

  electronics-11-01387




electronics-11-01387







Electronics 2022, 11(9), 1387; doi:10.3390/electronics11091387




Article



Inverted-L Shaped Wideband MIMO Antenna for Millimeter-Wave 5G Applications



Amit Patel 1[image: Orcid], Alpesh Vala 1, Arpan Desai 1[image: Orcid], Issa Elfergani 2,3,*[image: Orcid], Hiren Mewada 4[image: Orcid], Keyur Mahant 1[image: Orcid], Chemseddine Zebiri 5[image: Orcid], Dharmendra Chauhan 1[image: Orcid] and Jonathan Rodriguez 2





1



Department of Electronics and Communication Engineering, Chandubhai S Patel Institute of Technology (CSPIT), Charotar University of Science and Technology (CHARUSAT), Changa 388421, India






2



The Instituto de Telecomunicações, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal






3



School of Engineering and Informatics, University of Bradford, Bradford BD7 1DP, UK






4



Department of Electrical Engineering, Prince Mohammad Bin Fahd University, Al Khobar 31952, Saudi Arabia






5



Laboratoire d’Electronique de Puissance et Commande Industrielle (LEPCI), Department of Electronics, University of Ferhat Abbas, Sétif -1-, Sétif 19000, Algeria









*



Correspondence: i.t.e.elfergani@av.it.pt or i.elfergani@bradford.ac.uk; Tel.: +35-12-3437-7900







Academic Editor: Sotirios K. Goudos



Received: 12 April 2022 / Accepted: 23 April 2022 / Published: 26 April 2022



Abstract

:

Interconnected three-element and four-element wideband MIMO antennas have been proposed for millimeter-wave 5G applications by performing numerical computations and carrying out experimental measurements. The antenna structure is realized using Rogers 5880 substrate (εr = 2.2, tan δ = 0.0009), where the radiating element has the shape of an inverted L with a partial ground. The unit element is carefully designed and positioned (by orthogonally rotating the elements) to form three-element (case 1) and four-element (case 2) MIMO antennas. The interconnected ground for both cases is ascertained to increase the practical utilization of the resonator. The proposed MIMO antenna size is (0.95λ × 3λ) for case 1 and (2.01λ × 1.95λ) for case 2 (at the lowest functional frequency). Both the designs give an impedance bandwidth of approximately 26–40 GHz (43%). Moreover, they achieve greater than 15 dB isolation and more than 6 dBi gain with an ECC value lower than 0.02, which meets the MIMO diversity performance thus making the three-element and four-element MIMO antennas the best choice for millimeter-wave 5G applications.
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1. Introduction


Wireless communication has led to significant improvements in human life. Some of the limiting factors for communication are spectrum availability, power limitation, and channel fading. However, the demand for higher data rates for future-generation wireless technology (5th Generation (5G) Technology) is ever increasing. To run high bandwidth applications over an existing cellular network, the latest infrastructure development is needed for next-generation technology [1]. Presently, the lower frequency band (less than 6 GHz) has been already utilized, including the 5G NR sub −6 GHz [2,3,4]. For higher data rates such as gigabits per second, the 5G millimeter-wave band is in development, such as 5G new radio n257/n258/n260/n261. Many countries are developing 5G millimeter bands; for example, 28 GHz in Korea, 27.5 to 28.8 GHz in Japan, 24.25 to 27.5 and 37 GHz to 43.5 GHz in China, and 28 GHz, 37 GHz, and 39 GHz in the USA [5].



