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Abstract

:

In this article, a dual-frequency microstrip antenna capable of radiating sector beams and rectangular beams is designed. Firstly, the characteristic mode of microstrip antennas is analyzed, and the principle of half-power beam width (HPBW) enhancement of microstrip antennas is studied from the mode combination theory. Studies have shown that when multiple eigenmodes are excited simultaneously at the same frequency point, the radiation modes can be combined to widen the E-plane HPBW. The measurement results indicate that the S11 of the antenna in the two frequency bands is less than −25 dB. In particular, the microstrip antenna E-plane HPBW of the design received a 60° extension. While radiating a wide fan bundle at low frequency points, the HPBW of the E plane extends significantly to 141°. Radiate rectangular beams at high frequency points have an H-plane HPBW beam width of 90° and an E-plane HPBW beam width of 100°.
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1. Introduction


With the rapid development of electronic science and technology, the demand for antennas with fan-shaped radiation beam mode is increasing in medical imaging [1], mobile communication base stations [2], satellite communication [3,4], radar [5,6] and other scenes. Traditionally, communication with large angle coverage has always been achieved by employing multiple antennas, each covering only one sector. If the antenna element beam is narrow and wide, a large number of antennas are needed to ensure large coverage. Considering this shortcoming, antenna elements with wide fan-shaped beams have significant advantages in large-coverage communication. Therefore, it is very important to study how to design high-performance sector beam antennas. Microstrip patch antennas are widely used in all aspects of modern applications because of their flat shape, low cost, light weight and ease of manufacture. However, the half-power beam width (HPBW) of traditional microstrip antennas [7,8] is about 90°, and the gain decreases rapidly at low elevation [9], which makes it difficult to meet the demand for wide-angle coverage. Sector beams [10,11] can provide relatively wide azimuth beam widths and have the great advantage of wide signal coverage. Moreover, since sector beam antennas cover a wide range of space, they are commonly used in mobile phones and point-to-point wireless communication systems, as well as base station antennas that form sector coverage in more complex terrain environments such as towns and mountains [12,13]. Therefore, it is very important to study how to design high-performance sector beam antennas.



In [14,15,16], a plurality of patches is used to form an antenna array, and the larger metal ground has a broad beam mode to achieve the purpose of expanding the beam width. The presence of numerous units vastly augments the dimension of the antenna, and at the same time, the design cost is greatly increased. In [16,17,18], vertical metal walls are loaded to generate vertical induced currents; however the metal walls introduced increase the height of these antennas, thus breaking the low-profile characteristics of planar antennas. At the same time, antennas moderately increase the gain. In [7,19,20], the work proposes a new method for beam width improvement by using several radiation patterns of a microstrip patch antenna (MPA). However, they are always subjected to monopole radiation patterns or high cross-polarization levels. In [21,22], the antenna obtains a beam width of more than 120° by loading a folded dipole. However, these methods all have high profile heights, which hinders their wide application in modern communication systems.



In the previous antenna design with improved beam width, the sector beam can only receive the transmitted signal from a specific angle direction and provide a wide range of signal angle coverage but cannot accept the signal from other angles. Therefore, we propose a dual-frequency microstrip antenna with both a sector beam and a rectangular beam. Rectangular beams have the advantage of fan-shaped beams, which have the radiation characteristics of a flat shape and can receive signals from other angular directions while providing a large range of signal angle coverage.



Based on the above discussion, a method of widening the beam width of low profile dual-frequency antennas by using the combination of characteristic modes is proposed. First, characteristic modal analysis (CMA) [23,24,25] is performed on the rectangular patch, and then the required mode is excited to resonate at the same frequency point. Finally, the lower band E-plane HPBW is successfully broadened, while the rectangular beam is radiated in the upper band. The measurement results show that the HPBW can reach 141°, and the maximum gain is 8.2 dBi for the sector beam radiated at low frequency. The HPBW can reach 100°, and the maximum gain is 5.7 dBi for the rectangular beam radiated at high frequency.




