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2×2 Phased Array Consisting of Square Loop Antennas For High Gain Wide Angle Scanning with Low Grating Lobes
Arpan Pal, Member, IEEE, Amit Mehta, Senior Member, IEEE, Dariush Mirshekar-Syakhal, Fellow, IEEE, Hisamatsu Nakano, Life Fellow, IEEE and Nathan Clow
Abstract— A 2×2 array antenna comprised of conventional Hybrid High Impedance Surface (HHIS) based reconfigurable Square Loop Antennas (SLA) as elements is presented.  The SLA element has four conducting arms and each arm is fed at the middle by vertical probes, which is connected to a 50 Ω port at the bottom of antenna ground plane. Thus, the SLA element has four feeding ports and it is capable of generating five distinct radiation patterns by using a combination of its feeding ports. Depending upon which of its four ports are excited it can provide four high gain off-boresight tilted beams (8.9 dBi at θmax=36°) in four different quadrants of the space (Tilted Beam Mode). When all the four ports are simultaneously excited with  phases of 0°, 0°, 180° and 180°, it provides an axial beam (6.5 dBi) at boresight (Axial Beam Mode). By combining these two modes the 2×2  array of SLAs can provide a scanning range of -60° to +60° in the elevation plane with high gain beams (14 dBi-11.2 dBi).

[bookmark: PointTmp]Index Terms— Array antennas, pattern reconfigurable antennas, grating lobes, beam scanning.

INTRODUCTION
I
N phased array antennas [1], multiple antenna elements are excited coherently. Using variable phase and amplitude distribution over the elements, the radiation pattern of the antenna can be shaped and steered. Over the last two decades phased array antennas are widely used in different military systems such as warships, aircrafts, armored vehicles and guided weapons [2]. Due to recent advances in civil wireless communication technologies, the use of phased array antennas is on the rise. They have been employed in various applications including range extension for base-stations and interference avoidance between communication cells. They are also used in 60 GHz radios [3], satellite TVs [4], synthetic aperture systems, and radio frequency identification (RFID) [5]. 
According to phased array theory [6]-[10], the pattern of an array system is the product of the Array Factor (AF) and the element pattern of the array. Consequently, the gain and scanning range of a phased array antenna are a function of the radiation pattern of its single antenna element. Array system could enhance its pattern adaptive ability if it deploys antenna elements capable of providing reconfigurable radiation patterns. Various designs of single element pattern reconfigurable antennas have been investigated for producing multiple radiation patterns. In [11]-[15], different combination of RF switches are utilized along the turns of spiral antennas for achieving pattern reconfigurability. Planar Yagi-Uda antennas [16]-[17] consisting of single driven patch and multiple parasitic patches are also investigated for reconfigurable pattern applications. Additionally, printed Square Loop Antennas (SLA) [18]-[20] have been reported for beam steering applications. These SLAs utilize multiple feed points on the square loop for producing multiple radiation patterns which can be steered in space by using RF switches. 
Thus, a phased array antenna containing such pattern reconfigurable antennas as elements can offer an additional (third) degree of freedom in the form of reconfigurable element pattern, besides amplitude and phase of the excitation signals. This additional degree of freedom enables the array antenna system to achieve a number of advantages. These include wider scanning range, faster beam scanning, high gain in the off boresight directions, choice of different types of modulations in RF domain for secure communications and lower grating or side lobes, etc. In [21]-[22], investigations on reduction of side lobe level of array with reconfigurable elements have been reported. In [23], beam steering of an array of switch-based spiral loop has been demonstrated for directional modulation. In [24]-[25],  pattern reconfigurable microstrip Yagi antennas are used to extend the phased array scan range. A new class of antenna array of multifunctional reconfigurable antennas is presented in [26], which utilizes a parasitic layer to steer the beam. For wide angle scanning phased array systems are developed in [27]-[28] which utilize PIN and Varactor diodes for achieving pattern reconfigurability for an element.
	In this paper, we focus on achieving high gain at off boresight directions and mitigating the grating lobes at wide scan angles. The performance of a 2×2 phased array system consisting of pattern reconfigurable Square Loop Antennas (SLAs) is investigated. Each of these SLAs has five distinct element patterns: one axial beam and four tilted beams. The SLA unit element can provide these titled or axial beams independent of other unit element radiation patterns. This ability makes the SLA an excellent candidate for a sub-array to be a part of large phased array, for effectively compensating beam deviating in conformal array platforms. In this research, the antenna performances are simulated using CST Microwave studio, which is based on Finite Integration Technique in Time Domain (FIT–TD) [29]. The antenna prototype is fabricated using a standard photolithography technique and characterized using an Agilent Vector Network Analyzer (VNA). The radiation patterns are measured using Satimo’s StarLab [30]. 
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Fig.  1. Top and side views of the SLA element.
Pattern reconfigurable square loop antenna 
Fig. 1 shows the top and side views of an array element (pattern reconfigurable SLA). The SLA has four conducting arms, each having length l=33.5 mm and track width w=5 mm. The loop is printed on a Rogers 4350B substrate (ɛr=3.48, tanδ=0.009) which has a height of  h2=1.52 mm and this substrate  layer is placed over a Hybrid High Impedance Surface (HHIS) [31]. The HHIS structure enables realization of low antenna profile. It is composed of  a 6×6 array of square metal plates, where each square has a side length of 8.8 mm with a gap of 1.5 mm between neighboring metal plates. The squares plates on the outer periphery of the HHIS structure are shorted to the ground by metal vias, each having a diameter of 3 mm. This arrangement reduces mutual coupling between array elements. In addition, it decreases the surface wave propagation in the substrate, which in turn reduces the side lobes [31]. The HHIS layer is etched on the top of Rogers 5880 substrate (ɛr=2.2, tanδ=0.009) having a height of h1=3.18 mm. Therefore, the SLA occupies an area of 60.3 mm×60.3 mm and has a total height of 4.7 mm (h1+h2). The whole antenna structure is backed by a conducting ground plane. The loop is fed at the center (A, B, C and D) of each arm using four vertical probes of 1.3 mm diameters, which are connected to the four feeding ports (standard 50 Ω SMA connectors) - (A0, B0, C0 and D0) at the bottom of the ground plane. 
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Fig.  2. Simulated and measured reflection coefficients of the element SLA. (inset) Fabricated prototype.

