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Abstract—In this letter, a novel design concept to achieve a 
low-cost wide-angle beam-scanning transmitarray (TA) using 
lens-loaded patch (LLP) elements is presented. In this design, each 
TA element consists of a beam switchable transmitting element, a 
group of receiving elements, and a signal via. The received powers 
of a 2×2 subarray are first combined and then transmitted to the 
corresponding LLP element, where the phases of the transmitted 
signals are manipulated for beamforming. Compared to 
conventional designs, the phase shifters (PSs) can be multiplexed 
and the number of PSs is effectively eliminated by 75%, which 
significantly decreases the hardware cost. By employing multiple 
patches as the feed of the lenses, reconfigurable radiation patterns 
are obtained, and by properly choosing the transmitting patches, 
the developed TA achieves a wide-angle 2-D beam-scanning 
within ±60° with stable gains. To validate the design concept, 
passive prototypes with a center frequency of 12.5 GHz are 
simulated, fabricated, and tested. The measured results show that 
the aperture efficiency is 30.1%, 19.4%, and 14.1% for beams 
steered to 0°, 30°, and 60° at 12.5GHz, respectively. The beam 
coverage of ±60° with a less than 3.5-dB scanning loss in the 
H-plane is obtained.

Index Terms—Low-cost, lens, transmitarray, wide-angle beam
scanning. 

I. INTRODUCTION

ECENTLY, wide-angle scanning antenna arrays have 
received lots of attention due to their wide range of 

applications, including fifth-generation (5G) wireless 
communication systems [1]–[4], reconfigurable intelligent 
surfaces (RISs) [5], [6], and automotive radars [7]. 
Conventional beam-scanning methods mainly include 
electronic scanning and mechanical scanning. Electronic 
scanning antennas, e.g., phased arrays [8], allow very fast beam 
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scanning. However, the cost of the overall antenna system is 
high. Mechanical scanning antennas, such as a mobile reflector 
antenna with a multi-axis rotating joint, are bulky in size and 
have unstable accuracy [9]. The transmitarray (TA) has its own 
merits of achieving high gain, high flexibility, and low 
complexity, and it can reduce the consumption and the 
difficulty in integrating processing [10]–[16]. Therefore, it is a 
good solution to realize beam steering antennas. 

One method to realize a low-cost beam-scanning TA is 
through mechanical scanning [17]–[19]. Up to date, most of the 
reported mechanical beam-scanning TA have a beam coverage 
of about 80° (±40°). For many applications, the beam coverage 
is desired to be further extended to cover a larger angle range. 
Thanks to the well-developed phase array techniques, the use of 
electronic beam-scanning can increase the beam-scanning 
range of the TAs. However, similar to the traditional phased 
arrays, the cost of this solution is high. Although the subarray 
technique can be applied to eliminate the number of PSs, the 
beam-steering range of the array is small [20]. 

The objective of this work is to explore a feasible approach to 
designing a low-cost wide-angle beam-scanning TA. Inspired 
by the use of lens array architectures to generate high-gain 
beams [21][22], a novel concept using the lens-loaded patch 
(LLP) elements is developed in this study. Fig. 1 shows the 
concept of the developed TA. As shown, compared to the 
traditional TA design, instead of connecting one PS to each of 
the TA elements, the receiving array is divided into subarrays 
of 2×2 elements and each subarray combines the received 
power from the feed and then transmits it to the beam 
reconfigurable LLP element. Therefore, the presented design 
can eliminate 75% of the PSs compared to a traditional design. 
Wide-angle beam scanning is theoretically verified at the center 
frequency of 12.5 GHz. This TA is suitable for 2-D wide-angle 
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Fig. 1. (a) Traditional beam-scanning TA. (b) Conceptual illustration of the 
proposed low-cost wide-angle beam-scanning TA. 
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scanning from −60° to 60° through beam sub-regional coverage, 
and the cost of the TA is significantly reduced by multiplexing 
PSs. As a proof of concept, passive demonstrators are 
fabricated and measured.  

