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Abstract

:

For an RF system, a high-gain antenna helps to improve the equivalent isotropic radiated power (EIRP) of the transmitter and an end-fire antenna array helps to improve the directivity (D) and half power beam width (HP) of the antenna. This work presents a new and simple design method for end-fire antenna array design. The method states that when antenna elements are λ/2 apart, a simple end-fire antenna array could be designed and constructed easily without matching networks between antenna elements. Utilizing Rogers 4350 PCB technology, three 24 GHz high-gain, compact planar two-element end-fire dipole antenna arrays are designed to verify this new design method. The achieved results are three two-element end-fire antennas with gains of 8.8, 9.9 and 9.1 dBi. These antenna arrays are characterized by high gain and simplicity in design. They are also very compact in size, with an area of about 1.9 × 1.7 cm2. The benefit of this work is that a new and simple design for end-fire antenna design is suggested, and three two-element end-fire dipole antenna arrays in planar technology which adopt the design method are presented. A utility model patent was granted for this end-fire dipole array antenna topology, ZL 202022106332.1.
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1. Introduction


For a RF system, one difficult task is to design high-output power transmitters. A high-gain antenna helps to improve the EIRP of the transmitter. Reference [1] compared an isometric linear broadside array with an end-fire array with the same N elements. Both the directivity (D) and half power beam width (HPBW) of the end-fire array are twice that of the broadside array according to [1]. Therefore, the performance of an end-fire array is much better than that of a broadside array. This paper focuses on looking for an end-fire antenna array with a simple structure in planar technology suitable for millimeter-wave (mm-wave) and THz on-chip antenna design.



In order to fulfill the aim of the article and explain the essence of the problem, the second section presents a theory of the end-fire antenna, which includes a new and simple method for designing an end-fire antenna array. To verify this new method of the field solution, three compact planar two-element end-fire dipole antennas with high gain are designed and implemented in the third section. The fourth section verifies the results of the measurements on three 24 GHz end-fire dipole antenna arrays. In the fifth section, the achieved results are briefly commented on and compared with the state of antenna technology in this area around the world.



Various studies have been carried out on end-fire antennas in planar technology. In [2], a 60 GHz planar end-fire fan-like antenna was fabricated using RO4003 printed-circuit board (PCB) technology with a gain of 3.4–7.6 dBi. In [3], a millimeter wave end-fire 4 element 5G beam steerable array antenna with a low-frequency planar inverted-F antenna (PIFA) was presented with 9.5 dBi gain at 28 GHz. In [4], a novel 5.8 GHz planar end-fire circularly polarized (CP) complementary antenna was given with a gain of 2 dBi. In [5], a compact 7 GHz planar printed quasi-Yagi antenna with size reduction at 7 GHz with a gain of 4 dBi was demonstrated. In this work, a new and simple design method for an end-fire antenna array design is suggested; utilizing Roger 4350 PCB technology, three 24 GHz high-gain, compact planar two-element end-fire dipole antenna arrays are designed to verify this design method. The frequency is chosen at 24 GHz for the convenience of fabrication of antenna and the measurement of the antenna. It is much cheaper to fabricate, measure and verify the antenna topology at 24 GHz than on-chip mm-wave and THz antenna such as 60, 120 or 244 GHz end-fire antenna arrays. Additionally, there are also many applications at the frequency band of 24 GHz, such as 5G communication, imaging, and so on.




2. A New and Simple Design Method for End-Fire Antenna Array Design


Figure 1a shows a basic architecture of an N-element end-fire antenna composed of dipole antennas. N stands for the number of antenna units. d is the distance between antenna elements. Usually d = M * λ/4, M = 1,2,3…. [1], and M is an integer to describe the distance d. When M = 1, an end-fire antenna array: a helix antenna could be realized such as in ref. [6]. Nevertheless, when M = 2, a new and simple design method for end-fire antenna design is discovered that means that, when antenna elements are λ/2 apart, a simple end-fire antenna array could be designed and constructed easily without matching networks between antenna elements.