2. Geometric Shape and Design Principle of the Proposed Antenna


2.1. Theory of Characteristic Modes


The eigenmode theory is an analytical method based on the method of moments (MoM) for analyzing the inherent properties of electromagnetic structures. The core problem is to work out the broad sense eigenvalue problem, which involves finding the eigenvectors and eigenvalues that satisfy certain conditions.


  X       J   n       =   λ   n     × R         J   n        



(1)




where R and X are real symmetric operators, and Jn is the characteristic current. The current is extended across the conductor to the characteristic current as a RWG basis function. An RWG basis function is a kind of basis function defined on the adjacent plane triangle patch proposed by Rao, Wilton, and Glisson in 1982, also known as the generalized ridge basis function.


  J   =     ∑  n = 1   N        a   n     ×     J   n      



(2)







Then, after derivation,


    a   n     =         J   n   ,     E   i         1   +   j     λ   n       =       V   n     1   +   j     λ   n      



(3)




where the coefficient αn represents the significance of the eigenvalue in the total current and is referred to as the modal weighting coefficient (MWC). The denominator is only related to the eigenvalue λn of the mode.



The commonly used parameters in Eigenmode analysis are excitation coefficient Vn, mode factor MS, and characteristic angle (CA), and their expressions are, respectively:


    V   n     =         J   n   ,       E   i       =    ∮      E   i       ×     J   n     d s  



(4)




where Vn is the modal excitation coefficient (MEC), and Ei is the incident electric field, which is related to factors such as the excited mode, position, amplitude, and phase.


  M S   =         1   1   +   j     λ   n          



(5)







It can be seen from (5) that the value range of MS is between 0 and 1. When MS approaches 1, the mode is closer to the resonance state; conversely, this indicates that the mode is far from resonance, which makes it difficult to excite and effectively radiate.


  C A   =   π   −     arctan       λ   n      



(6)







CA represents the phase difference between the modal characteristic current and the homologous characteristic electric field. When CA is 180°, it indicates that the mode is in resonance.




2.2. Principle of Feature Pattern Combination


We know that due to the larger limitations on the ground, the microstrip antenna itself has a weak radiation ability on the back side, so it has a directional radiation pattern pointing to the normal direction. The radiant power density decreases with increasing θ, and the gain is relatively low near the equatorial angle. In the higher-order mode of the microstrip antenna, there is a heart-shaped radiation pattern with a maximum radiation direction of ±45°. The vertical direction has zero radiation (θ = 0°), and the 45° direction has the greatest radiation capacity (θ = ±45°). When the microstrip antenna simultaneously excites a directional radiation pattern that points to the normal direction and a radial pattern that has a heart shape, if the two modes are gradually close together, they will affect each other, and their modes will be combined so that their directional patterns will be superimposed on each other. The results are shown in Figure 1 [21].




2.3. The Structure Configuration and Evolution Process of the Antenna


Figure 2 and Table 1 respectively show the specific shape and detailed parameters of the proposed dual-frequency microstrip antenna. The antenna is printed on a single-layer grounded F4BM220 substrate with a profile height of 2 mm, dielectric constant r = 0.02, and loss angle tangent tan δ = 0.0009. Specifically, the antenna is modified on a rectangular patch and four horizontally oriented parasitic metal strips, which are then connected to the rectangular radiant patch by eight short microstrip lines. Four metal posts are then added to the four metal strips to make the patch and floor shorter. Two symmetrical slots are etched into the radiant patch, and two metal posts are added next to the slots. The antenna was finally connected to the radiator by a microstrip wire and fed through a 50ΩSMA feed welded to the microstrip wire, and then the designed antenna was extensively studied using HFSS 15.0.