One of the available technologies to overcome the challenges and fulfill the demands is UWB (ultra-wideband)-MIMO systems [5]. UWB wireless technology fulfills the requirement of wide bandwidth and high gain, but its performance is limited in the multipath wireless environment. The possible solution for that is UWB with MIMO wireless communication systems i.e., the use of multiple antennas at the transceiver. MIMO wireless communication systems enhance the performance in multipath propagation [6]. 5G technology uses the concept of massive MIMO, i.e., hundreds of elements are used simultaneously as transceivers [7]. The data rate of an MIMO system is directly proportional to the number of antennas used in the system [8]. Furthermore, as we increase the number of antennas in the MIMO systems, this will proportionally increase the data rate and channel capacity [9]. However, it will also reduce the space between the antennas, with the increase in the number of antennas resulting in an increase in the spatial correlation between the two received signals/antennas [10]. As the spatial correlation increases, the error rate performance decreases [11]. Hence, to improve the error rate performance of MIMO wireless communication systems, the primary requirements for MIMO systems are low spatial correlation and high isolation between the antennas [12]. However, achieving the required isolation levels between antennas with connected ground structures is a very challenging task [13,14]. In [15], defected ground structure (DGS) with an antenna is used to improve the isolation between the antennas in MIMO systems. Similarly, other techniques have been proposed, such as electronic band gap (EBG) [16] and split ring resonator (SRR) [17].



Various configurations of the MIMO antenna have been proposed: two-element MIMO resonating at a single band with a connected ground plane [18], dual-band two-element MIMO antenna with a separate ground plane [19]; three-element MIMO antenna with pattern and polarization diversity [20]; and various four-element MIMO antennas operating at single band [21,22], dual band [23,24,25], and wideband [26,27].



Dual-frequency operation for 5G applications is proposed in [23,24], however, it is does not cover the entire 5G spectrum. The proposed work in this article covers wideband frequency from 26–40 GHz, covering most of the millimeter-wave 5G frequency spectrum. A wideband antenna for 5G application is proposed in [25,26]; however, unlike the proposed work, the size is a limiting factor. A compact wideband MIMO antenna is proposed in [27] covering the entire 5G millimeter-wave band [27]; however, the separate ground structure makes the practical utilization of the antenna limited.



A four-element wideband MIMO antenna with 9.33 GHz at the center frequency is proposed in [28]. It covers the frequency range from 2.77 GHz to 12 GHz. A fractal singular ring is used as the front side of the antenna and a trapezoidal partial ground is at the bottom plane of the antenna. In [29], a MIMO antenna for 5G handheld devices is proposed and implemented. A total of six antennas are part of the design, out of which two are working on a sub-6 GHz band and four are working on millimeter-wave 5G band. A dual-band antenna with two elements at the operating frequencies of 2.4 GHz and 5.8 GHz is proposed in [30]. To improve the isolation between the elements, adopting parasitic elements and a defected ground plane is used. A tree-shaped planar MIMO antenna for 5G millimeter-wave applications is proposed in [31]. To achieve wideband response, radiating elements with various arcs are used. A small-slot MIMO antenna that can be embedded in smart glasses is designed and experimentally validated in [32].



In this paper, wideband three-element and four-element-connected ground MIMO antenna are proposed and realized for the 26–40 GHz frequency band. Initially, single-element design has been optimized for the wideband frequency resonance, and with the use of this single-element structure, three-element and four-element MIMO antennas are realized. Both the MIMO antennas have a connected ground plane that meets the prime requirement for the usage of the antenna in practical applications. The proposed design provides more than 20 dB of isolation with the connected ground plane design as well as good diversity parameters, with an ECC value lower than 0.02 and DG greater than 9.9.



The structure of this article is as follows. Unit element design and its simulation results are given in Section 1. Three-element design and its simulation result are covered in Section 2. Section 3 includes the design and analysis of the four-element MIMO antenna design. Prototype realization and the measurement results of three-element and four-element antenna are discussed in Section 4. MIMO diversity analysis is included in Section 5, followed by the conclusions.




2. Unit Element


The unit element design of the resonating structure is illustrated in Figure 1. An inverted L-shaped antenna (ILA) structure with truncated ground and a size of 15 × 15 mm2 is proposed. The detailed dimension of the antenna is depicted in Figure 1. RT Duroid 5880 material (εr = 2.2, and tan δ = 0.0009) is used as substrate, with a height of 1.6 mm.



