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Abstract

:

In this paper, a compact antenna design method is proposed for microstrip patch antennas using a double-layered defected ground structure (DGS) configuration. While a conventional single-layered defected ground structure yields a lower resonant frequency and Q-factor, a smaller circuit size can be achieved using an additional substrate with a higher dielectric constant. The size reduction obtained from the additional resonant LC elements is analytically explained using the equivalent circuit model. The characteristics of the additional substrates are investigated for various dielectric constants and thicknesses. From the experimental results, the proposed design method leads to a total size reduction of up to 51.7% and a miniaturized design for planar antennas with ground apertures. The proposed design method can be applied to various antenna designs with any DGS pattern. Furthermore, the size reduction method can maintain the structure of the resonant patch element and its radiation characteristics. Therefore, the proposed method is applicable to the design of microwave devices on microstrip-based configurations.
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1. Introduction


Mobile devices have been rapidly developed toward minimization and integration in order to converge various wireless systems. Whereas active front-end circuits can be integrated on a single die with a one-chip solution, microwave devices are still limited in their compactness due to the wavelength-dependent design of the resonant circuits, such as filters, duplexers, and antennas. Since a microstrip patch antenna is one of the representative planar resonant antennas designed to be integrated into mobile systems, its miniaturization has been researched using various approaches [1,2].



The defected ground structure (DGS) was invented for microstrip resonators [3] and is implemented on a ground plane to replace microstrip line resonators. Its versatile usages include effective wavelength reduction [4,5,6,7], current flow control, signal isolation, and so on. In addition, the defected patterns are directly mounted on the backsides of microstrip antenna resonators. Despite the advantages of the DGS transmission line, it is hard to implement due to the floating DGS ground plane. The electromagnetic field is fringed with the DGS aperture on a ground plane, which causes radiation loss. In general, microwave devices with DGSs need to be implemented with some air space on the ground side to avoid interferences from other materials. When a conducting material makes contact with or approaches the DGS aperture, the original characteristics of the DGS transmission line cannot be retained due to field reflections or impedance changes. Therefore, microwave devices using DGS transmission lines have been implemented only as stand-alone modules with limited multiple and composite designs [8]. Since the DGS is a resonator itself, it is difficult to analytically design a resonant antenna, because the double resonators of an antenna and a DGS lead to unexpected resonance effects. Therefore, the applications of DGSs to antenna designs are limited in features such as compactness [1,2], polarization control [9,10,11], and inter-element isolation improvement [12,13]. Furthermore, the backside aperture of the DGS can contribute to bandwidth enhancement by reducing the Q-factor of the resonant antenna [14].



A microstrip patch antenna is popularly designed for a simple planar structure because it has omni-directional radiation patterns oriented toward a radiating direction. As the patch size is dependent on the resonant frequency, it requires a relatively large area on a microstrip substrate within low frequency ranges. Therefore, various modified design technologies have been researched to minimize the patch area on a planar substrate, such as patches with a shorting via pins [15,16], slots [17,18,19,20,21], folded patches [22,23], and fractal patch patterns [24,25]. These patch designs require specific design processes for each application because one has to modify the radiating element of the patch itself.



In this paper, a compact microstrip patch antenna with a DGS implemented on a double-layered (DL) substrate is proposed. The size reduction design procedure is introduced using an original patch antenna with a conventional single-layered (SL) DGS and a proposed DL-DGS. The double-layered substrate is designed with an SL-DGS attached to a dielectric substrate with a high dielectric constant. The suspended substrate increases the higher effective dielectric constant on the DGS surface, which can reduce the resonant antenna size. As the value of the LC increases using a DGS and an additional substrate, the resonant frequency of the antenna can be reduced because the resonant frequency is inversely proportional to the values of L and C. The proposed DL-DGS patch antenna is also modeled, verified for any additional LC resonator effects, and analyzed for its additional substrate characteristics. The proposed method can reduce the size of a planar patch antenna without any modification of the resonant patch. In addition, the patch antenna’s characteristics can be maintained for the additionally attached dielectric substrate. Furthermore, the proposed design technique can be applied to any planar antenna design with ground slots to reduce the size of the radiating elements.



