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Abstract

:

This paper proposes a quasi-isotropic hybrid dielectric resonator antenna (DRA) and bow-tie patch with harmonics suppression. The suggested antenna consists of a DRA, a bow-tie patch, and a microstrip seventh-order Chebyshev low-pass filter. By loading a bow-tie patch on the designed DRA, a quasi-isotropic pattern is realized. The seventh-order Chebyshev low-pass filter was applied to the feed line, and harmonics were reduced in the section separate to the operating band to remove harmonics generated by the proposed antenna. The simulated   S 11   that satisfies below −10 dB is 3.09–3.3 GHz (6.25%), and the measured S11 is 3.10–3.28 GHz (5.64%). The simulated gain difference considering all radiating regions (   0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  180 ∘   ) is 7.211 dB. Compared with the antenna without a filter, the harmonic gain was reduced by 10.847 and 15.774 dB. The measured gain isolation of the operating band and the second and third harmonics are 10.10 and 18.94 dB, respectively. The proposed antenna is considered to be applicable to applications that require radio wave reception in all directions such as wireless point access points, internet of things and radio frequency identification, and is expected to contribute to reducing the size of the RF system.
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1. Introduction


Because the isotropic pattern can be transmitted to and received from all directions, it can be applied to various communication fields, such as radio frequency identification, wireless access points, and the internet of things, thereby increasing interest in isotropic antennas. However, realistically, it is impossible to realize an ideal isotropic radiation pattern that covers all directions; therefore, various studies have been conducted to implement a quasi-isotropic pattern [1,2,3,4,5,6,7]. Two omnidirectional patterns that have an orthogonal relationship are required to implement a quasi-isotropic pattern. A method of implementing a quasi-isotropic pattern by placing two electric field dipole antennas in a mechanically orthogonal state exists [2,3,4]. Furthermore, a method of implementing a quasi-isotropic pattern using an electric field dipole and a magnetic field dipole having a complementary relationship exists [5,6,7]. In previous studies [2,3,4], a quasi-isotropic pattern was realized by physically crossing two electric field dipoles. In another study [5], a quasi-isotropic pattern was implemented by making orthogonal electric and magnetic field dipoles using loops formed on the folded dipole and ground. An electric field dipole was implemented in the feeding structure of the loop antenna, and a quasi-isotropic pattern is implemented using a magnetic field dipole in the loop antenna in a previous study [6]. In the literature [7], a quasi-isotropic pattern was implemented using a dielectric resonator antenna (DRA) and a small ground. Here, DRA is equivalent to a magnetic field dipole. The small ground is equivalent to an electric field dipole, and the quasi-isotropic pattern is realized by synthesizing these two radiation patterns. However, since the study mentioned above has not considered radiation by harmonics other than the operating band, interference with other communication equipment may occur.



In general, a filter structure is also used outside the antenna to suppress interference with communication equipment at other frequencies. However, this additional structure increases the system size, fabrication cost, and insertion loss [8]. Various research projects focusing on antennas with a harmonic suppression function are being conducted to solve this problem. For example, studies on integrating harmonic filters into antennas [9,10,11,12,13], using impedance transformers [14,15], using harmonic canceling techniques [16], and using defected ground structures (DGS) [17,18,19] have been conducted. The authors of [9] used a coaxial line-type sixth-order Chebyshev low-pass filter as the feed structure for the cavity-back patch antenna to eliminate the generated harmonics. In [10], harmonics generated in a section other than the operating band were eliminated by implementing a coupled line-type bandpass filter in the ground region of the DRA. The authors of the paper [11] designed a multilayer consisting of a radiator, filtering, and slot stage and integrated a filter and antenna to suppress harmonics. In studies [12,13], suppressing harmonics by implementing a notch filter in a T-shaped feeding structure and suppressing harmonics using a low-pass filter with ferrite are presented. The study [14] suppressed the harmonics of the patch antenna using a   λ / 4   transformer and a shorting pin. The author of the thesis [15] removed the harmonics by integrating an impedance transformer that matches the impedance in the operating band and mismatches the impedance in the harmonic band into the antenna. In the study [16], harmonics were canceled by adding a   λ / 4   stub of harmonic frequency to generate a field with an inverse phase of harmonics. In References [17,18,19], harmonics are suppressed by adding a slit or stub to the ground and feed line of the antenna.