Fig. 2 shows the simulated and measured reflection coefficients of the SLA. The measured and simulated results for 50Ω feed are in good agreement. The reflection coefficients satisfy a criterion of |S11 |<-10 dB within a frequency range of 4.4 GHz to 5 GHz. Thus, the SLA has an impedance bandwidth of 600 MHZ (≈13%). Both simulated and measured reflection coefficients become minimum at 4.7 GHz, which is denoted as the test frequency throughout this paper.
Fig. 3 shows simulated and experimental 2D cuts of the radiation pattern of the SLA at 4.7 GHz. When one of the feeding ports (either A0, B0, C0 or D0) of SLA is excited and the remaining ports are open-circuited, the antenna generates a tilted beam of θmax=36° directed toward the opposite space quadrant of the excited port. Thus, with feeding port A0 excited and others open-circuited a tilted beam with ϕmax=45° occurs (shown in Fig. 3a).  Accordingly, when remaining three ports B0, C0 and D0 are excited individually the antenna generates a tilted beam of  θmax=36° pointed in the direction of ϕmax=135°, ϕmax=225° and ϕmax=315°, respectively (shown in Fig 3. c, d and f). Therefore, depending upon which of its feeding port is excited the SLA provides four titled beams in the four spatial quadrants. Since the square loop antenna is symmetrical with respect to the antenna center point, the tilted beams are identical to each other. Each tilted beam provides a gain of 8.9 dBi in the direction of the maximum radiation field. The efficiency (including reflection) of the element SLA is found to be better than 97% over the impedance bandwidth. The main lobe of the tilted beam is linearly polarized in the θ-direction and the amplitude of the cross-polar components is very small (i.e.: Eϕ≤ -20dB and thus not visible) in the direction of the main beam, which has a HPBW of approximately 60°.  
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Fig.  3. Normalized radiation pattern of SLA at 4.7 GHz at ϕ=45° and ϕ=135° planes.
The fifth radiation beam of the SLA is an axial beam (single Eθ polarized), where all four ports A0, B0, C0 and D0 are excited simultaneously with equal amplitude and phases of 0°, 0°, 180° and 180°, respectively [32]-[33]. This phase relationship for extracting the axial beam from the SLA is denoted as ϕaxial. The axial beam produced is shown in Figs. 3(b) and 3(e),  where the gain is 6.5 dBi and the main lobe has a HPBW of 100° in the ϕ=45° and ϕ=135° planes.
From Fig. 3, we can ascertain that due to the switching feed geometry the SLA would offer truly single polarization (Eθ) for beam steering in the elevation and azimuth planes. This property is very important when the array antenna system tracks a source moving around the azimuth plane with single vertical transmit polarization. In the following section, the performances of 2×2 array SLAs are presented.
Array configuration and reflection coefficient
The array of SLAs utilizes the aforementioned five different element patterns. As shown in Fig. 3, in the ϕ=45° plane the array of SLAs can use three distinct element patterns. A tilted beam of θmax=36° due to port A excitation, an axial beam, and a tilted beam of θmax = -36° due to port C to scan the entire elevation plane. Similarly, to scan in the ϕ=135° plane an axial beam and two tilted beams due to port B and D excitations are exploited. The radiation pattern bandwidth for the five patterns of the SLA also holds good over the impedance bandwidth.  
[image: ]
Fig.  4.  2×2 array of SLAs
Fig. 4 shows a 2×2 array of SLAs. Each SLA has the identical dimensions as shown in Fig. 1. The HHIS structure is composed of 11×11 square metal plates with the similar specification as stated in Fig. 1. Each small metal plate on the outer periphery of HHIS is short-circuited to the ground by a conducting (copper) via of 3 mm diameter. These vias enable the array to reduce surface wave propagation in the structure [31]. In addition, there are two rows of vias that run through the middle of the HHIS structure, which separate each square loop from the adjacent loops and reduce the mutual coupling between the square loops. The overall planar size of the array is 111 mm × 111 mm with a height of 4.7mm (h1+h2). The lateral (diagonal) dimension of the square loop is 0.75λ0 (47.4 mm), (where the free space wavelength at the test frequency 4.7 GHz is λ0≈64 mm). The distance between the centers of two adjacent elements is selected as 0.9λ0 at the test frequency. With four feeding ports for each element the array system has 16 ports, which are connected to the SMA ports. These ports are labelled as (A1,B1,C1,D1), (A2,B2,C2, D2), (A3,B3,C3, D3) and (A4,B4,C4, D4).
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Fig.  5. Simulated and measured reflection coefficients of  a 2×2 array of SLAs integrated with the feeding network (port A1-A4 excited). (inset) Prototype.
Fig. 5 shows the simulated and measured reflection coefficients (|S11|) of the array excited at ports As (s=1, 2, 3 and 4). The feeding network was designed to excite the four As ports with the signal of equal amplitude and a specific phase relationship for generating a beam in the θmax=60° direction.  Fig. 5 shows that the array with its feeding network provides efficient radiation with |S11|<-10dB across an impedance bandwidth of 4.2 to 5.6 GHz. The reflection coefficients of the other tilted beams (excited through ports B, C and D individually) and the axial mode beam (ports A, B, C and D are excited simultaneously) were found to be |S11 |<-10 dB over the impedance bandwidth. For succinctness, they are not presented. 
The experimental feeding networks for providing phase shifts were designed using delay lines (instead of variable electronic phase shifters), Fig. 5 (inset), which had total power dissipation of 0.9 dB at the test frequency. The phase shifting (delay) lines were etched on the top of Rogers’s 4003C substrate (ɛr=3.38, tanδ=0.0027 and thickness=0.508mm) backed by a ground plane. The radiation pattern bandwidth is discussed in Section IV. 