As is well known, the microstrip antenna in Figure 3a has a narrow HPBW in the TM10 mode. Meanwhile, non-transverse radiation patterns can be generated at a higher TM12 mode [11]. In order to solve these problems and generate the required wide HPBW, we take the following measures: (1) Introduce the horizontal metal bands as shown in Figure 3b, and add four horizontal metal bands to the rectangular radiation patch to stimulate the characteristic modes so that the rectangular patch is not excited. (2) By connecting the rectangular radiation patch with the metal band in Figure 3c, the original radiation characteristics are changed, the characteristic modes in the lower frequency band are moved to the working frequency band, and the radiation modes are combined to realize the purpose of broadening HPBW. (3) Load the metal into the four corner holes in Figure 3d, similarly move the characteristic modes in the lower frequency band to the working frequency band, and cut linear slots on the patch to enhance the interaction between various modes and achieve rectangular beam radiation. Through these arrangements, the antenna design is improved at the same time, namely with thin, dual frequency, wide fan beam, wide E-plane HPBW and flat top radiation beam.



Figure 4 simulates patches A-D for |S11|. It can be found that patch A has only one resonant frequency in the 4 to 6 GHz band, and in the lower frequency range, |S11| has a decreasing trend, and there may be a resonant frequency. The introduction of metal bands in patch B does not have much effect on the original resonant frequency, and the purpose of introducing metal bands is to stimulate new characteristic modes. In patch C, by connecting the rectangular patch to the metal strip with a microstrip line, it can be found that the original resonant frequency is slightly shifted to the lower frequency, and the resonant frequency in the lower frequency band is gradually moved to the working frequency band. In patch D, the loading of the short circuit through the hole stimulates the drastic change of the first vibration frequency, making it gradually close to the second and third resonant frequencies. At the same time, the linear gap will help eliminate the notch band in the working frequency band, so that multiple modes can influence each other to produce a combined mode. A detailed characteristic mode analysis is presented in the next section.





3. Design of Dual-Frequency Microstrip Antenna


3.1. Realization of Wide Fan Beam


We know that rectangular patches have many typical characteristic modes. For research on how the patch works, CST Studio Suite 2018 was used to analyze its modal significance and characteristic angles. In order to realize the sector radiation beam, the design was improved on the basis of rectangular patch, and the electromagnetic field of vector superposition was generated in the far field by simulating an array, so as to realize the compression of the radiation beam in space and finally realize the sector beam. Figure 5 and Figure 6 show the characteristic angles and modal significance of the 10 modes of the rectangular patch in Figure 3a.



When the feature angle is 180° or the modal significance is 1, the feature modes are excited. It can be seen from Figure 5 and Figure 6 that patch A excites four feature modes in the operating frequency band 4 to 6 GHz, namely J1, J2, J3 and J4. It can be found that the feature angle and the maximum modal significance of mode J2 are beyond the operating frequency band, so mode J2 is excited in the lower frequency range, while other modes are excited in the higher frequency.



In order to understand the physical meaning of the feature map in more detail, we plot the characteristic current and radiation direction of the rectangular patch in Figure 7. The results show that the current of mode J2 is mainly concentrated on the left and right sides and has the same direction current characteristics, resulting in a nearly perfect main lobe. The radiation pattern of J2 is a fan-shaped main lobe, which is due to the large width of the selected rectangular patch, resulting in vector superposition of electromagnetic waves in far-field radiation, thus achieving beam compression. Modes J1, J3 and J4 are all high-order modes, in which the current of mode J1 is mainly concentrated in the upper and lower ends, resulting in the splitting of the radiation pattern due to the reverse mode current, resulting in a huge side lobe, while the current of mode J3 is mainly concentrated in the left and right sides, resulting in the splitting of the pattern due to the reverse current characteristics. Mode J4 has both the left and right sides and the upper and lower ends of the current characteristics, although the left and right sides of the current are the same as in mode J1, but because the upper and lower ends of the reverse current produce a huge side lobe, and the main lobe is almost non-existent. According to Formula (4) and mode extension theory, these unacceptable patterns may affect the overall radiation pattern, and, therefore, they should be removed from the frequency band.



According to the mode combination theory proposed in the second part, the beam width can be widened when the directional radiation mode is combined with the heart-shaped radiation mode. None of the four modes excited by patch A in Figure 7 can achieve wider HPBW through mode combination. As a result, new feature patterns need to be stimulated, which can be challenging for rectangular patches. We know that choosing the right feeding position can effectively stimulate the desired pattern. However, this design uses microstrip line side feeds, so some manipulation is required to excite the new mode.