However, since the harmonic suppression function is implemented for an antenna with a unidirectional or omnidirectional pattern, research on an antenna with a quasi-isotropic pattern and a harmonic suppression function is required.



In this paper, a quasi-isotropic hybrid DRA and bow-tie patch with harmonic suppression is proposed. DRA and bow-tie patch antennas were used to implement the quasi-isotropic pattern. The seventh-order Chebyshev low-pass filter was designed in the feed line of the proposed antenna to remove harmonics. This paper is organized as follows: Section 2 first explains the principle of implementing the quasi-isotropic pattern, the configuration of the proposed antenna, and the antenna design parameters. Second, the filter design method and changes in filter characteristics for the filter order are described. Finally, when the filter and the antenna are integrated, a study was conducted on how much the filter affects the realization of a quasi-isotropic pattern. CST of a microwave studio was utilized to design the proposed antenna and analyze the radiation pattern and distribution of the electric field. Section 3 shows the comparison between the measured and simulated results after the proposed antenna is fabricated. The conclusion is presented in Section 4.




2. Design of Proposed Quasi-Isotropic Hybrid Dielectric Resonator Antenna-Bow-Tie Patch with Harmonics Suppression


2.1. Design of Proposed Antenna Having a Quasi-Isotropic Pattern


Figure 1 shows the configuration of the proposed antenna. The bow-tie patch is loaded into the DRA to implement the quasi-isotropic pattern. The microstrip seventh-order Chebyshev low-pass filter is used in the feed line to suppress harmonics. Here, the DRA and bow-tie patch antenna is simultaneously fed by the metal post located at pole_d from the feeding direction and has a length of pole_h and is electrically connected to the microstrip filter located in the feeding line. Operating in the TM01 mode, the DRA is equivalent to a vertical dipole and the bow-tie patch is equivalent to a horizontal dipole to realize a quasi-isotropic pattern. The DRA and the ground size were   39 × 40.18 × 16.76   mm   3   and   40.6 × 49.4   mm   2  , respectively. The substrate used was Taconic RF-35 ( ε  = 3.5,   t a n δ   = 0.0025), and the thickness was 1.52 mm. The alumina ( ε  = 9.6,   t a n δ   = 0.0002) was used to design DRA. The design parameters are presented in Table 1.



Figure 2 shows the principle of implementing the quasi-isotropic pattern of the proposed antenna. As mentioned above, to implement a quasi-isotropic pattern, two omnidirectional patterns that have an orthogonal relationship are required. Figure 2a shows the DRA and bow-tie patch antenna used to implement the quasi-isotropic pattern in this paper. The metal post inside the DRA feeds the DRA and the bow-tie patch antenna, creating   E 1   and   E 2   fields, respectively. The   E 1   and   E 2   fields are orthogonal to each other, and as shown in Figure 2b, an omnidirectional pattern that has an orthogonal relationship is implemented. Therefore, two omnidirectional patterns that have an orthogonal relationship are synthesized to realize a quasi-isotropic pattern.




2.2. Design of the Filter for Harmonic Suppression


Figure 3 shows the configuration of the fifth- and seventh-order Chebyshev low-pass filters designed to suppress harmonics generated by the proposed antenna and the location where the filter is to be integrated with the feeding part of the proposed antenna. Therefore, the low-pass filter was designed in consideration of the feed line of the proposed antenna. Chebyshev coefficients must be derived to design a Chebyshev filter. We derived the fifth- and seventh-order Chebyshev low-pass filters response coefficients by referring to the literature [20], and the Chebyshev response coefficients are presented in Table 2.



Figure 4 shows the equivalent circuit of the Chebyshev low-pass filter, and the response coefficient of Chebyshev can be equivalent to a resistor, an inductor, or a capacitor. To convert the inductor and capacitor into a distributed component, an electrical line length that satisfies the Chebyshev response coefficients of the inductor and capacitor is derived by using Equations (1) and (2) [21]. Based on the induced electrical line length, a physical transmission line length corresponding to the Chebyshev response coefficient of each lumped component is derived. Here,  β  is the wavenumber (  2 π /  λ g   ), and L and C are Chebyshev response coefficients corresponding to inductors and capacitors, respectively.   R 0   was defined as 50  Ω  as a characteristic impedance, and   Z h   and   Z l   were defined as 120 and 20  Ω , respectively. The   λ g   was set so that the cutoff frequency was 4 GHz, and the filter design parameters were derived by using Equations (1) and (2). Table 3 shows the design parameters of the fifth- and seventh-order Chebyshev low-pass filters with the cutoff frequency set to 4 GHz.


