
Abstract—This article presents a low-profile dual-polarized 

phased array antenna featuring an improved feed structure and a 

multiresonant wide-angle impedance matching (WAIM) layer for 

satellite-assisted Internet-of-Things (SATA-IoT) vehicular 

communications across the L-, S-, C-, and X-bands. First, an 

improved feed structure based on a double-sided multi-notch 

balun (DMB) is developed to provide stable impedance 

transformation and tailored field distribution, thereby enhancing 

impedance matching in the low- and mid-frequency bands. 

Second, a planar nonuniform metasurface (PNM)-based 

multiresonant WAIM layer is introduced. By properly 

engineering its effective permittivity and permeability, two 

desired resonances together with inductive coupling are achieved, 

enabling wide-angle scanning performance in the high-frequency 

band. These two key techniques jointly allow the proposed array 

to realize ultrawide bandwidth, wide-angle scanning capability, 

and a low-profile configuration. To validate the design, a 5×5 

prototype was fabricated and measured. The measured results 

show a 9:1 impedance bandwidth from 1.4 to 12.6 GHz. In 

particular, both array configurations exhibit an active VSWR 

below 3 at broadside, and maintain active VSWR below 3.3 for 

scan angles up to ±70° across the entire operating band. The 

overall profile is only 0.075 λlow. These results demonstrate that 

the proposed array is a promising candidate for SATA-IoT and 

related vehicular IoT communication systems. 

Index Terms—Satellite-assisted Internet of Things (SATA-IoT) 

vehicle communication, ultrawideband, phased array. 
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Fig. 1. Various scenarios of SATA-IoT vehicular communications.  

I. INTRODUCTION

In recent years, the rapid advancement of the industrial 

Internet of Things (IoT) has facilitated its widespread adoption 

in smart homes, autonomous driving, smart cities, industrial 

manufacturing, and significantly enhancing daily-life 

convenience [1-10]. However, the massive volume of data 

transmission inevitably imposes burdens on communication 

platforms. To mitigate this challenge, ultra-wideband (UWB) 

technology has been integrated to enable high-speed data 

transmission and multifunctional communication for IoT 

systems. Additionally, constrained by harsh or special 

environments such as forest, oceans, and aerospace, 

satellite-assisted (SATA) communication has emerged as a 

viable solution and gained extensive application. Nevertheless, 

as illustrated in Fig. 1, to cover the multi-band operations 

(including GPS, GSM, WLAN, 5G, V2X, C, and X bands) and 

large scanning range (exceeding ±60°), future SATA-enabled 

IoT (SATA-IoT) systems, catering to diverse application  
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Fig. 2. Two key contributions of the proposed array. 

scenarios, require multi-antenna configurations with extremely 

wide bandwidths and large-angle scanning capabilities. This 

inevitably gives rise to cross-band interference, increased 

installation space requirements, and elevated costs.   

Inspired by the concept of current sheet arrays from wheeler, 

the tightly coupled dipole array (TCDA) inherently satisfies the 

concurrent requirements of UWB performance and compact 

size [11]-[22]. The ultrawideband characteristics of TCDAs 

relies on a mechanism of intentionally intensified capacitive 

coupling between adjacent elements, which effectively 

counters the inductive effects caused by the ground plane [12]. 

Consequently, TCDAs are distinguished by their superior 

ultrawideband and wide-angle scanning capabilities, making 

them a rapidly emerging and highly attractive research topic for 

multi-IoT applications.  

Several studies have demonstrated advanced TCDA designs 

with extended performance through improved feed structure 

and wide-angle impedance matching layer. For instance, a 

one-dimensional wideband TCDA employing a coplanar 

waveguide ground feeding network achieves a 2.7:1 bandwidth, 

with two rows of parasitic strips enabling a scanning range of 

±45° [16]. Similarly, a millimeter-wave TCDA for vehicular 

communications incorporates a comb-structured Marchand 

balun, achieving a 7.6:1 bandwidth and a scanning capability of 

±45° [17]. Additionally, a multi-layer wide-angle conjugate 

impedance matching superstrate extends the bandwidth beyond 

5:1 and supports a scanning range of ±70°. However, this 

comes at the expense of a high profile of 1.01 λhigh [18]. While  

these designs exhibit favorable radiation performance and 

broaden the applicability of TCDA, they are constrained by 

single-polarization operation and a relatively restricted 

scanning range.  