From Figure 1b, we can see that because the antenna elements are λ/2 apart, RF signals received or sent from neighboring antenna elements are out of phase. For EM signals with a distance of half the wavelength, they strengthen in the direction of the +X axis, while cancelling in the direction of the −X axis. This the reason why an end-fire antenna can be constructed without matching networks when two dipole antennas are placed with a distance of λ/2. This is why antenna elements could be connected together directly to form an end-fire antenna array without any impedance matching networks.



The rule that an end-fire antenna array could be constructed without matching networks when neighboring elements are λ/2 apart could also be proved in a more rigorous analysis, as follows.



(1) First of all, let us consider the first end-fire antenna: the two dipole antenna elements are λ/2 apart, and no auxiliary dipole element is inserted between them, as shown in Figure 2a,b. In Figure 2a, at 24 GHz with Rogers 4350 technology, L = d, d = 2.3 mm, M = 2, N = 2.



In this circuit, characteristic impedance of transmission line Z0 is almost equal to the load of the dipole antenna ZL.



According to transmission line theory and the theory of elements current for series-fed microstrip arrays [7,8], after a transmission line of λ/2, input impedance of RL remains the same. According to the theory of the circuit model, the ratio of impedances is as follows: Z2i:ZL = 1:1; therefore, the ratio of the currents of the two dipole antennas can be obtained as follows: I1:I2 = 1:1.



Consequently pattern function of the array can be obtained as follows:


  f  θ  =   cos    π 2   sin θ      c o s θ   *   2 cos    π 2    1 − c o s θ        



(1)







In Equation (1),       cos    π 2   sin θ      c o s θ     is the pattern of the dipole antenna, while the remaining part is the array pattern. Additionally, the gain pattern of the two-element end-fire dipole antenna array in the H plane is as shown in Figure 3.



(2) Secondly, let us consider a second case of an end-fire antenna: the two dipole antenna elements are λ/2 apart, and one auxiliary dipole element, IM3, is inserted between them, as shown in Figure 4. In Figure 4a, at 24 GHz with Rogers 4350 technology, L = d, d = 2.3 mm, M = 2, N = 2.



According to the theory of the circuit model, the ratio of impedances is as follows: Z2i:Z3i:ZL = 2:1:1; therefore the ratio of the currents of the three dipole antennas can be obtained as follows: I1:I3:I2 = 4:1:1.



Consequently, the pattern function of the array can be obtained as follows:


  f  θ  =   cos    π 2   sin θ      c o s θ   *       5 sin    π 2  c o s θ   + 1    2  + 3 cos      π 2  c o s θ    2     



(2)







In Equation (2),       cos    π 2   sin θ      c o s θ     is the pattern of the dipole antenna, while the remaining part is the array pattern. Additionally, the gain pattern of the two-element end-fire dipole antenna array in the H plane is as shown in Figure 5.



(3) Thirdly, let us consider a third case of an end-fire antenna: the two dipole antenna elements are λ/2 apart, and two auxiliary dipole elements, IM3 and IM4, are inserted between them, as shown in Figure 6. In Figure 6a, at 24 GHz with Rogers 4350 technology, L = d, d = 2.3 mm, M = 2, N = 2.



According to the theory of the circuit model, the ratio of impedances is as follows: Z2i:Z3i:Z4i:ZL = (1.47 + 0.52j):(1.14 + 0.74j):1:1; therefore, the ratio of currents of the four dipole antennas can be obtained as follows: I1:I3:I4:I2 = (5.55 + 4.4j):(2.29 + 1.48j):1:1.



Consequently pattern function of the array can be obtained as follows:


  f  θ  =   cos    π 2   sin θ      c o s θ   *    e  − j  π 2  c o s θ   +   2.29 + 1.48 j   5.55 + 4.4 j    e  − j  π 6  c o s θ   +  1  5.55 + 4.4 j    e  j  π 6  c o s θ   +  1  5.55 + 4.4 j    e  j  π 2  c o s θ      



(3)







In Equation (3),     cos    π 2   sin θ      c o s θ     is the pattern of the dipole antenna, while the remaining part is the array pattern. Additionally, the gain pattern of the two-element end-fire dipole antenna array with two auxiliary dipole antennas in the H plane is as shown in Figure 7.