This paper is organized as follows. Section 2 presents the configuration of the proposed DL-DGS patch antenna and the potential to reduce the patch size. An equivalent circuit model and characterization are described for the proposed double-layered structure in Section 3. Section 4 discusses the size reduction and antenna performance based on the experimental results. In addition, a comparison with the other size reduction techniques for microstrip patch antennas with defected ground structures is provided. Finally, the feasibility and applications of the new DL-DGS patch antenna are outlined in Conclusions.




2. Double-Layered Design for Planar Patch Antennas with DGSs


A DL-DGS microstrip patch antenna with an H-shaped DGS was designed as shown in Figure 1a. The antenna pattern in the top layer and the DGS pattern in the middle layer are shown in Figure 1b. The original patch was designed without a DGS on an upper substrate, while the SL-DGS patch was designed with a DGS on an upper substrate, which is the same as the structure of the conventional DGS antenna. The proposed DL-DGS patch was configured with an additional lower substrate beneath the SL-DGS patch. For a convenient comparison of the resonator size, a microstrip square patch was designed with a resonant frequency of 2.4 GHz with l = 41 mm. An impedance transformer was designed with a quarter wavelength of j = 22.8 mm and a 135 Ω width of m = 0.3 mm. The middle layer has a ground plane with an H-shaped DGS pattern with a = 20 mm, b = 14 mm, c = 1 mm, and d = 7 mm. The bottom layer has no metal plane. The two-layered substrate has an upper substrate with εr_1 = 2.2 and t1 = 31 Mils, and the lower substrate has εr_2 = 10.2 and t2 = 50 Mils. The DGS pattern determines the additional L and C values of the resonator and the effect of the lower substrate. Since the H-shaped DGS pattern has a dominant inductance, a capacitance variance corresponding to the lower substrate material is expected.



The effects of the DGS and additional substrate on the antenna size reduction were evaluated using an EM simulator from ANSYS HFSS (High-Frequency Structure Simulator). Figure 2 presents the S11 of an original, an SL-DGS, and a DL-DGS microstrip patch antenna. The original patch antenna was simulated without a DGS and a lower substrate, while the SL-DGS and DL-DGS patch antennas were simulated with an H-shaped DGS and an additional lower substrate, respectively. The original patch antenna has a resonant frequency (fr) of 2.403 GHz, while the SL-DGS patch antenna has an fr of 1.833 GHz. Through the DGS effect, the size of the patch antenna can be effectively reduced by 42.4%. Due to the small aperture size of the DGS, the two antennas show almost the same bandwidth. The DL-DGS microstrip patch antenna has an fr of 1.661 GHz. The lower substrate yields an additional size reduction of the patch antenna by 10.9%. Compared to the original patch antenna, the proposed DL-DGS patch antenna is expected to achieve a size reduction of 53.3%.




3. Design and Analysis of the Double-Layered DGS Patch Antenna


The proposed double-layer design of the microstrip patch antenna was analyzed for resonant operations using an equivalent circuit model. Figure 3 shows the equivalent circuit of the DL-DGS patch antenna. Each patch antenna design model is separately shown for the original, SL-DGS, and DL-DGS patch antennas, respectively. The original patch is modeled using an open-circuit half-wave transmission line model [26,27], while the SL-DGS antenna is modeled based on the original patch model, adding a DGS resonator of a parallel-connected Ls and Cs [8,27]. The DL-DGS antenna is modeled with an additional series-connected Ld and Cd [8].