    Scan performance of the 2×2 array
To synthesize the radiation pattern for the 2×2 planar array, the elements of the array are arranged in the x- and y- directions. Two adjacent elements of the array are separated by 0.9 λ0 distance in the x- and y- directions, respectively. The elements are excited with signals of equal amplitude and phase shifts of  and  in the x- and y- directions, respectively. The phase relationship of the 16 excited ports at the test frequency is shown in Fig. 6. 
The beam scanning performance of the array in the elevation and azimuth planes are examined. For test, an elevation plane cut is performed at ϕ=45° and an azimuth plane cut is performed at θ=30°. The limit for the magnitude of the grating lobes is set to be -10 dB down from that of the main lobe. This is an essential criterion to ensure that in the transmitting mode the array does not cause interference in unwanted directions. Similarly, in the receiving mode this ensures that the antenna system does not pick up jamming signals through unwanted grating lobe directions.  
[image: ]
Fig.  6. Phase relationship of the 16 ports.

[image: ]
Fig.  7. Beam scanning of the 2×2 array of SLAs at ϕ=45°.
Elevation plane (at ϕ=45°) scanning
The array has two scanning modes:  axial beam mode and tilted beam mode. For the axial beam mode, all 16 ports need to be excited simultaneously, with the condition that the four ports of every individual SLA are in ‘ϕaxial’ phase relation.  ‘ϕaxial’ was denoted in section II where the phase shift relationship is as follows:  and . Fig. 7 shows the beam scanning of the 2×2 array of SLAs in the ϕ=45° elevation plane for both the tilted and the axial beam modes. In the axial beam mode the array provides a linear polarized beam with a gain of 12.7 dBi. The axial beam is steered in the elevation plane by introducing a phase shift between the SLAs. It was found that if a phase shift of   are introduced between the SLAs, the axial beam is steered in a range of θmax =±10° with a minimum gain of 11.6 dBi. Scanning beyond this axial steering range causes grating lobes to become dominant. Hence, by axial beam mode the array scans in the elevation plane from -10° to 10°. This is shown in the middle of Fig. 7.  
For the tilted beam mode scanning, depending upon the quadrant, only four ports are excited at a time and the remaining ports are left open-circuited. For example, for beam scanning in the quadrant of 00 < ϕ <900, only the four A ports (A1-A4) need to be excited. It was found that when the excitations of four A ports (A1-A4) are combined together with the phase shifts of  , the array provides the radiation beam in a direction of θmax  =19° with a gain of 14.2 dBi. This is shown on the right side of Fig 7. The grating lobe levels are below -10 dB from that of the main beam. When the phase shifts are set to be , the antenna exhibits a radiation beam in a direction of  θmax  = 60°.  This beam has a gain of 11.5 dBi with grating lobe level still below that of -10dB. The grating lobes started to become dominant if the beam was scanned beyond this upper limit. Hence, by exciting (A1-A4) simultaneously the array scans the beam from  θmax = 19° to θmax = 60° in the ϕ= 45° plane. 
Similarly with the same phase shifts, the other half of the elevation plane; i.e. ϕ= 225°, can be easily scanned by using four C ports (C1-C4). This is shown in the left side of Fig. 7. It shows that by exciting four C ports simultaneously the antenna  scans its beam from  θmax = -19° to θmax = -60° (lower limit of tilted steering range). Fig. 7 also shows the measured radiation patterns undertaken for θmax = ±60°. This validates the titled steering mode. Hence, combining the axial and tilted beam mode together a full scanning range of ±60° is achieved. It should be noted that a region between -19° < θmax< -10° and a region between +10° < θmax < +19° will be covered by the tilted beam mode. This has a gain of 14.2 dBi at θmax = ±19° and a gain of 11.6 dBi at θmax = ±10°. For succinctness, the results in this paper are only shown for ϕ=45° / ϕ=225° elevation planes. Due to symmetry of the antenna structure with respect to the center point of the antenna, the identical results are observed for other planes. For ready reference the phase values for different feeding ports for elevation plane scanning in a ϕ=45° plane are provided in Table I. 

Table I. Excitation phase values for elevation plane scanning at ϕ=45°. (-: open-circuit / not excited)
	