3. Three End-Fire Dipole Antenna Arrays in Planar Technology


Figure 8a shows a typical two-element end-fire antenna array utilizing a half-wave dipole antenna as the elementary unit in planar Rogers 4350 PCB technologies. The thickness of Rogers 4350 is 0.245 mm.



Figure 8b shows the dimensions of the two-element end-fire antenna array utilizing half-wave dipoles as the elementary unit in planar PCB technology. λ is the effective wavelength at 24 GHz. The antenna array is mainly composed of three half-wave dipoles (HWDP), as shown in Figure 8b, HWDP1, HWDP2, and HWDP3. HWDP1 and HWDP3 are the two array units and two main neighboring radiating dipoles, and comprise the two-element antenna array. The distance between HWDP1 and HWDP3 is half the effective wavelength. HWDP2 is an auxiliary dipole antenna unit which helps to increase the gain of the two-element end-fire antenna array. HWDP2 is in the middle of HWDP1 and HWDP3.



Figure 8c–e show a top view, bottom view and side view of the antenna array prototype. In Figure 8e, the side view, a Southwest 2.4 mm end launch connector 1492-04A-6 is included to show the size of the antenna prototype.



A two-element end-fire antenna array without auxiliary dipole antennas and with auxiliary dipole antennas at greater numbers such as two distributed evenly between HWDP1 and HWDP3 are also designed, simulated and measured. Figure 9 shows the top views of the two-element end-fire antenna arrays (a) without auxiliary dipole antennas and (b) with one auxiliary dipole antenna (c) or with two auxiliary dipole antennas in HFSS software. Table 1 shows the simulation results of the three different antenna arrays in Figure 9a–c. From Table 1, all of the three antenna arrays in Figure 9 work well, and their simulated gains are comparable with the same input impedance matching network. The simulation results verify the new and simple design method of an end-fire array. Due to the fabrication and measurement cost, at first, only the two-element dipole antenna array with one auxiliary dipole antenna is fabricated and measured. Additionally, later, the other two antenna arrays without auxiliary dipole antenna and with two auxiliary dipole antennas in Figure 9 are also fabricated and measured.




4. Simulation and Measurement Results


By modifying the parameters such as W1, W2, L1, d1, d2 and d3 and so on of the end-fire antenna array a little up and down around their calculated values, performance of the antenna is optimized.



After the optimization of the parameters of the end-fire antenna arrays, Figure 10a shows the simulation and measurement results of the S parameter of the two-element end-fire antenna array without auxiliary dipole antenna. The antenna array has a bandwidth (S11 < −10 dB) of 0.9 GHz, extending from 23.7 to 24.6 GHz. Figure 10b,c show the simulated and measured antenna gain of two-element end-fire antenna array with no auxiliary dipole antenna. The measurement results agree with the simulation results. The antenna achieves 9.1 dBi maximum gain and a 43° half power width (from −16° to 27°) in the X–Y plane. In the X–Z plane, the antenna achieves 8.8 dBi maximum gain and a 59° half power width (from −27° to 32°). The measured cross polarization ratio is below −11 dB at 24 GHz.



Figure 11a shows the simulation and measurement results of the S parameter of the two-element end-fire antenna array with 1 auxiliary dipole antenna. The antenna array has a bandwidth (S11 < −10 dB) of 1.3 GHz, extending from 23.3 to 24.6 GHz. Figure 11b,c show the simulated and measured antenna gain of the two-element end-fire antenna array with one auxiliary dipole antenna. The antenna achieves 8.8 dBi maximum gain and a 56° half power width (from −35° to 21°) in the X–Y plane. In the X–Z plane, the antenna achieves 8.8 dBi maximum gain and a 65° half power width (from −37° to 28°). The measured antenna efficiency is 0.95. The measured cross polarization ratio is about −20 dB at 24 GHz.