In light of the equivalent circuit of the DL-DGS transmission line with a dumbbell-shaped DGS [8], the equivalent circuit of the DL-DGS antenna has a reasonable configuration. The equivalent circuit of the DL-DGS transmission line consists of a DGS resonator of Cs and Ls and lower substrate elements of Cd and Ld. The radiation loss parameters of Rs and Rd in the DL-DGS transmission line are ignored for an antenna equivalent circuit because the antenna itself has a radiation function. Whereas the parallel RLC resonator comprises a conventional SL-DGS model of Ls and Cs, the proposed structure has another series-resonant circuit induced by an additional ground current path. The parasitic parameters from the lower substrate of Ld and Cd account for the effect on the resonant frequency shift and Q-factor improvement because the total inductance decreases and the total capacitance increases after attaching a lower substrate. In the case of the equivalent circuit of the DL-DGS antenna, a resonant circuit of Cp, Lp, and Rp is added as an original patch function.



In order to verify the equivalent model and characterize the effect of the additional substrate applied to the DL-DGS patch antenna, various dielectric constants of the lower substrate were applied. Figure 4A presents the resonant frequency variation in the dielectric constant of the lower substrate with a thickness of 50 Mils. To verify the effect of the double-layered structure, an SL-DGS patch antenna was compared in the case of     ε   r _ 2     = 1 (air). As the dielectric constant increases from 1 to 10.2, the resonant frequency decreases from 1.833 GHz to 1.661 GHz. The solid lines show the EM simulated results, while the dashed lines present the circuit simulated results based on the equivalent circuit models. The circuit simulations were performed using an ADS (Advanced Design System) from Keysight Technologies, Ltd. The equivalent circuit models are well-matched with every substrate environment together with the EM simulated results. For the effect of the thickness of the lower substrate, resonant frequency variations were applied. Figure 4B shows the resonant frequency variations for various thicknesses with a dielectric constant of the lower substrate of 10.2. As the thickness increases from 0 Mil to 50 Mils, the resonant frequency decreases from 1.883 GHz to 1.661 GHz, which indicates an effective size reduction. A thickness of 0 Mil indicates that there is no lower substrate (SL-DGS) as a reference antenna.



The equivalent circuit elements were extracted by matching the EM simulated results with the specified antenna structure and substrate material environment. The original patch antenna model was designed with     L   p     = 0.03 nH,     C   p     = 146.1 pF, and     R   p     = 57.0 Ω, as shown in Figure 3. Then, the resonant elements of the SL-DGS were designed with     L   s     = 1.46 nH and     C   s     = 110.0 pF.



For the various characteristics of lower substrates, the additional elements of the DL-DGS of     L   d     and     C   d     are presented in Table 1. The inductances yielded by the lower substrates are found to have almost the same value as     L   d     = 0.03 nH, whereas the capacitances increase as the dielectric constant increases. The H-shaped DGS has a relatively large inductance and small aperture size, and the material characteristics affect the additional capacitance increments. In addition, the capacitances increase as the lower substrate thickness increases.



Table 1 summarizes the characterization of the DL-DGS patch antenna. As the dielectric constant of the attached lower substrate increases, the total amount of LC products increase; therefore, the resonant frequency is decreased. From the equivalent circuit analysis, as shown in Figure 3, the proposed structure presents as a parallel resonator model. As the general resonator model of the patch antenna of Cp, Lp, and Rp expands with another resonant circuit of Cd and Ld due to the H-shaped DGS resonator, the total capacitance increases with Cp + Cd. In addition, the total inductance decreases with Lp //Ld. When the additional lower substrate is attached, the additional series-resonant elements of Cd and Ld contribute to the additional capacitance increment and inductance decrement. Because the equivalent circuit model of the proposed DL-DGS patch antenna has a parallel resonator model, the Q-factor can be expressed as follows:


  Q =   R     ω   r   L   =   ω   r   R C  



(1)




where     ω   r     = 2  π   f   r     and     f   r     indicate a resonant frequency. Therefore, the total capacitance increases and the total inductance decreases, as designed from an original patch to create the SL-DGS and DL-DGS patches, which means that the Q-factor can be increased. According to Table 1, the DL-DGS patch has a higher Q-factor than the SL-DGS patch antenna for     ε   r _ 2     = 1. Additionally, as the dielectric constant increases in the lower substrate, the Q-factor increases, because a substrate with a higher dielectric constant generates a higher additional capacitance.