II. TA ELEMENT DESIGN

A. Design Concept
Simply reducing the number of radiating elements in the

aperture leads to a sparse array design, which can cause a 
limited beam-scanning capability. From the array theory [23], 
the radiation pattern of an array antenna F (φ, θ) can be 
expressed as: 

( ) ( ) ( ), , ,F f AFϕ θ ϕ θ ϕ θ=  (1) 

where f (φ, θ) and AF (φ, θ) are the element factor and array 
factor, respectively. When the distance between the element is 
1.25 wavelengths, the AF (φ, θ) generates grating lobes 
inevitably. As shown in Fig. 2(a), the position of the grating 
lobes is about ±54°. In this case, the grating lobes in the F (φ, θ) 
can be suppressed by changing f (φ, θ). The dielectric lens 
antenna is known for its high directivity. The element factors of 
patches with or without lens are shown in Fig. 2(b). The F (φ, θ) 
calculated by using two different f (φ, θ) are shown in Fig. 2(c). 
It can be concluded that the grating lobe of F (φ, θ) can be 
effectively suppressed when f (φ, θ) has high directivity. 

However, this is not enough for wide beam scanning. To 
improve the beam-scanning range of the array antenna, inspired 
by [24], if the f (φ, θ) has reconfigurable radiation patterns and 
the beam can be tilted during the beam-scanning at larger 
angles, then the total beam-scanning range of the array antenna 
can be extended. In this design, the beam of the lens can be 
titled by offsetting the feed of the lens [25], as shown in Fig. 
3(a). Thus, it is feasible to obtain reconfigurable and 
high-directivity beams by using multiple patches to feed the 
lens. To enable wide-angle 2-D scanning, a configuration of the 
lens is considered, as shown in Fig. 3(b). To prove this concept, 
the lens was designed and simulated in ANSYS HFSS. The 
center frequency is chosen to be 12.5 GHz. The material of the 
lens is Polytetrafluoroethylene (PTFE) (εr = 2.9, tanδ = 0.0054) 
and the dimensions of the extended hemispherical lens are 
calculated using the formula given [25]. The simulated 
radiation pattern of the lens is extracted and then used to 
calculate the beam-scanning of the array antenna using the AF 
(φ, θ). The distance between the lenses is chosen to be 30 mm 
(1.25λ12.5GHz) and the number of the lenses is 100. Fig. 4(a) and 
(b) show the calculated radiation patterns of the array scanning
in the xz-plane and yz-plane using Fig. 3(b) as the f (φ, θ).
During the beam scanning, only one corresponding patch is
excited. As shown, the array scans in the wide-angle range of
120° (±60°) with low grating lobes in the xz-plane and yz-plane.
It is concluded that the use of five patches as the feeds of the
lens is good enough to obtain 2-D wide-angle beam-scanning.

B. Design of The TA Element
To prove the design concept, passive demonstrators were

used to validate the beam-scanning performance. As a proof of 
concept, for the passive demonstrators, instead of using PSs to 
control the phase of the TA elements, microstrip delay lines of 
varying lengths are used to mimic the ideal lossless PSs. 
Considering the available space to route the phase delay lines, 
instead of using five patches as the feed source of the lens, a 
linear array of three patches is used. In this configuration, the 
designed TA performs 1-D beam-scanning. 

Fig. 5 shows the design concept of this antenna. Different 
patches can be excited through the SP3T switch so that the 
reconfigurable patterns can be obtained. The phase 
compensation is then performed by PSs to form the phase 
distribution on the aperture of the array, thus wide-angle beam 
scanning can be achieved. In addition, the SP3T (MA4SW310) 
can be selected as the switch with a size of about 1.16 mm × 
0.92mm × 0.1 mm with a typical insertion loss of about 0.7 dB 
at the operating frequency of this design, and the PS 
(CMD297P34) can be selected which has a size of about 3 mm 

Fig. 5. The conceptual configuration of the switchable patches.  Fig. 2. (a) Array factor, (b) Element factor, (c) Radiation pattern. The array in 
this calculation consists of 6×6 elements and operates at 12.5 GHz, the 
distance between the element is 1.25 wavelengths. 