In this paper, a metal strip is introduced to generate a new current path, which excites a new characteristic pattern. The modal significance of metal strip patch B is shown in Figure 8. In the frequency band of 4 to 6 GHz, patch B excites A total of 8 modes, among which the modes (J1 to J3) are consistent with that of piece A, so there is no more analysis. We will focus on the five remaining modes of patch B (J4 to J8).



Figure 9 plots the corresponding mode current and radiation directions of the modes studied by patch B at resonant frequencies. It can be found that the mode current J4 in Figure 9a is mainly concentrated on the metal strip. Due to the opposite current paths on the left and right symmetric metal bands, a heart-shaped radiation pattern radiating in the direction of ±Y axis 45° is generated. The mode current J5 in Figure 9b is concentrated at the upper and lower ends of the metal strip and the rectangular patch, respectively, and the current on the metal strip and the rectangular patch is in the same direction, resulting in a directional radiation pattern. The current of mode J6 in Figure 9c is mainly concentrated on the rectangular patch, which is exactly the same as the current characteristics of mode J4 in Figure 7d and also generates a huge sidelobe, while the main lobe is almost non-existent. The mode current J7 in Figure 9d is also mainly concentrated on the metal strip, but the current paths on the upper and lower symmetric metal strip are reversed, resulting in a heart-shaped radiation pattern radiating 45° along the ±X axis. The mode current J8 in Figure 9e is also mainly concentrated on the metal strip, where the current path on the upper and lower symmetric metal strips is opposite, and the current path on the left and right symmetric metal strips is opposite, forming the characteristics of quadrupole radiation. It can be found that both modes J4 and J7 produce the heart-shaped pattern shown in Figure 1, but mode J2 radiates a fan beam in the xoz plane. Therefore, only the combination of mode J7 and mode J2 can effectively extend the E-plane HPBW. As can be seen from Figure 8, the modal significance of the combined mode (J2 + J7) is 0.4, and its combination effect is not ideal. Only when the modal significance of the combined mode is greater than 0.7 can the two modes be effectively combined. It is recommended to connect the metal strip and the patch with a microstrip line to make the J2 mode and J7 mode resonate in the same frequency band.



Figure 10 and Figure 11 show the modal significance of patch C and the modal current and radiation patterns for the corresponding modes. The modes studied in patch C excite a total of six modes (J1 to J4, J6, J7) at resonant frequencies. As shown in Figure 11a, the longitudinal current of the modal current J1 in patch C does not change significantly from the longitudinal current of the modal current J2 in Figure 7b. In Figure 9d, the mode current J7 changes from the horizontal current on the metal strip to the toroidal portion of the mode current J1 flowing along the rectangular slot in Figure 11a. Thus, by combining the J2 mode and the J7 mode, the HPBW was successfully widened from 80° to 141°. It can be found that the sector beam in Figure 11a is significantly widened compared to the sector beam in Figure 7b.



To sum up, through the combination of modalities, radiation patterns with wider HPBW can be achieved. The only challenge is to excite both required radiation modes at the same time. Therefore, the antenna structure should be changed so that the two modes resonate at the desired frequency. In this section, we propose a wide fan beam microstrip antenna using a mode combination approach. Through these arrangements, some improved performance of the designed antenna is obtained at the same time. The H-plane HPBW is about 50°, and the E- plane HPBW is successfully widened from 80° to 141°.




3.2. Realization of Flat Top Radiant Beam


On the basis of existing frequency points, in order to design a dual-frequency microstrip antenna with rectangular radiation mode, we reanalyzed some important characteristic modes of patch C, as shown in Figure 10 and Figure 11. As can be seen, mode J6 produces a similar conical pattern with a radiating zero in the center. According to the mode combination theory presented in Section 2, if you want to use the mode combination theory to form a rectangular radiation pattern, here you need a directional radiation mode (for example, mode J2) to fill the radiation zero of mode J6. A patch D loaded with symmetric linear slots and through-metal holes is proposed, and its modal significance and radiation diagram are shown in Figure 12.