Figure 12a shows the simulation and measurement results of the S parameter of the two–element end-fire antenna array with two auxiliary dipole antennas. The antenna array has a bandwidth (S11 < −10 dB) of 0.6 GHz, extending from 24 to 24.6 GHz. Figure 12b,c show the simulated and measured antenna gain of the two-element end-fire antenna array with two auxiliary dipole antennas. The antenna achieves 9.9 dBi maximum gain and a 52° half power width (from −23° to 29°) in the X–Y plane. In the X–Z plane, the antenna achieves 9.9 dBi maximum gain and a 72° half power width (from −37° to 35°). The measured cross polarization is about −15 dB at 24 GHz.



In Figure 10 and Figure 12, the measured gain of antenna arrays with no auxiliary dipole antenna or with two auxiliary dipole antennas is greater than the simulated gain, while in Figure 11, the simulated gain of the antenna array with one auxiliary dipole antenna is greater than the measured gain. This is because the three antenna arrays are fabricated and measured two times—the antenna with one auxiliary dipole antenna is measured first, while the remaining two antennas are measured second time. Additionally, there are errors in measurements at different times.



The far-field antenna measurement system mainly consists of a microwave anechoic chamber, a transmitting and receiving turntable, a vector network analyzer, measurement-related connection accessories, instrument control, data acquisition, data processing software and related auxiliary equipment and so on.



The amplitude phase synthesis method is mainly used to measure the antenna, which requires the devices of the whole RF link to maintain a stable phase. In this way, according to the collected amplitude and phase information, we can calculate the antenna pattern by algorithm. The test system is carried out according to the comparison method in the antenna standard test method “ANSI/IEEE Std 149-1979”. The gain of the antenna under test is obtained by comparing the antenna under test with the standard gain antenna. Specifically, the antenna gain is also obtained by dividing the method into two steps. The first step is called calibration, that is to measure the standard antenna; the second step is to measure the antenna under test, and calculate the gain of the antenna under test according to the data obtained from the two measurements. When measuring the standard gain antenna and the antenna under test, ensure that the antenna under test and the transmitting antenna are completely aligned, that is, to align the two antennas manually or automatically to make the measurement results correct.




5. More Discussions on End-fire Antenna Array


Table 2 compares the three two-element end-fire antenna arrays with zero, one, or two auxiliary dipole antennas in this work with other end-fire dipole antenna arrays in [9,10,11,12,13]. All of the antennas in [9,10,11,12,13] are end-fire dipole antenna arrays at around 24 GHz. Compared with the antennas in [9,10,11,12,13], the antenna arrays in this work have comparable gain or a little higher gain but have the same number of antenna units in the array, and are simpler in design. Compared with antenna arrays in this work, the antenna array in [9] has 5 substrate layers and 10 metal layers, and is much more complicated in its design to obtain the structure of the cavity to realize impedance matching. Compared with antennas in this work, the antenna in [10] utilizes an additional director to enhance the gain; nevertheless, its gain is comparable or a little smaller than antenna arrays in this work. Therefore, above all, this newly discovered simple design method for end-fire antenna design is characterized by high gain and simplicity in design (without matching networks), and is of some research value.




6. Conclusions


A new and simple design method for end-fire antenna design is suggested that means that, when antenna elements are λ/2 apart, a simple end-fire antenna array could be designed and constructed easily without matching networks between antenna elements, and three two-element end-fire dipole antenna arrays in planar technology which adopt the design method are presented. The two-element end-fire antenna array composed of half-wave dipole antenna elements is characterized by high gain, compactness and simplicity in design (without matching networks). The wavelength decreases with increasing frequency and this kind of antenna is also applicable for other frequency bands with planar PCB technology and on-chip planar mm-wave and THz antenna design. Additionally, the new and simple design method is also suitable for end-fire antenna array construction for other antenna topologies, such as patch antenna and so on.