	Tilted beam mode 
	Axial beam
mode
	Tilted beam mode

	θmax
	-60°
	-35°
	-19°
	-10°
	0°
	10°
	19°
	35°
	60°

	
	-
	-
	-
	0°
	0°
	0°
	0°
	0°
	0°

	
	-
	-
	-
	0°
	0°
	0°
	-
	-
	-

	
	0°
	0°
	0°
	180°
	180°
	180°
	-
	-
	-

	
	-
	-
	-
	180°
	180°
	180°
	-
	-
	-

	
	-
	-
	-
	40°
	0°
	-40°
	-40°
	-125°
	-230°

	
	-
	-
	-
	40°
	0°
	-40°
	-
	-
	-

	
	230°
	125°
	40°
	220°
	180°
	140°
	-
	-
	-

	
	-
	-
	-
	220°
	180°
	140°
	-
	-
	-

	
	-
	-
	-
	40°
	0°
	-40°
	-40°
	-125°
	-230°

	
	-
	-
	-
	40°
	0°
	-40°
	-
	-
	-

	
	230°
	125°
	40°
	220°
	180°
	140°
	-
	-
	-

	
	-
	-
	-
	220°
	180°
	140°
	-
	-
	-

	
	-
	-
	-
	80°
	0°
	-80°
	-80°
	-250°
	-460°

	
	-
	-
	-
	80°
	0°
	-80°
	-
	-
	-

	
	460°
	250°
	-80°
	260°
	180°
	100°
	-
	-
	-

	
	-
	-
	-
	260°
	180°
	100°
	-
	-
	-




Azimuth  plane (at θ=30°) scanning
Fig. 8 shows the scan performance of the 2×2 array in the azimuth plane at θ=30° at the test frequency. To cover the quadrant of 00 < ϕ <900 the four A ports (A1-A4) are needed to be excited. When the ports (A1-A4) are fed with the phase shift of    and  the maximum radiation is directed toward a direction of  ϕmax=15°. The main beam is steered to ϕmax=75° with the phase shifts of  and . Hence, by exciting four A ports the array scans a region of 15°< ϕmax<75° with grating lobes of less than -10 dB. It is noticed that the gain of the array is maximum (14.2 dBi) at ϕmax=45° and reduces to 13.2 dBi at ϕmax=15° and ϕmax=75°. Similarly, as shown in the Fig. 8 the array also covers a region of 105°< ϕ <165°, 195° < ϕ <255° and 285° < ϕ <345° in the azimuth plane when the (B1-B4), (C1-C4) and (D1-D4) ports are excited, respectively. For ready reference, the phase values and their inter-relationships for the feeding ports are tabulated in Table II.  Thus, by switching amongst the ports with right phases the array scans nearly 360° of the azimuth plane at an off boresight direction of θmax=30°, with gain varying between 14.2 dBi to 13.2 dBi. The remaining region in the azimuth plane is covered with a relatively low gain (13.2-12.9 dBi), as shown in the grey zone. If a high gain (~14 dBi) beam scanning in the grey region is required, then an 8 beam element antenna is needed, as conceptualized in [35]. 

[image: ]
Fig.  8. Azimuth beam scanning of the 2×2 array of SLAs at θ=30°.
	
Fig 9 shows the efficiency (including reflection) and gain for the axial beam mode (θmax  = 0°). The array provides an axial beam with an efficiency of more than 70% within a range of 4.4 to 5.1 GHz. For this frequency range the gain varies from 11.5 to 10 dBi. Beyond 5.1 GHz the sidelobe magnitude increases. Fig. 10 shows the efficiency and gain in the (θmax, ϕmax) = (60°,45°) direction. The array provides a tilted beam with an efficiency of more than 70% within a range of 4.6 to 5.25 GHz. Within this range the gain varies from 11 to 11.5 dBi. 