The proposed structure has been simulated using computer simulation technology (CST) software. Initially, the ground plane is kept without any truncation for the simulation of the element. However, the proposed antenna did not give the expected result; hence, we have modified the ground plane such that it improves the operating bandwidth of the antenna. Parametric analysis has been performed by varying the length of the ground plane to achieve the wideband response.



The result of the reflection coefficient value for the different ground planes is shown in Figure 2. The length of the ground plane is tuned from 7 mm to 15 mm (full ground plane). The result indicates that a ground length of 11 mm provides a better reflection coefficient and impedance bandwidth in the operating range of (43%) 26–40 GHz compared to a full ground plane antenna, which provides an impedance bandwidth of (33%) 27–38 GHz.




3. Element MIMO Design (Case 1)


The unit element finalized in the last section is used to realize the three-element MIMO antenna. To finalize the geometry (placement of element) of the MIMO antenna, different configurations have been simulated for the isolation. Figure 3 shows the three-element connected ground antenna geometry chosen after verifying the optimum results of the MIMO antenna from Figure 2. The finalized physical structure of the three-elements MIMO antenna provides the maximum isolation between them. Elements of the antenna and slots on the ground plane are carefully optimized to ensure spatial diversity and thus achieve maximum isolation. Here, port 2 and port 3 elements are placed orthogonally to the port 1 element. Two vertical slots are created in the bottom plane for enhancing the isolation performance while still ensuring that the ground is connected.



The size of the three-element MIMO antenna is 11 × 35 mm2. The simulation result for the S-parameters of the design is shown in Figure 4. In MIMO antenna applications, there is expected to be maximum isolation between the elements when they are transmitting signals. Mutual coupling arises due to the induction of voltage in one element because of current induction from another element. It is a prerequisite that there should be maximum isolation among all the elements of MIMO. It is observed that the isolation level is more than 20 dB with an impedance bandwidth ranging between (43%) 26 GHz to 40 GHz. This shows that good isolation between the elements is achieved without adding a complex geometry.



To further analyze the coupling amongst the elements of the MIMO antenna, surface current distribution has been examined as depicted in Figure 5 at 26 GHz, 30 GHz, and 35 GHz by exciting port 1 and terminating other ports at a matched load (50 Ω). Minor current coupling is observed between elements due to the chosen antenna geometry.




4. Element MIMO Design (Case 2)


As a greater number of elements are preferred for accommodating a larger number of users, a four-element MIMO antenna design is accomplished using by arranging the unit cell element in an orthogonal manner with carefully engineered connected ground geometry. As discussed earlier the important parameter is the isolation between the elements of the MIMO antenna. To determine the better isolation among the elements, various configuration have been studied and simulated using CST software. To obtain better isolation, the element position was changed between the different configurations shown in Figure 6a (case-I) and Figure 6b (case-II).



Simulation was conducted to determine the transmission coefficient of the ports of the MIMO antenna, and the simulation result for design 1 (Figure 6a) and design 2 (Figure 6b) is shown in Figure 7. The simulation result for configuration 1 for the transmission coefficient is shown in Figure 7a. This shows that the isolation between first and second elements, as well as third and fourth elements, is less than 10 dB from the frequency range of 34 GHz to 40 GHz. To enhance the isolation, the position of the fourth element is changed as shown in Figure 6b. The position of the fourth element is changed, and the corresponding simulation result for the antenna is depicted in Figure 7b.



This indicates that the isolation between the second port and third port is better than 15 dB for the frequency range of 30 GHz to 40 GHz. Further modifications are made to the structure as shown in Figure 8, which improved the isolation. These provided better results and a detailed description is given below.



Figure 8 shows the chosen four-element MIMO antenna geometry after analyzing the results in terms of S-parameters. The antenna elements are arranged in an orthogonal rotational manner as illustrated in Figure 8a. As shown in Figure 8b, the ground plane is interconnected using a circular ring connecting a slotted plus shape. Figure 8c presents the 3D view of the proposed design.