For the thickness variations, as for the dielectric constant variations, the same mechanism was investigated. The SL-DGS case shows a zero thickness of the lower substrate. The thicker dielectric substrate results in a higher parallel capacitance, which presents a lower resonant frequency and higher Q-factor, as shown in Table 1.



From the total capacitance increase, the resonant frequency of the DL-DGS patch is decreased while maintaining the physical patch size, which means that this technique can be used to design a smaller patch with the same resonant frequency. Therefore, the proposed method of adhering a dielectric slab with a higher dielectric constant and a greater thickness is verified.




4. Experiments and Evaluations of the Proposed Compact DL-DGS Patch Antenna


The proposed DL-DGS microstrip patch antenna was implemented on the upper substrate of an RT Duroid 5880 with     ε   r _ 1     = 2.2 and     t   1     = 31 Mils and on the lower substrate of an RT Duroid 6010 with     ε   r _ 2     = 10.2 and     t   2     = 50 Mils. Figure 5 shows photographs of the implemented DL-DGS antenna. While Figure 5a shows the top layer of the original patch on the upper substrate, the backside ground plane with an H-shaped DGS pattern on the upper substrate is presented in Figure 5b. Figure 5c shows the photo of the lower substrate without any metal on either side that is adhered to the bottom surface of the upper substrate, as shown in Figure 5b. The implemented substrate size is W   ×   W = 95 mm   ×   95 mm.



The resonant frequencies and Q-factors were measured as shown in Figure 6. The original, SL-DGS, and DL-DGS patch antennas present measured resonant frequencies of     f   r     = 2.399 GHz, 1.801 GHz, and 1.69 GHz, respectively, while the simulated results show values of 2.404 GHz, 1.834 GHz, and 1.662 GHz, respectively. The Q-factor is decreased from 243.5 for the original patch to 133.4 for the SL-DGS patch by the DGS aperture and then slightly increased to 149.5 for the DL-DGS patch after attaching a high-dielectric slab to the aperture.



To compare the radiation characteristics, the antenna radiation patterns were measured in an anechoic chamber. In general, DGS antennas show a relatively poor linear polarization performance due to current direction changes induced by ground defection. In addition, the amount of backside radiation through the DGS aperture needs to be checked before application to normal patch antennas, because the electromagnetic energy may radiate through the DGS aperture. Figure 7a,b presents the radiation patterns of the SL-DGS and DL-DGS patch antennas, respectively. Each pattern was measured for an E-plane (x-z plane) and an H-plane (y-z plane) and compared to a cross-polarization pattern. While the SL-DGS patch antenna presents a gain of 3.9 dBi, an HPBW of 68.0°, and a cross-pol. Level of −27.6 dB, the DL-DGS patch antenna shows a gain of 2.4 dBi, an HPBW of 92.0°, and a cross-pol. Level of −24.1 dB. Regarding the effect of the DGS aperture radiation, the proposed DL-DGS patch antenna maintains good linear polarization characteristics for the defected ground. Because the high-dielectric substrate absorbs the electromagnetic field toward the backside substrate of the antenna, the front-to-back ratio (F/B) of 7.3 dB for the SL-DGS antenna decreases to 4.5 dB for the DL-DGS antenna. As the dielectric material (εr > 1) attracts the electromagnetic field, the additional high-dielectric substrate absorbs the backward field, which reduces the F/B compared to the SL-DGS antenna with an air backside boundary (εr = 1).