Fig. 3. (a) The ray-tracing of radiated waves from the dielectric lens in a 
different position. (b) The configuration of a lens is excited by five patches. 

Fig.4. The calculated radiation patterns of the array scanning in (a) xz-plane 
and (b) yz-plane. 
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× 4 mm × 0.9 mm and a typical insertion loss of 3.2 dB. 
In the layout shown in Fig. 6(a), three transmitting patches 

are printed on a 0.508 mm thick RO4003C substrate (εr = 3.55, 
tanδ = 0.0027), and an ideal switch is used to control which 
patch would be excited. When the one patch is connected with 
the phase delay line, the other two patches are left as open. Fig. 
6(b) shows the configuration of receiving subarray, the 
receiving patches are printed on a 0.813 mm RO4003C 
substrate. As the feed source radiates spherical waves, the four 
receiving patches will have a spatial wave path difference. As a 
result, to maximize the power combing of the receiving 
subarray, four variable phase delay lines (RL1, RL2, RL3, and 
RL4) are used for phase compensation. As shown in Fig. 6(c), 
the position of the lens center is directly above the transmitting 
patch 2 and the lens is an extended hemispherical lens. Fig 7(a) 
shows the simulated reflection coefficients of the three patches 
and their isolation. The EM simulation was performed by 
considering the periodic boundary conditions. As shown, all 
patches resonate at 12.5 GHz and the isolation is higher than 14 
dB. Fig. 7(b) shows the radiation pattern when each patch is 
excited. When patch 1 or patch 3 is excited, the beam is titled to 
±39° in H-plane (yz-plane) with a realized gain of 12.2 dBi. 
Since the positions of patches 1 and 3 are relatively 
symmetrical, their corresponding radiation patterns are also 
symmetrical. When patch 2 is excited, the patch radiates in the 
boresight with a realized gain of 12.4 dBi. To assess the 

performance of the proposed beam-switching architecture,  
three patches with the RF switch circuit [28] were simulated, as 
shown in Fig. 8. In this figure, |Sii| represents the amplitude of 
the reflection coefficient when patch i is excited. By comparing 
the simulation results of the two structures, the switch does not 
affect the performance of the transmitting patches. Fig. 9(a) 
shows the 3D model of the developed TA element and the 
simulation setup. Fig. 9(b) demonstrates the simulated 
magnitude and phase of the transmission coefficients. When the 
lengths of the delay line change from 4 mm to 10 mm, a phase 
change of more than 600° is obtained and the insertion lossless 
is less than 1.8 dB at 12.5 GHz. 

In light of the above discussion, the TA element consists of 
four patches (2×2 array) on the receiving layer and three LLPs 
on the transmitting layer. During the beam-scanning in the 
H-plane, it operates as follows: (1) Scanning in the angle range
of −60° to −20°: Patch 3 excited. (2) Scanning in the angle
range of −20° to 20°: Patch 2 excited. (3) Scanning in the angle
range of 20° to 60°: Patch 1 excited.

III. DESIGN, SIMULATION, AND MEASUREMENT OF THE 
TRANSMITARRAY

Using the developed TA element, a TA consisting of 12×12 
receiving patches and 6×6 lens elements was designed. Its 
aperture size is 180 mm×180 mm×27.6 mm, and the focal 
height F of the TA is chosen to be 162 mm, corresponding to an 
F/D ratio of 0.9. The feed is a pyramidal horn with a realized 
gain of 15.2 dBi at 12.5 GHz. As the concept of the 2×2 
subarray is used to receive the incident waves from the feed, 
after the array size and focal diameter ratio are chosen, the four 
patches will have a slight difference in spatial phase 
distributions. Thus, it is necessary to perform some phase 
compensations for these four patches in order to maximize the 
power combing efficiency. Fig. 10 shows the spatial phase 
difference generated by the incident wave on the receiving 
patches. 