The simulated reflection coefficient is shown in Figure 9. It shows a passband response from 26 GHz to 40 GHz. Transmission coefficient values between all the ports are depicted in Figure 10. The achieved isolation amongst all the ports is better than 24 dB.



To examine the leakage of the current between the inter-elements, the current distribution is analyzed as shown in Figure 11. Excitation is given to individual elements and the respective current linkage to other elements is simulated by terminating other element ports with a matched load. The result shows that a minor current is linked between ports and the elements with the connected ground.



The 3D radiation pattern is plotted as depicted in Figure 12 for element 1 by terminating all the ports with a matched load. It shows that the antenna provides gain of 8.48 dBi, 9.49 dBi, and 10.2 dBi at 26 GHz, 30 GHz, and 35 GHz, respectively.




5. Fabrication and Measurement of Case 1 (Three-Element) and Case 2 (Four-Element) Connected Ground Antenna


The prototype realization for the case 1 (three-element) and case 2 (four-element) MIMO antenna is depicted in Figure 13, respectively. It is realized on RT duroid 5880 substrates (thickness = 1.6 mm). Measurements are performed for both cases.



The measured results of both cases are shown in Figure 14 and Figure 15, respectively. The impedance bandwidth of the antenna with case 1 (three-element) spans between (42.5%), whereas for the antenna with case 2 (four-element) it ranges between (43%). The isolation in both cases is more than 24 dB. The experimental and simulated results show decent similarity with minor variations because of connector losses and fabrication error.



Figure 16 shows the radiation measurement setup in an anechoic chamber where the three-element or four-element MIMO antenna is placed along the E and H planes for the radiation pattern measurement. The co-cross component results shows that separation of more than 10 dB is achieved for both cases, as shown in Figure 17a–d, where the E and H plane pattern shows an omnidirectional pattern with a null on the lower side upon placing the antenna along the H plane.




6. MIMO Diversity Analysis


The practical utilization of the MIMO antenna needs careful analysis of diversity performance. The important parameters that need to be addressed include ECC and DG.



The evaluation of diversity capability is performed using ECC for a system with multiple antennas. The resemblance among the received signals is evaluated using the ECC parameter. A lower ECC indicates lower mutual coupling where the safe threshold is 1. ECC value should be between 0 and 1. The ECC value should be evaluated using far-field parameters as suggested in [14]. The value of ECC can be calculated by referring to Equation (1).


   ρ e  =        ∬  4 π       s i  ( θ , ϕ )   ∗    s i  ( θ , ϕ )   d Ω           ∬  4 π         s i  ( θ , ϕ )    2  d Ω    ∬  4 π         s i  ( θ , ϕ )    2  d Ω          



(1)




where    ρ e    is the 3D radiation port of the MIMO antenna when excitation is given to the ith port. The asterisk indicates the Hermitian operator in a form of the product. Here for the measurement, the outdoor environment is considered.



Figure 18 indicates the simulated and measured ECC and DG values of the proposed element. The value of the ECC is less than 0.02 and DG > 9.9, which satisfied the criteria for the diversity performance.



The results for the efficiency and gain for both cases are shown in Figure 19. The result indicates more than 5 dBi gain for the three-elements and more than 7 dBi gain for the four-element MIMO antenna. The efficiency of the element is more than 70% for the band of interest in both cases.



A comparison has been conducted for proposed three- and four-element MIMO antennas with previously published work. The parameters that are used for the comparison are material usage, elements, gain, efficiency, isolation, and ECC. A proposed design provides a wideband response with better MIMO diversity. Isolation between the ports is better than 20 dB. ECC values are less than 0.01 for the three-element antenna and 0.02 for the four-element antenna.



From Table 1, it can be observed that [20,21] provides single-frequency operation whereas the proposed antenna provides wideband frequency response with compact size, better ECC, and gain value. The antenna proposed in [22,23] provides a dual-frequency response, which is overcome in the proposed design as it operates in the wideband regime with a compact size. The size of the proposed design is small compared to [24,25], with a wider frequency response and better isolation between the ports. The MIMO antenna in [26] has a compact size compared to the proposed antenna; however, the separate ground structure makes the practical utilization of the antenna very limited.