Based on the proposed compact design method, the circuit size reductions were compared. At first, the original patch antenna was designed with 2.4 GHz using a basic design theory stipulating that the square patch is designed with l   ×   l = 0.49  λ  /  √   ε   r       ×   0.49  λ  /  √   ε   r     at the resonant frequency, with the expected patch size of 1681 mm2. The design results show a resonant frequency of 2.399 GHz with a physical size of 1681 mm2. With the same physical patch size, the SL-DGS patch was designed. The SL-DGS patch operates at 1.801 GHz, which should require the expected original patch size of 3025 mm2. Therefore, the patch antenna operating at 1.801 GHz is designed with a size of 1681 mm2 instead of 3025 mm2, with a size ratio of 55.6%. The DL-DGS patch antenna operating at 1.690 GHz can be designed with a physical size of 1681 mm2, instead of the expected original patch size of 3481 GHz, with a size ratio of 48.3%. Therefore, the antenna sizes can be compared as shown in Table 2. The conventional SL-DGS patch antenna can reduce the antenna size by 44.4%, while the DL-DGS patch can reduce the antenna size by 51.7%.



From the performance evaluation of the proposed size reduction methods for a planar microstrip patch antenna, it was verified that the proposed design can provide a new, additional method with which to minimize the patch with any ground plane slot. The proposed DL-DGS patch antenna maintains the original resonant element and radiation characteristics, as compared to the previous studies on the modification of patches [15,16,22,23,24,25]. In particular, as compared to the patch size reductions utilizing ground plane slots among the previous works [17,18,19,20,21], the patch size can be further minimized using the proposed method.



Even though it is difficult to compare size reductions, the previous works using ground plane slots were compared for the size reduction relative to a reference original patch antenna, as shown in Table 3. It is assumed that all the patch antennas have a patch area of λ × λ mm2 that is the inverse of the square of resonant frequency, because each paper uses a different comparison. Because these design methods were compared for each design technique, the method in this work was compared for the SL-DGS patch, and the additional reduction method for the DL-DGS patch was appended. The paper [17] presents a coaxial-fed patch with a linear slot cross on a ground backside at 2.87 GHz. The position of the linear slot is a variable of the size reduction. The maximum rate of the size reduction is approximately 77.3%. The authors of [18] designed a planar microstrip-fed patch with meandering line slots operating at 5.989 GHz. The patch with an open-end slot type has an 83% maximum size reduction. The authors of [19] explored similar slot types with coaxial feeding at 2.387 GHz that has a 55.8% reduction rate, while the authors of [20] explored a cross-type array of four slots for a coaxial-fed patch operating at 2.84 GHz with a 73.2% reduction. The authors of [21] investigated a CSRR (Complementary Split-Ring Resonator)-type slot array for a microstrip patch operating at 5.0 GHz with a 42.2% reduction rate. The proposed structures of the SL-DGS and DL-DGS patch antennas were compared with those in the previous works for the reduction techniques, feeding types of the microstrip patches, resonant frequencies, and the size reduction rates. The SL-DGS patch antenna (the conventional DGS patch) is comparable to the previous works. However, the DL-DGS technique can provide additional size reductions compared to every comparable patch antenna design with defected slots on a ground plane.