Conclusion
A study of the scanning performance of a 2×2 array consisting of HHIS-based reconfigurable Square Loop Antenna (SLA) elements is presented.  The unit element SLA has four feeding ports and depending upon their combination (either one at a time or all four simultaneously), it has five distinct patterns.  It provides 4 tilted beams (8.9 dBi at θmax=36°) in four quadrants of space and an axial beam (6.5 dBi at θmax=0°)	. The array of SLAs utilizes both of these tilted and axial beam modes for beam scanning operation. By combing these two modes, the array is capable of scanning a range of -60° to +60° in the elevation plane. In this scanning range, a maximum gain of 14.2 dBi and a minimum gain of 11.5 dBi are observed. In addition, the array also performs a full azimuth scan in the off boresight direction of θmax=30°, with gains varying between 14.2 dBi to 13.2 dBi. In both elevation and azimuth scans the magnitude of grating lobe stays below -10 dB. This advantage is significant when the array is deployed for off-boresight high-gain wide angle scanning with low grating lobes.

Table II. Phase values for azimuth plane scanning at θmax=30°.
	Scanning 0°< ϕ <90° using A1,2,3,4 excitations  
B1,2,3,4, Cs1,2,3,4 and D1,2,3,4  ports = not excited / open-circuited

	ϕmax
	15°
	45°
	75°

	
	0°
	0°
	0°

	
	-160°
	-100°
	0°

	
	0°
	-100°
	-160°

	
	-160°
	-200°
	-160°

	Scanning 90°< ϕ <180° using B1,2,3,4 excitations  
A1,2,3,4, Cs1,2,3,4 and D1,2,3,4  ports = not excited / open-circuited

	ϕmax
	105°
	135°
	165°

	
	0°
	0°
	0°

	
	0°
	100°
	160°

	
	-160°
	-100°
	0°

	
	-160°
	0°
	160°

	Scanning 180°< ϕ <270° using C1,2,3,4 excitations  
A1,2,3,4, B1,2,3,4 and D1,2,3,4  ports = not excited / open-circuited

	ϕmax
	195°
	225°
	255°

	
	0°
	0°
	0°

	
	160°
	100°
	0°

	
	0°
	100°
	160°

	
	160°
	200°
	160°

	Scanning 270°< ϕ <360° using D1,2,3,4 excitations  
A1,2,3,4, Bs1,2,3,4 and C1,2,3,4  ports = not excited / open-circuited

	ϕmax
	285°
	315°
	345°

	
	0°
	0°
	0°

	
	0°
	-100°
	-160°

	
	160°
	100°
	0°

	
	160°
	0°
	-160°




[image: ]
Fig.  9. Gain and total efficiency of the 2×2 array of SLAs (axial beam mode) at (θmax , ϕmax) =(0°,45°).
[image: ]
Fig.  10. Gain and efficiency of the 2×2 array SLAs (tilted beam mode) at (θmax , ϕmax) =(60°,45°).
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