Figure 12a shows the modal significance of loading a symmetric linear slot on patch D and passing through the metal pass hole. It is found that the frequency of mode J1 does not change significantly after loading through the metal pass hole, because the metal pass hole is located at the zero potential of the J1 mode electric field, which does not cause a drastic change in the electric field and does not cause a change in impedance. Figure 12b shows the four modes (J1, J2, J4 and J7) excited by patch D. The radiation pattern of J1 has side lobes, which is caused by the interference of the etched slot, but it does not affect the main radiation pattern, which is acceptable. It is found that mode J4 is similar to the conical radiation mode, the z-axis direction is the radiation zero, and mode J7 has two radiation zero points, respectively located in the direction of ±30° of the Y-axis, and combining them can give a rectangular radiation pattern. Modes J4 and J7 are exactly what we need. As can be seen from Figure 12a, the modal meaning of the combined mode (J4 + J7) is about 0.7, and the two modes can be excited at the same time, so the combined mode has a good modal meaning.



In summary, according to the principle of modal combination, we carry out the characteristic modal analysis of the antenna. Then through the above series of arrangements, the rectangular radiation beam is successfully designed, and the performance of the designed antenna is improved. Therefore, this paper presents a thin dual-frequency microstrip antenna using a modal combination method. A sector radiation beam of 141° HPBW in the E plane is obtained in the low frequency band, and rectangular radiation beams of 100° H-PBW in the E plane and 90° HPBW in the H plane are obtained in the high frequency band.





4. Parameter Analysis


In Figure 13, the change process of the S-parameter after loading metal through holes and slots in Figure 3c,d is plotted. It is found that there are three resonant frequencies in the operating band when loading without metal through holes, and the first frequency is not required, so it needs to be moved out of the operating band without affecting the position of the second frequency. With the increase in the number of through-holes, the first resonant frequency gradually moves to the high frequency, the position of the second resonant frequency has almost no effect, and the third resonant frequency moves slightly to the high frequency, which is because the position of the metal through-hole loading is located at the low potential of the electric field of the second resonant frequency, which will not cause a drastic change in impedance. When the number of metal pieces through holes is gradually increased to four, the first resonant frequency moves out of the operating frequency. By etching the slot, the current feature is disturbed so that a new frequency is generated between the two frequencies, and then two metal pieces through holes are loaded next to the slot so that the newly generated frequency point and the resonant frequency point on the right side are fused to produce a rectangular radiation beam.




5. Physical Test Verification


In order to verify the above works, the final production and measurements of the proposed antenna, the use of the Ceyear 3672B-S vector network analyzer measured the process of making the antenna |S11|, and the map in Figure 14 shows that they have been obtained with good impedance matching (|S11| > 25 dB). At the same time, its overall thickness is maintained around 0.03λ0, thus maintaining the ideal low-profile performance.



Then, the radiation pattern of the proposed MPA was measured by means of an anechoic chamber. Figure 15 shows the antenna’s simulated and measured radiation directions at 5.13 and 5.48 GHz, respectively. It can be seen that the measured results agree well with the simulation results, and the radiating sector beam is successfully realized at 5.13 GHz with a half-power beam width of about 141° in the E-plane and 32° in the H-plane, and a gain of about 8.2 dBi. The rectangular beam radiated at 5.48 GHz has an E-plane half-power beam width of about 100° and an H-plane half-power beam width of about 90°, with a gain of about 5.7 dBi. Small differences between simulation and measurement are due to manufacturing, installation and test errors. Finally, the performance comparison of the developed low-profile dual-band microstrip antenna prototype is shown in Table 2. The developed dual-frequency microstrip has its unique advantages, not only radiating a sector beam pattern at the first frequency point but also offering a unique rectangular beam pattern at the second frequency point and higher gain performance within a compact overall size limit.