  β l =   L  R 0    Z h     ( i n d u c t o r )   



(1)






  β l =   C  Z l    R 0     ( c a p a c i t o r )  .  



(2)







Figure 5 shows the simulated S parameters (  S 11   and   S 21  ) of the fifth- and seventh-order Chebyshev low-pass filters. As a result of comprehensively examining the filter characteristics presented in Figure 5, the seventh-order Chebyshev low-pass filter is larger than the fifth-order Chebyshev low-pass filter. However, the filter has excellent skirt characteristics and high isolation between bands. In this paper, harmonics are suppressed using a seventh-order Chebyshev low-pass filter. A high-order filter is required to suppress harmonics in the operating band’s adjacent region and has high isolation between bands. Since the filter size increased when the filter order increased, the filter was designed so that the size of the filter coincides with the size of the feed line of the proposed antenna.




2.3. Simulated Result Analysis of the Proposed Antenna


Figure 6 shows the comparison of   S 11   and the maximum gain of the proposed antenna with harmonic suppression and the antenna without harmonic suppression. The simulated S11 (≤−10 dB) bands of the antenna without a filter and the proposed antenna are 3.06–3.33 GHz (8.45%) and 3.09–3.3 GHz (6.25%), respectively. The gain in the operating band of the proposed antenna is the same as that of the antenna without a filter, and the maximum gain difference is prominent in the harmonic region, confirming that the filter effectively suppresses harmonics. In addition, it can be confirmed that the harmonics outside the operating band are sufficiently suppressed in the proposed antenna.



Table 4 shows the gain concerning the operating band and harmonics of the antenna without a filter and the proposed antenna. The gain of the proposed antenna in the operating band is approaching that equal to the antenna’s gain without a filter. Compared with the antenna without a filter, the operating band and isolation from harmonics were 9.781 and 13.272 dB, respectively. In addition, the gain of the second and third harmonics of the proposed antenna decreased by 10.847 and 15.774 dB, respectively, compared with the antenna without a filter. Therefore, it can be confirmed that the filter sufficiently suppresses harmonics.



Figure 7 is an analysis of the effect of the integrated filter on realizing the quasi-isotropic pattern. After the filter was integrated, the band realizing the quasi-isotropic pattern was reduced. The reason is that the minimum gain from 3.2 to 3.3 GHz is reduced while the filter’s cutoff frequency is reduced to suppress harmonics adjacent to the operating band. The gain difference of the proposed antenna is increased in the 3.2–3.3 GHz band compared with the antenna without a filter. When the cutoff frequency of the filter is set to high, the band of the quasi-isotropic pattern increases; however, the suppression of adjacent harmonics is weakened, so an appropriate tradeoff is required in designing the antenna with a filter.



In this paper, the proposed antenna was designed so that the gain difference from 3.1 to 3.18 GHz had a value less than 10 dB. The simulated gain difference (   0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  180 ∘   ) at 3.1, 3.13, and 3.15 GHz of the proposed antenna is 7.211, 7.422, and 8.24 dB, respectively.



The radiation pattern of the antenna without a filter and the proposed antenna were compared to analyze whether the integrated filter affects the radiation pattern. Figure 8 displays the radiation patterns of the proposed antenna at 3.1, 3.13, and 3.15 GHz. Since the two antennas implemented a quasi-isotropic radiation pattern covering all areas, it was confirmed that the filter’s effect on implementing the quasi-isotropic pattern was minimal.



Figure 9 shows the electric field distribution of the proposed antenna. The electric field is radiated in all areas, and it can be seen that the electric field is particularly concentrated in the +y-axis direction. This is because the electric field is scattered by the SMA port of the conductor component located in the +y-axis direction. On the other hand, it can be seen that the magnitude of the electric field in the −y-axis direction without the SMA port is relatively low. In addition, it can be seen that the magnitude of the electric field in the −z axis direction is relatively low. This is because some electric fields are reflected by the ground of the proposed antenna.





