents the S parameter curve of measurement results and the imaginary lines refer to the S parameter curve of simulation results. It clearly shows that the response frequency of the measurement results fluctuations in a narrow range, in other words, the working frequency is 5.85 GHz and the operating band width is 150 MHz (5.776–5.926 GHz), which offsets to the right as compared with the simulation results. At the same time, the resonant frequency of insertion loss is 5.875 GHz and is slightly inclined to high frequency, and the isolation is −20.19 dB at 5.8 GHz, which is mainly limited by processing precision and measurement condition. To sum up, the measured results are in good agreement with the simulation, which meet the design requirements.



The ECC (ρe) is selected to characterize the correlation of the radiation pattern of the antenna elements and to evaluate the diversity gain (DG). It can be calculated by S parameters [24], as follows:


   ρ e  =      |   S  11  *   S  12      + S    21  *   S  22    |   2     (   1 -   (     |   S  11    |   2  +    |   S  21    |   2   )   )   (   1 -   (     |   S  22    |   2  +    |   S  12    |   2   )   )     



(1)







Similarly, the diversity gain is also dependent on mutual coupling (correlation), which is calculated in terms of maximum theoretical diversity gain (10 dB) by using Equation (2). The relationship between the ECC and DG is shown as the following, the lower the value of ECC is, the bigger the DG will be [1]:


   DG = 10       1 - ρ   e 2     



(2)







Equation (1) is used to calculate the ECC. Using the measured and simulated S parameters of the designed MIMO antenna, we calculated that ρe are lower than 0.02 and 0.05, respectively, throughout the working bandwidth. The comparison of experiment and simulation by envelope correlation coefficient is shown in Figure 14. The diversity gain of the MIMO antenna with simulated and measured results is illustrated in Figure 15. It is clear that the value of diversity gain is more than 9.952 dB and 9.873 dB throughout the whole working frequency band, respectively. Therefore, good diversity performance can be achieved.



The result of the comparison between the designed MIMO antenna and other good designs are summarized in Table 2. As a result, the designed antenna has better performance than other references listed in the Table. Considering high isolation and compactness preferentially, the microstrip antenna is not a good enough design with low reduction in the mutual coupling. The designed antenna in [4] is a good design with a high improvement in isolation, but with moderate design complexity, even high complexity. It is also interesting to note that the distance of two antenna elements (edge-to-edge) is only 0.0502 λ0 in this paper, which is very suitable for the high frequency designs.



Figure 16 shows the fabricated sample of the proposed antenna in the microwave anechoic chamber in our laboratory. In order to observe more clearly, the front and back sides are zoomed in, and then put in the center of the photo. The simulated and measured results of the radiation patterns in the E and H planes are depicted in Figure 17. Simulated radiation patterns and those measured for the proposed antenna are kept consistent. Therefore, this antenna can be applied in the wireless communication systems, which works in the frequency of 5.722–5.892 GHz. The measured results of the radiation patterns are in very good agreement with the simulated results. The gain compared between measured and simulated results decreased by 1.43 dBi and 1.5 dBi, respectively, in the E and H planes. This case is mainly caused by the fabrication errors.