7. Conclusions


Three-element (case 1) and four-elements (case 2) connected ground MIMO antennas are designed and developed in this article. First, a single antenna element is designed for the wideband frequency range from (26 GHz to 40 GHz) with a partial ground profile. Using the unit element, three-element and four-element MIMO antennas are designed, fabricated, and tested. The proposed design provides an impedance bandwidth of 43% (26 GHz to 40 GHz) for both cases. The placement of all the elements is decided such that it provides maximum isolation. In both cases, they achieve more than 20 dB isolation between the elements. Diversity analysis is conducted for the proposed design; the ECC values derived from the radiation pattern are less than 0.02 for both the antenna and the DG value is near 9.96. The efficiency of the antenna is more than 60% and the maximum achieved gain is 9 dBi, which makes the three-element and four-element MIMO antennas suitable for millimeter-wave 5G applications.
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Figure 1. Unit element antenna geometry with truncated ground: (a) front side; (b) back side. 
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Figure 2. Reflection coefficient values for the various ground plane size. 
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Figure 3. Three-element MIMO antenna geometry: (a) top plane; (b) bottom plane; (c) 3D view. 






Figure 3. Three-element MIMO antenna geometry: (a) top plane; (b) bottom plane; (c) 3D view.



[image: Electronics 11 01387 g003a][image: Electronics 11 01387 g003b]







[image: Electronics 11 01387 g004 550] 





Figure 4. S-Parameters of three-element MIMO Antenna. 
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Figure 5. The flow of current on the surface by exciting port 1 and keeping other ports terminated with a match load (a) 26 GHz (b) 30 GHz (c) 35 GHz. 
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Figure 6. Four-element configuration variations for better isolation (a) case-I and (b) case-II. 
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Figure 7. Transmission coefficient of (a) Figure 6a (case-I); (b) Figure 6b (case-II). 
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Figure 8. Four-element MIMO antenna: (a) top plane; (b) bottom plane; and (c) side view. 
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Figure 9. Reflection coefficient results for four-port MIMO antenna. 
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Figure 10. Simulated transmission coefficient results for four-port MIMO antenna. 
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Figure 11. Surface current distribution when excitation is given to (a) port 1, (b) port 2, (c), port 3, and (d) port 4. 
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Figure 12. 3D radiation of element 1 at (a) 26 GHz, (b) 30 GHz, and (c) 35 GHz. 
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Figure 13. Prototype realization. (a) Three-element MIMO antenna—top view; (b) three-element MIMO antenna—bottom view; (c) four-element MIMO antenna—top view; (d) four-element MIMO antenna—bottom view. 
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Figure 14. Measured S parameter result of three-element antenna (case 1). 
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Figure 15. Measured S parameter results of the four-element antenna (case 2). 






Figure 15. Measured S parameter results of the four-element antenna (case 2).



[image: Electronics 11 01387 g015]







[image: Electronics 11 01387 g016 550] 





Figure 16. Radiation pattern measurement setup in anechoic chamber: (a) three-element E plane; (b) three-element H plane; (c) four-element E plane; (d) four-element H plane. 
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Figure 17. Simulated and measured co-pol and cross-pol patterns of the antenna. 
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Figure 18. DG and ECC value of the proposed antenna: (a) three elements; (b) four elements. 
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Figure 19. Efficiency and gain of the proposed (a) three-element and (b) four-element MIMO antenna. 
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Table 1. Comparison of proposed three-element (case 1) and four-element (case 2) with other MIMO antennas.
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	Ref
	Frequency (GHz)
	Ports/Ground
	Unit Cell Dimension (mm2)
	Gain

(dBi)
	Efficiency

(%)
	Isolation (dB)
	ECC
	Material





	[18]
	28
	Two/Connected
	33 × 27.5
	6.9
	-
	>30
	--
	TLY-5



	[19]
	26.65–29.2;