3. Fabrication and Measurement


Figure 10 shows the fabricated shape and configuration of the proposed antenna, which consists of a DRA, a bow-tie patch, and a low-pass filter. The DRA is attached to the ground and the substrate’s upper surface, then power is fed through a low-pass filter located on the lower surface of the substrate. The bow-tie patch is applied with copper tape and attached to the DRA. A hole is drilled in the DRA, and a metal post is inserted to power the bow-tie and DRA simultaneously. It is electrically connected to the low-pass filter located on the lower surface of the substrate.



Figure 11 is a graph comparing the measured and simulated S11 of the fabricated antenna. For the S11 measurement of the proposed antenna, the HP8510C network analyzer was used; the measured S11 band satisfying −10 dB or less was 3.10–3.28 GHz (5.64%) and the simulated S11 band was 3.09–3.3 GHz (6.25%). The simulated S11 and the measured S11 results agree. In addition, it was confirmed that the integrated filter sufficiently suppresses harmonics other than the operating band.



Figure 12 shows the measurement environment of the anechoic far-field chamber to measure the radiation pattern of the manufactured antenna. The manufactured antenna is loaded on the jig, and paper tape is used to fix the antenna during the measurement process. The antenna fabricated through the feed cable is excited, and the radiation pattern is measured while the post and the jig are mechanically rotated. In the pattern measurement section,  φ  ranges from   0 ∘   to   360 ∘  ,  θ  ranges from   0 ∘   to   180 ∘  .



Figure 13 shows the radiation patterns of the xz, yz, and xy planes at 3.1, 3.13, and 3.15 GHz, respectively, in the anechoic far-field chamber. The post and jig’s presence on the −z axis causes a slight difference in the shape of the measured and simulated radiation patterns of the back radiation of the proposed antenna. However, it was confirmed that a sufficiently uniform gain was secured to cover all directions in the measured and simulated radiation patterns.



Table 5 shows the simulated and measured gain difference. To remove the influence of post and jig on the −z axis on the radiation pattern, the range of the radiation pattern was set as    0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  90 ∘   . In the case of the maximum gain, it was confirmed that the simulated and measured results had similar values, but in the case of the minimum gain, a difference of approximately 2 dB occurred. The reason is the influence of the unshielded feed cable and tools for measuring the radiation patterns. However, both results display a sufficiently uniform gain in the presented radiation section.



Figure 14 shows the comparison between the measured and simulated maximum gain according to frequency. The measurement and simulation results agree, and harmonics are suppressed in the section other than the operating band. The simulated gain isolation between the operating band and the second and third harmonics are 11.20 and 14.69 dB, respectively, and the measured gain isolation is 10.10 and 18.94 dB, respectively. Therefore, it was confirmed that radiation by harmonics was sufficiently suppressed.




4. Conclusions


In this paper, a quasi-isotropic hybrid DRA and bow-tie patch with harmonic suppression is proposed. The DRA and bow-tie patch antenna were utilized to implement the quasi-isotropic pattern. The quasi-isotropic pattern was realized by combining two omnidirectional patterns with an orthogonal relationship. For harmonic suppression, a seventh-order Chebyshev low-pass filter was designed in the feed line of the proposed antenna. In the case of the antenna without a filter, harmonic radiation occurred in a section separate from the operating band. However, the proposed antenna effectively removed harmonics generated in a section away from the operating band, suppressing the radiation due to harmonics. The measured gain isolations of the second and third harmonics of the proposed antenna are 10.10 and 18.94 dB, respectively, and the simulated gain difference considering all radiation areas (   0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  180 ∘   ) is at least 7.211 dB. Therefore, the proposed antenna applies to various wireless communication fields and is expected to improve the size and performance of the RF-system.
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Figure 1. Configuration of the proposed antenna: (a) overall view; (b) side-cut view (yz plane); (c) back side-cut view of ground (xy plane); and (d) front side-cut view of ground. 
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Figure 2. Concept of the quasi-isotropic pattern: (a) direction of field; (b) three-dimensional radiation pattern. 
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Figure 3. The low-pass filter configuration is designed to suppress the harmonics of the proposed antenna: (a) fifth-order Chebyshev low-pass filter and (b) seventh-order Chebyshev low-pass filter. 
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Figure 4. Low-pass filter equivalent circuit: (a) fifth-order Chebyshev low-pass filter and (b) seventh-order Chebyshev low-pass filter. 
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Figure 5. S-parameters of simulated fifth- and seventh-order Chebyshev low-pass filters. 
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Figure 6. Comparative analysis with and without filter: (a) simulated S11 and (b) simulated maximum gain. 
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Figure 7. Comparative analysis with and without filter: (a) simulated minimum gain and (b) simulated gain difference. 
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Figure 8. Simulated radiation pattern with and without filter: (a) 3.1, (b) 3.13, and (c) 3.15 GHz. 
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Figure 9. The simulated electric field distribution of the proposed antenna: (a) xy, (b) yz, and (c) xz plane. 
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Figure 10. Fabricated shape and configuration of the proposed antenna. 
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Figure 11. Simulated and measured S11 of the proposed antenna. 
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Figure 12. Photograph of the anechoic far-field chamber for measuring the radiation pattern of the proposed antenna. 
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Figure 13. Comparison of simulated and measured radiation patterns of the proposed antenna: (a) 3.1, (b) 3.13, and (c) 3.15 GHz. 
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Figure 14. Comparison of the simulated and measured maximum gain of the proposed antenna. 
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Table 1. Design parameters of the proposed antenna (unit: mm).
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	gnd_x
	40.6
	tri_d
	22.29
	l    1  1  
	1.5