To further verify the performance of the beam-scanning TA 
antenna, thirteen states of TAs with the beams pointing at 0°, 
±10°, ±20°, ±30°, ±40°, ±50°, and ±60° in the H-plane are 
designed and simulated. The simulated far-field beam-scanning 
radiation patterns in the H-plane of the TA at 12.5 GHz are 
shown in Fig. 11(a). The peak realized gain is 23.8 dBi at 12.5  
GHz in the broadside direction, corresponding to the maximum 
aperture efficiency of 34.1%. The aperture efficiency is 
calculated using the formula given in [23]. The peak realized 
gain is 20.4 dBi while scanning to ±60°. Thus, a beam coverage 

Fig. 6. The configuration of the proposed TA element. (a) Transmitting 
patches. (b) Receiving patches (c) Front view. Here, P = 30, TPpatch = 5.9, 
Td=8 (0.33λ12.5GHz), Rd=15 (0.625λ12.5GHz), RPpatch = 6.2, a = 13, b = 16.3, L = 
9.8, (unit: millimeter). 

Fig.7. (a) The simulated amplitude of the S-parameters of LLPs. (b) The 
radiation pattern in the H-plane when each of the patches is excited at 12.5 
GHz. 

Fig. 8. The circuit simulated amplitude of the S-parameters of LLPs. 

Fig. 9. (a) The 3D model of the TA element and simulation setup. (b) The 
simulated transmission coefficients with varied lengths of LL at 12.5 GHz. 
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of ±60° with a less than 3.5-dB scanning loss is obtained in 
H-plane. Three prototypes with corresponding beams pointing
at broadside and 30° and 60° in the H-plane were fabricated and 
measured to validate the design concept. Fig. 11(b) shows the
developed TA under measurement in the anechoic chamber and
the measured radiation patterns with three beam directions.
During the beam scanning of the TA, the position of the grating
lobes also changes. For example, the maximum grating lobes
are about –14 dB (theta = ±54°) at θ0 = 0°, which corresponds to
the transmitting patch 2 in Fig. 7(b). The maximum grating
lobes are about –15 dB (theta = –24°) of the beam pointing at θ0

= 30°, which corresponds to the transmitting patch 1. The
maximum grating lobes are about –7 dB (theta = 6°) of the
beam pointing at θ0 = 60°, which also can correspond to the
transmitting patch 1. Because of the symmetrical structure of
this antenna, the scanning in the other direction is similar to this.
Fig. 12 compares the normalized co-polarized and
cross-polarized radiation patterns between simulated and
measured results in the E-plane and H-plane with broadside
direction. Due to the patterns on the E-plane and H-plane of the
TA element are not symmetrical, the grating lobes are higher in
the H-plane. From the comparison, the grating lobes levels are
below −14 dB. The cross-polarization levels are below −25 dB
in the E-plane and H-plane.

The measured and simulated gain bandwidth and aperture 

efficiency in the different beams of the TA are shown in Fig.13.  
The measured results show that the aperture efficiency is 30.1%, 
19.4%, and 14.1% for θ0 = 0°, 30°, and 60° at 12.5GHz, 
respectively. The measured 1-dB and 3-dB gain bandwidth are 
3.2% (12.2~12.6 GHz) and 7.2% (12~12.9 GHz), respectively. 
Table I compares the proposed antenna with other reported 
beam-scanning antennas. The beam-scanning in [17] and [19] 
is realized by mechanical scanning. Although these methods 
are low-cost, the beam coverage is small. A wide 
beam-scanning range of 120° is achieved in [24], yet, this 
design can only realize 1-D scanning and does not reduce the 
cost compared to the traditional phased arrays. Compared to 
these reported designs, the present TA is suitable for 2-D 
wide-angle beam-scanning at a low cost.  

IV. CONCLUSION

In this letter, a novel method is presented to design a 
low-cost wide-angle beam-scanning TA. This approach 
realizes low cost by multiplexing PSs, effectively reducing the 
number of PSs by 75% compared with the traditional 
beam-scanning TA. It is theoretically proved that the developed 
TA can realize 2-D wide-angle beam-scanning with an 
eliminated number of PSs. As a proof of concept, passive 
prototypes with 1-D beam-steering were designed, simulated, 
and fabricated. The experimental results show that the 
developed TA can be steering the beam to wide-angle angles 
with an eliminated number of PSs. 
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