36–42
	Two/Separate
	26 × 11
	5
	99.5, 98.6
	>25
	<0.002
	Rogers 5880



	[21]
	28
	Four/Connected
	30 × 30
	6.1
	92
	29
	<0.16
	Rogers 5880



	[20]
	28
	Four/Connected
	48 × 31
	10
	-
	>21
	<0.0015
	Neltec



	[22]
	27.6–28.6; 37.4–38.6
	Four/Connected
	20 × 24
	7.9
	>85
	>28
	<0.001
	Rogers 5880



	[23]
	24.10–27.18;

33–44.13
	Four/Connected
	24 × 20
	3
	>80
	>16
	<0.1
	Plexiglass



	[24]
	25.5–29.6
	Four/Connected
	30 × 35
	8.3
	-
	>15
	<0.01
	Rogers R04350B



	[25]
	27.5–29
	Four/Connected
	25 × 15
	7.8
	95
	>17
	<0.0001
	Rogers 5880



	[26]
	25.1–37.5
	Four/Separate
	12.7 × 12
	5
	80
	>22
	<0.1
	Rogers 5880



	Proposed

Three-Element
	26–40
	Three/Connected
	15 × 15
	>5
	>70
	>20
	<0.01
	Duroid5880



	Proposed

Four-Element
	26–40
	Four/Connected
	15 × 15
	>7
	60
	>20
	<0.02
	Duroid5880
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
@) (b)





media/file4.png
Reflection coefficient (dB)

-

n

Vi
=

i
[R—
LN

®
S

|
-9
A

——GND - 11 mm
-=-=-GND - 7mm
~===LaMDXe L5 amm
===-GND - 13.7mm

25

9
-

30 35
Frequency (GHz)

40





media/file39.jpg
Eplane

(@ Three element (26,5 GHz)

Hplane
() Three element (35 GHz)





media/file18.png
S512
523

521 —3531 —541
—_—543 =514 ——0524 —534

—532 R4t —n_13

= = = - - =
_..,r.w._ :

(fIP) NIDTIIJD0,) UOTSSTUISUR.I],

o
&
T

40

35

(GHz)

30
}r

Frequenc

25

—
2

(b)





media/file44.png
Div_Gain (3-Element-Simulated)

----- Div_Gain (3-Element-Measured) 0015
9.1
=) —— ECC (3-Element-Simulated)
T 9.6
_____ % % o
% 95 ECC (3-Element- Measured) 0.01 E

0.005

26 28 30 32 34 36 38 40
Frequency(GHz)

(a)

10 0.02

Div_Gain (4-Element-Simulated) ] 0.018
- 0.016

- 0.014

- 0.012

- 0.01

- 0.008

- 0.006

ECC

- 0.004
- 0.002

Frequency(GHz)

(b)





media/file26.png
Transmission Coefficient (dB)

\/[—S21(@B) —S31(@B) ~_S41(dB)
—$12(dB) —S32(dB) —S42(dB)
—S$13(dB) —S23(dB) —S43(dB)

20 25 30 35

Frequency (GHz)

40





media/file20.jpg
Conductive Patch and
connected Ground

(c)





media/file28.png
Alm

(a)

(d)

(c)





media/file10.png
)
S

S Parameter (dB)
=

.50 ' Y — 511 (dB) —=m=e32] (dBH)
-—==31] (dB) e 522 (dB)
— 533 (dB)
-60
20 29 30 33 40

Frequency (GHz)





media/file11.jpg
]

|

Exreesd

®)

@

©





media/file36.png
—
-

1o
="

S Parameter(dB)
> &

] --.“‘
'\“
Ty
\“
N
i L
N L
£\ %

v === 521 (dB)-Simulated =521 (dB)-Measured
v === 531 (dB)-Simulated == $31 (dB)-Measured
=== 541 (dB)-Simulated 541 (dB)-Measured