	gnd_y
	49.4
	radi
	2.5
	w    1  2  
	11.77



	dr_x
	39
	outer_radi
	8.28
	l   2  
	3.30



	dr_y
	40.18
	pole_d
	28.19
	w    1  3  
	0.425



	dr_z
	16.76
	pole_h
	18.28
	l    1  3  
	5.40



	bow_x
	25
	w   1  
	3.344
	w    1  4  
	11.77



	bow_y
	14
	l   1  
	3.29
	l    1  4  
	4.5



	tri_y
	3.28
	w    1  1  
	0.425
	l    1  8  
	4.33
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Table 2. The fifth- and seventh-order Chebyshev response coefficient.
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	g    0   
	g    1   
	g    2   
	g    3   
	g    4   
	g    5   
	g    6   
	g    7   
	g    8   





	Fifth-order
	1
	0.756
	1.305
	1.577
	1.305
	0.56
	1
	
	



	Seventh-order
	1
	0.797
	1.392
	1.748
	1.633
	1.748
	1.392
	0.797
	1
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Table 3. Design parameters of fifth- and seventh-order Chebyshev low-pass filters with a cutoff frequency of 4 GHz (unit: mm).
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	w   5  
	3.3
	l    5  2  
	3.35
	w    7  1  
	0.49
	l    7  3  
	4.73



	l   5  
	5
	w    5  3  
	0.49
	l    7  1  
	2.24
	w    7  4  
	11.58



	w    5  1  
	0.49
	l    5  3  
	4.79
	w    7  2  
	11.59
	l    7  4  
	3.93



	l    5  1  
	2.03
	w   7  
	3.3
	l    7  2  
	3.14
	
	



	w    5  2  
	11.59
	l   7  
	5
	w    7  3  
	0.49
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Table 4. Comparison of simulated maximum gain in the harmonic section of the antenna without a filter and the proposed antenna.
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	Without a Filter
	With the Seventh-Order Filter





	3.1 GHz
	1.854 dBi
	2.092 dBi



	6 GHz (second harmonic)
	3.158 dBi
	−7.689 dBi



	9 GHz (third harmonic)
	4.594 dBi
	−11.18 dBi
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Table 5. Comparison of the simulated and measured gain difference of the proposed antenna (   0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  90 ∘   ).






Table 5. Comparison of the simulated and measured gain difference of the proposed antenna (   0 ∘  ≤ φ ≤  360 ∘    and    0 ∘  ≤ θ ≤  90 ∘   ).





	

	
Simulated Gain

	
Measured Gain




	

	
3.1

	
3.13

	
3.15

	
3.1

	
3.13

	
3.15






	
Frequency (GHz)

	
3.1

	
3.13

	
3.15

	
3.1

	
3.13

	
3.15




	
Maximum gain (dBi)

	
2.080

	
2.358

	
2.428

	
2.145

	
1.908

	
2.282




	
Minimum gain (dBi)

	
−4.254

	
−5.061

	
−5.812

	
−6.396

	
−7.449

	
−8.798




	
Gain difference (dB)

	
6.334

	
7.419

	
8.240

	
8.541

	
9.357

	
11.080
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Figure 10. Fabricated shape and configuration of the proposed antenna.
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Figure 10. Fabricated shape and configuration of the proposed antenna.
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