7. Patents


A utility model patent was granted for this end-fire dipole array antenna topology, ZL 202022106332.1. An invention patent is currently being applied for this end-fire dipole array antenna.
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Figure 1. (a) N-element end-fire antenna composed of dipole antennas and (b) minimum RF interferences or best isolation when antenna elements are λ/2 apart. 
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Figure 2. (a) Two dipole antenna elements are λ/2 apart with no auxiliary dipole antenna elements; (b) the circuit model. 
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Figure 3. Gain pattern of the two-element end-fire dipole antenna array with no auxiliary dipole antenna in H plane. 
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Figure 4. (a) Two dipole antenna elements are λ/2 apart with 1 auxiliary dipole antenna elements; (b) the circuit model. 
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Figure 5. Gain pattern of the two-element end-fire dipole antenna array with 1 auxiliary dipole antenna in H plane. 
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Figure 6. (a) Two dipole antenna elements are λ/2 apart with 2 auxiliary dipole antenna elements. (b) the circuit model. 






Figure 6. (a) Two dipole antenna elements are λ/2 apart with 2 auxiliary dipole antenna elements. (b) the circuit model.
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Figure 7. Gain pattern of the two-element end-fire dipole antenna array with 2 auxiliary dipole antennas in H plane. 
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Figure 8. (a) An two-element end-fire antenna array utilizing a half-wave dipole antenna as the elementary unit, (b) the dimensions of the two-element end-fire antenna array, and the (c) top view, (d) bottom view and (e) side view of the antenna prototype. 
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Figure 9. Top view of the two-element end-fire antenna arrays (a) without an auxiliary dipole antenna and (b) with one auxiliary dipole antenna (c) or with two auxiliary dipole antennas in HFSS software. (d) Side view of the end-fire antenna prototype without an auxiliary dipole antenna; (e) side view of the end-fire antenna prototype with two auxiliary dipole antennas. 
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Figure 10. Simulation and measurement results of the (a) S parameter, (b) gain in the X–Y plane, and (c) gain in the X–Z plane of the two-element end-fire antenna array with no auxiliary dipole antenna. 
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Figure 11. Simulation and measurement results of the (a) S parameter, (b) gain in the X–Y plane, and (c) gain in the X–Z plane of the two-element end-fire antenna array with 1 auxiliary dipole antenna. 
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Figure 12. Simulation and measurement results of the (a) S parameter, (b) gain in the X–Y plane, and (c) gain in the X–Z plane of the two-element end-fire antenna array with 2 auxiliary dipole antennas. 
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Table 1. Performance comparison of HFSS simulation results of end-fire antenna arrays with the same input impedance matching network.






Table 1. Performance comparison of HFSS simulation results of end-fire antenna arrays with the same input impedance matching network.










	
	S11 at 24 GHz (dB)
	Antenna Gain_Sim (dBi)





	2-element end-fire antenna without auxiliary dipole antenna
	<−20
	7.7



	2-element end-fire antenna with 1 auxiliary dipole antenna
	<−18
	9



	2-element end-fire antenna with 2 auxiliary dipole antennas
	<−20
	8.6
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Table 2. Comparison with the state of the art.
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	Number of Antenna Units
	Freq

(GHz)
	Gain

(dBi)
	Topology





	[9]
	2
	24
	8.17
	Cavity-backed end-fire dipole antenna based

on SISL technology



	[10]
	2
	24
	6
	Wideband 5G end-fire elements with a pair of dipoles on liquid crystal polymer



	[11]
	2
	24
	7.57
	Wideband CP end-fire

Magnetoelectric dipole antenna



	[12]
	2
	24
	6.9
	End-fire ME dipole antenna



	[13]
	2
	24
	6.7
	ME dipole end-fire antenna



	This work
	2
	24
	9.1
	End-fire dipole antenna array with no auxiliary dipole antenna



	This work
	2
	24
	8.8
	End-fire dipole antenna array with 1 auxiliary dipole antenna



	This work
	2
	24
	9.9
	End-fire dipole antenna array with 2 auxiliary dipole antenna
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