20 25 30 35

Frequency (GHz)

40





media/file15.jpg
Transmision Coefficient (dB)

-20
=25
-30
-35
-40
-45
-50

—s13 —s23 —s#
——s14 —s24 —s34

—sa
—s12

—s31
—s32

—s41
—sa2

20

25

30
Frequency(GHz)

(@)

35

40





nav.xhtml


  electronics-11-01387


  
    		
      electronics-11-01387
    


  




  





media/file41.png
0-
300 -15 - 300 /
‘,-5 -30 - Jz‘f‘
| |
270 | 454 270 }
'l“ |.‘
-30 4 \
240 -15 - 240
.s,.\{ ‘ " 0_
210 — 150
180
E plane
(a) Three element (26.5 GHz)
0
04
300 / 60 -15 300 /
\ -30 -
270 - 190 451 270k
\ f | |
/ -30 - ‘
240 /120 -15 4 240" ‘
v v ‘ 0 - ~{
210 ] e 150 210 — 150
180 180
E plane H plane

(b) Three element (35 GHz)





media/file2.png
4.93
(a) (b)





media/file23.jpg
9 o

=5

S
58

Reflection Coefficient (dB)
73

&
=

—S11 (dB)
----$22 (dB)

22

27 32 37
Frequency (GHz)





media/file40.jpg
Eplane Hplane
() Four clement (265 GHz)

E plane Hplane

Simulated Co-Pol
Measured Co-Pol
Simulated Cross-Pol
Measured Cross-Pol






media/file24.png
Reflection Coefficient (dB)
n

——S11 (dB)
----S22 (dB)
----S33 (dB)
----S44 (dB)

‘‘‘‘‘

22

i

32
Frequency (GHz)

i o






media/file29.jpg
099!





media/file1.jpg
15

15

493
(a)

(b)






media/file16.jpg
°

—s13 —s23

2
—S14 —S24 —S34

—s21 —S31 —S41 —S12

—s32 —

—sa3

s o g g s

S ¥
(€P) PO UolssTISUE.L],

]

35

30

Frequency (GHz)

25

20

(b)





media/file12.png
A/m
A/m

50

10

(a) (b)

A/m

40
30

20

(c)





media/file9.jpg
S Parameter (dB)

-10

ES
3

3

&
3

S1@8)
31(08)
—s53 )

e s22¢B)

20

25

30
Frequency (GHz)

35

40





media/file42.png
0 0
0 -
300 60 .15 300
\ -30
270 | | 454 20|
270 }» {90 '}
/ 30
240 < ‘ /120 -15 240 <
% 0
210 L3 150
180
E plane
(c) Four element (26.5 GHz)
0
O -
300 60 15 300,
. \ 30 -
270 | 4 90 454 270 }
| | . \
30 - ‘
240 /120 -15 240
. 0- y
210 - meca 150 210 i 150
180 180
E plane H plane
(d) Four element (35 GHz)
Simulated Co-Pol

Measured Co-Pol
Simulated Cross-Pol
Measured Cross-Pol





media/file38.png





media/file30.png
(a) (b) (c)





media/file35.jpg
S Parameter(dB)

=== $21 (4B)-Simulated =521 (dB) Measured

31 (dB)-Simulated —— 31 (dB)-Measured.
S41(dB)-Simulated _——S41 (dB)-Measured.
20 25 30 35

Frequency (GHz)

40





media/file27.jpg
g3 vrnac

mmmmmmm

g3 rRaac

FHEEEE





media/file3.jpg
Reflection coefficient (dB)

o

By

-10

--GND - 7 mm
GND - 15 mm
~-GND - 13.7mm

20 25

30
Frequency (GHz)

40





media/file22.png
Rogers 5880
Substrate

Conductive Patch and
connected Ground

(c)





media/file19.jpg
1

0

®)

@





media/file33.jpg
S Parameter (dB)
&
3

521 (dB)- St
=== 531 (dB)-Simulated
——S11 (dB)-Measured
=== S21 (dB)-Measured
——$31 (dB)-Measured