6. Conclusions


In this article, a low-outline dual-frequency microstrip antenna using a combination of feature modes is proposed. First, the characteristic modes of the rectangular patch are analyzed, the required directional basic modes and heart-shaped high-order modes are excited and combined, and the beam width of the E-plane HPBW is effectively widened. The actual measurement results show that a sector beam with a gain of 8.2 dbi is formed at 5.13 GHz, and its E-HPBW beam width is 141° and H-HPBW beam width is 32°. A rectangular beam with a gain of 5.7 dBi is formed at 5.48 GHz, and its E-HPBW beamwidth is 100° and H-HPBW beam width is 90°. The proposed dual-frequency microstrip antenna has the capability of radiating sector beam and rectangular beam at the same time, maintains wide azimuth coverage in both frequency bands, and has excellent high resolution and high gain performance. The simulation results agree well with the measured results, which shows the feasibility and effectiveness of the design. Therefore, the proposed dual-frequency microstrip antenna can be used in wireless communication systems with wide-angle coverage requirements.
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Figure 1. The principle of enhanced HPBW. 
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Figure 2. The developed dual-frequency antenna is configured. 
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Figure 3. The evolution process of wide E planar HPBW microstrip antenna is proposed. (a) Conventional microstrip antennas. (b) Conventional microstrip antennas and metal strips. (c) Antenna after connection. (d) Antenna for loading through metal holes and load slots. 
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Figure 4. Simulated |S11| of patch A-D. 
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Figure 5. Characteristic angle of patch A. 
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Figure 6. Modal significance of patch A. 
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Figure 7. Modal current and radiation patterns for patch A. (a) J1. (b) J2. (c) J3. (d) J4. 
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Figure 8. Modal significance of patch B. 
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Figure 9. Modal current and radiation patterns of patch B. (a) J4. (b) J5. (c) J6. (d) J7. (e) J8. 
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Figure 10. Modal significance of patch C. 
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Figure 11. Modal current and radiation patterns of patch C. (a) J1. (b) J2. (c) J3. (d) J4. (e) J6. (f) J7. 
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Figure 12. (a) Modal significance of patch E. (b). Radiation modes of patch E (J1, J2, J4, J7). 
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Figure 13. Simulate the |S11| loaded with metal through holes and slots in Figure 3c,d. 
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Figure 14. Simulation and measurement of the proposed dual-band wide. 
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Figure 15. Simulated and measured radiation patterns of the proposed dual-band wide-HPBW MPA under dual resonance. (a). E-plane. (b). H-plane. (c). E-plane. (d). H-plane. 
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Table 1. Dimension parameter (Unit: mm).
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	Parameters
	Value
	Parameters
	Value
	Parameters
	Value





	Wg
	70
	Wp
	23.4
	L5
	7.4



	W1
	6
	Lg
	90
	L6
	16



	W2
	3.3
	L1
	24
	L7
	2



	W3
	25
	L2
	1
	Wg
	70



	W4
	22
	L3
	1.2
	Lp
	60



	W5
	5
	L4
	0.5
	R
	0.5










 





Table 2. Comparison with previous wide-HPBW antennas.
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	Ref.
	Profile
	Overall Dimensions
	Frequency

(GHz)
	HPBW
	Gain

(dBi)





	[13]
	0.026λ0
	0.22λ0 × 1.6λ0
	5.7
	150°
	10.5



	[15]
	0.134λ0
	0.31λ0 × 0.43λ0
	4
	221°
	3.48



	[17]
	0.1λ0
	0.46λ0 × 0.46λ0
	1
	154°
	4.7



	[18]
	0.02λ0
	0.363λ0 × 1.089λ0
	1.4
	130°
	9.6



	[19]
	0.048λ0
	0.55λ0 × 0.84λ0
	3.4/5.8
	154°
	6



	[20]
	0.06λ0
	0.766λ0 × 0.861λ0
	5.7
	115°
	7.5



	[21]
	0.45λ0
	λ0 × λ0
	3
	120°
	6.3



	This
	0.03λ0
	0.7λ0 × λ0
	5.13/5.48
	141°/100°
	8.2/5.7
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