5. Conclusions


A size reduction design method for microstrip patch antennas with defected ground structures was proposed using a double-layered substrate. While the size of a normal patch antenna can be reduced by designing DGS patterns on a ground plane, an additional size reduction can be achieved by attaching a lower substrate. The operating mechanism was described based on an equivalent circuit model with each LC resonant circuit for the characteristics of the additional dielectric substrate. According to the experimental results, the proposed DL-DGS patch antenna can reduce the circuit size by up to 51.7%, while the conventional SL-DGS patch antenna reduces the size by 44.4%. The proposed size reduction method can maintain the resonator structure and resonance characteristics of the original microstrip patch antenna. Therefore, as compared to the original patch antenna, almost the same radiation performance can be achieved with the small resonant radiator. Furthermore, for all the resonant antenna configurations with various DGS patterns and sizes, the proposed method can be applied to reduce the size of the planar antenna resonators. The proposed new double-layered DGS antenna design technology can be used for various efficient designs of compact and novel microwave devices.
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Figure 1. Configuration of the proposed DL-DGS microstrip patch antenna. (a) Double-layered configuration. (b) A top-layer view and a middle-layer view. 
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Figure 2. Simulated S11 for an original, an SL-DGS, and a DL-DGS patch antenna. 
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Figure 3. Equivalent circuit model of the proposed DL-DGS microstrip patch antenna. 
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Figure 4. Resonant frequencies of the DL-DGS antenna with a lower substrate. (A) Dielectric constant variations for     t   2     = 50 Mils. (B) Thickness variations for     ε   r _ 2     = 10.2. 
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Figure 5. Photographs of the DL-DGS microstrip patch antenna. (a) Top view. (b) Middle-layer view. (c) Bottom view. 
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Figure 6. Measured and simulated S11 of an original patch, a conventional SL-DGS patch, and the proposed DL-DGS patch. 
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Figure 7. Measured and simulated radiation patterns. (a) SL-DGS patch antenna. (b) DL-DGS patch antenna. 
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Table 1. Characteristics of the DL-DGS patch antennas for various dielectric constants and thicknesses of the lower substrate.
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	      ε   r _ 2      
	     L   d      (nH)
	     C   d      (pF)
	     f   r      (GHz)
	BW (MHz)
	Q-Factor





	1.0 (air)
	0.00
	0.00
	1.833
	10.9
	168.2



	2.0
	0.03
	8.24
	1.803
	9.7
	185.8



	4.0
	0.03
	17.7
	1.770
	9.3
	190.3



	6.0
	0.03
	27.5
	1.734
	8.7
	199.3



	8.0
	0.03
	37.2
	1.699
	8.2
	207.1



	10.2
	0.03
	47.6
	1.661
	8.0
	207.7



	Thickness (Mils)
	    L   d     (nH)
	    C   d     (pF)
	    f   r     (GHz)
	BW (MHz)
	Q-factor



	0 (air)
	0.00
	0.0
	1.833
	10.9
	168.2



	10
	0.03
	19.4
	1.765
	9.8
	180.1



	20
	0.03
	32.0
	1.718
	9.0
	190.9



	30
	0.03
	38.5
	1.695
	8.6
	197.1



	40
	0.03
	43.9
	1.674
	8.2
	204.2



	50
	0.03
	47.6
	1.661
	8.0
	207.7
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Table 2. Comparison of the original, SL-DGS, and DL-DGS patch antennas.
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	Antenna
	     f   r      (GHz)
	Expected Original Patch Size at      f   r     

   ( a ,     m m   2   )   
	Physical Patch Size

   ( b ,     m m   2   )   
	Comparison

   ( b / a × 100 )   





	Original Patch
	2.399
	1681
	1681
	100



	SL-DGS Patch
	1.801
	3025
	1681
	55.6



	DL-DGS Patch
	1.690
	3481
	1681
	48.3
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Table 3. Comparison of the recent patch antenna reduction technologies with ground slots.
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Reduction Method

	
Feeding Type

	
     f   r      (GHz) of Ref. Antenna

	
Size Reduction

(%)






	
[17]

	
line slot position

	
coaxial

	
2.87

	
77.3




	
[18]

	
meandering line type

	
planar

	
5.98

	
83.0




	
[19]

	
meandering line offset

	
coaxial

	
2.387

	
55.8




	
[20]

	
slot size

	
coaxial

	
2.84

	
73.2




	
[21]

	
CSRR slot

	
planar

	
5.0

	
42.2




	
This work

	
SL-DGS

	
additional substrate

	
planar

	
2.4

	
44.4




	
DL-DGS

	
51.7
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