20 5 30
Frequency (GHz)

35

40





media/file32.png
1
T

‘A iy ‘l“w l
T il | JiEly ‘\‘H“ "““\‘\‘ el
——*-———l.m' ‘W I § ) v e A JM
m il i

: ‘\.‘u,l‘
‘ sl

|

e 8
1
Mg g

LYY )

= i
I
il

i i g
I i

[
i Mg






media/file14.png





media/file37.jpg





media/file46.png
o
=

Efficiency (%o)

12
80
?D .’,.--— ] f ‘-r"" l"'":--*-‘-:-‘ T—
““H?. 60 /.-r" - . 3
= e’ =
2 0 "’ =
: ricrminr 6 =
= 40 . e %
- — - -
E 30 beee== - — Efficiency - 3 Element #; C
20 — -(Gain (Simulated -3 Element)
2
10 === Gain (Measured - 3 Element)
0 0
26 28 30 32 34 36 38 40
Frequency (GHz)
(a)
70 14
H
" I ﬁ\/ s < 12
b -~
50 T 10
i ’_QT -_:- - s
40 e s &
— ..—.-"-f, e
30 p==="" 6 ’5
- Efficiency - 4 Element -
20 g 4
— -Gain (Simulated 4-Element)
= === Gain (Measured - 4 Element)
0 =
26 28 30 32 34 36 38 40

Frequency (GHz)

(b)





media/file45.jpg
——Efficiency - 3 Element

— ~Gain (Simulated -3 Element)

»
10 - Gain (Messtrsd -3 Ebecnent)
B o
% :m . 2 u % % @
Frequency (GHi)
@
% u
© 2
5 10
g g
g s§
£ o
H R — E
EF
— -Gain (imulted - Elemert)
10 == Gain (Measured - 4 Element) | 2
5 o

% 28 3 32 34 36 38 40
Frequency (GHz)

®





media/file6.jpg
35

«
1 10 I 10 I
-
15
(b)
Rogers 5880
Substrate

Conductive Patch
and connected >
Ground

(c)





media/file5.jpg
11

6.82

2.78






media/file7.png
(a)





media/file31.jpg





media/file25.jpg
‘Transmission Coefficient (dB)

-46
54 —S21(dB) —531(dB) V—S41(dB)
—S12(dB) —S32(dB) —S42(dB)
-62 —S13(dB) —$23(dB) —S43(dB)
-70
20 25 30 35 40

Frequency (GHz)





media/file0.png





media/file17.png
Transmision Coefficient (dB)

—521
=12
i3
—S514

—_—531 541
—D  e—Ri)

—523 —543
—nRd. —ua

20

25 30 35 40
Frequency(GHz)

(a)





media/file8.png
35

F

v

F 9
11 : 10
10 ¢ >
A J A J
<>
1.5
(b)
Rogers 5880
Substrate =

Conductive Patch
and connected
Ground





media/file43.jpg
10 002

99 —— Div_Gain -Element-Simlstd)
2 Div_Gain (3-Element-Measured) 0015
907
—— ECC (s Element Smulied)
Sos
Eox ECC (5 Blement Messust) -
LS
000
o
P S )
Frequency(GHn)
@
1 onz
Div_Gain (e Simulaed) 7 0018
oois
oo
ooz
o §
oms
oo
oo
ooz
o
¥ 0w % m u s w4

Frequency(GHz)

®)

Bce





media/file34.png
S Parameter(dB)

---
'—--_--_-
L)
=
L
- -

-
B CTTTIT T T Y o

P

FE ]
‘ _----—
= .pl"'

~od
=== 511 (dB)-Simulate
s 521 (d B)-S1mulated
= == 531 (dB)-Simulated
— 511 (dB)-Measured
=== 521 (dB)-Measured
— 531 (dB)-Measured

30 35

Frequency (GHz)

40





media/file21.png
10

(b)

(a)