5. Conclusions


A compact and high isolation MIMO antenna with a small size of 45 mm × 55.6 mm × 1.524 mm is introduced successfully. The DGS is inserted into the ground plane between two ports. A very small filtering structure is obtained, and also a very high reduction in the mutual coupling of H plane is achieved. The acceptable radiation pattern and frequency characteristics and high surface current distributions with a DGS are observed clearly. The common problem of a microstrip array antenna is solved, which is hardly balanced between matching characteristics and the decoupling of the H plane. The analyses of the envelope correlation coefficient and diversity gain are presented to validate the weak correlation between antenna elements, and the simulation results are confirmed by measurement. The designed MIMO antenna is a prioritized candidate for wireless application.
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Figure 1. An improved design of zigzag unit. (a) A dumbbell-shaped structure; (b) Evolved into Z-shaped structure; (c) Strung together vertically into a periodical zigzag unit. 
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Figure 2. Schematic of the designed multi-input multi-output (MIMO) antenna on a double-side covered with thin metal copper film on the dielectric substrate board. (a) Two patches together with common ground plane consisting of microstrip antenna elements on front side; (b) Back side with the defected ground structure (DGS) etched on ground plane; (c) One zoomed-in zigzag unit where structure dimension marked. 
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Figure 3. Different locations of the DGS unit on the ground plane side of MIMO antenna. (a) In the middle position; (b) At the top position; (c) At the bottom position, of the antenna back side, to check the isolation of two ports between antenna elements. 
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Figure 4. Isolation of two ports between antenna elements for one zigzag groove unit at different locations on the back plane side, in the MIMO antenna, focus on 5.8 GHz. 
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Figure 5. Isolation of the MIMO antenna without DGS and with DGS at the back plane side, focus on 5.8 GHz. 
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Figure 6. Isolation at 5.8 GHz varying with different sizes of b and c when a = 1.29, k = 1.8, L2 = 1.685, and W2 = 0.5 (unit, mm). 
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Figure 7. S21 on different k at 5.8 GHz where b = 0.7 and c = 2.29 (unit, mm). 
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Figure 8. Proposed DGS and zigzag groove unit positions. (a) Proposed DGS; (b) Zigzag groove unit on top; (c) Zigzag groove unit at bottom. 
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Figure 9. S21 of DGS and zigzag groove unit in different positions at 5.8 GHz. 
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Figure 10. S11 and S21 of designed MIMO antenna with and without DGS, focus on 5.8 GHz. 
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Figure 11. Current distribution of designed MIMO antenna T/2 (T is a phase period). (a) Without DGS; (b) With DGS, focus on 5.8 GHz. 
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Figure 12. Operation frequency at 5.8 GHz. The radiation pattern of MIMO antenna with and without DGS. (a) E plane; (b) H plane. 
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Figure 13. Measurement results compared to the simulation for the S11 and S21 of the designed MIMO antenna with DGS, focus on 5.8 GHz. 
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Figure 14. Comparison of measurement and simulation by envelope correlation coefficient. 
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Figure 15. Comparison of measurement and simulation by diversity gain. 
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Figure 16. The photograph of fabricated sample of designed MIMO antenna together with microwave chamber and antenna measured environment, front and back sides of the antenna are zoomed in, in the photo center. 
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Figure 17. At 5.8 GHz, the measured and simulated radiation pattern of the MIMO antenna. (a) E plane; (b) H plane. 
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Table 1. Preferred dimension sizes of the designed MIMO antenna with DGS.






Table 1. Preferred dimension sizes of the designed MIMO antenna with DGS.





	Dimension
	Size (mm)
	Dimension
	Size (mm)





	L
	45
	k
	1.8



	W
	55.6
	L2
	16.85



	h
	1.524
	W2
	0.5



	L1
	12.48
	a
	1.29



	W1
	13
	b
	0.7



	G
	2.2
	c
	2.29



	t
	2.6
	-
	-
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Table 2. Comparison between this design and others in the references of the MIMO antenna.






Table 2. Comparison between this design and others in the references of the MIMO antenna.





	Reference
	Working Frequency
	The Reduction of Mutual Coupling
	Distance of Edge-to-Edge
	Design Complexity





	[3]
	5.8
	26.8
	0.25 λ0
	moderate



	[4]
	5.2
	30
	0.039 λ0
	moderate



	[16]
	4.9
	22
	0.36 λ0
	high



	[17]
	5.8
	13
	0.058 λ0
	low



	[18]
	31.3
	22
	0.21 λ0
	moderate



	This paper
	5.8
	28.8
	0.0502 λ0
	low







Note: λ0 is represented for wavelength in free space.
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