A design featuring an integrated Marchand balun achieves a 

9:1 bandwidth and a ±60° scanning capability [20]. However, 

its profile of 0.102 λhigh will occupies more space due to the use 

of a bulky vertical double-layer FSS superstrate. Then, a 

metasurface-based wide-angle impedance matching (WAIM) 

superstrate enables the TCDA to obtain a 6.5:1 bandwidth with 

a reduced profile of 0.455 λhigh [21]. Moreover, a planar 

ultra-wideband modular antenna (PUMA) with dual-polarized 

design and a tapered feed structure employs horizontal dipoles 

to maintain a low-profile while achieving a 6.1:1 bandwidth 

[22]. These WAIM configurations, which employ multiple 

dielectric superstrates, typically increase fabrication 

complexity. Although these designs prioritize low profile and 

wide bandwidth, the scanning range remains limited to ±45°, 

with additional bandwidth degradation during scanning. 

Furthermore, a shared-aperture TCDA achieves 23.2:1 

bandwidth by combining low- and high-band dipoles, yet its 

scanning range is restricted to ±30° [23]. While these 

dual-polarized TCDAs achieve significantly enhanced 

operational bandwidth compared to earlier designs, the limited 

scanning range presents a substantial challenge. Meanwhile, 

various SATA-IoT communication modules, including the 

transmitter, receiver, amplifier, converter, and antenna system, 

are integrated together, which demonstrates the necessity of the 

compact design. Consequently, the development of low-profile 

array antenna that simultaneously maintains ultra-wideband 

and wide scanning coverage performance has emerged as a 

pivotal research challenge for TCDA in SATA-IoT vehicular 

communication.   

In this work, a low-profile dual-polarized phased array 

antenna employing the improved feed structure and 

multi-resonant WAIM layer is proposed to enhance impedance 

matching and extend the scanning angle. The whole 

contributions of this work are summarized as follows,  

1) The improved feed structure with the double-side

multi-notch balun (DMB) can offer great impedance

transform and adjust the field distribution, which greatly

improves the impedance matching in low and middle

bands.

2) By investigating and designing the multi-resonant WAIM

layer with planar nonuniform metasurface (PNM), it

provides two resonance frequencies and inductive

coupling in the high band, so the PNM enables the array

antenna to realize wide scanning in high band.

Based on these results, the proposed phased array antenna 

achieves a 9:1 bandwidth even when the array scans up to ±70°, 

which also obtains a low-profile of 0.075 λlow.  

This work focuses on the design of an UWB and low-profile 

phased array targeting SATA-IoT vehicular communication. 

Section II describes the geometry configuration of the proposed 

multiband array and the operating principle of this design. 
TABLE I 

OPTIMIZED DESIGN PARAMETERS SHOWN IN FIG. 2 

Parameter W1 W2 W3 W4 W5 W6 W7 W8 W9 H1 
Value (mm) 12 2.44 2.68 6.2 1.92 3.6 2.95 2.5 5.48 13.3 

Parameter H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 

Value (mm) 10.3 6.4 13.85 2 11.5 13.3 3.2 3 2.73 2.2 



Fig. 3. Configuration of the proposed antenna. (a) Exploded view of the 

element. (b) Multiple views of the elements. 

In section III, the measured array performances are provided 

and compared. The actual industrial application is introduced in 

Section IV. Finally, section V concludes this work.  

II. ARRAY ELEMENT CONFIGURATION AND OPERATING PRINCIPLE

To provide a clearer description of our work, the key 

contributions are outlined as shown in Fig. 2. Firstly, the 

improved feed structure employing DMB adjusts the current 

distribution and ensures proper impedance transformation in 

the low and middle bands. Secondly, to achieve wide-angle 

scanning in the high band, PNM with the nonuniform design 

introduces two resonance frequencies, thereby improving the 

scan range at the target high-frequency band. This approach 

also results in a significant profile reduction with other 

previously reported TCDAs. The detailed design guidelines of 

the proposed antenna will be discussed in the following section. 

A. Antenna Element Configuration

The configuration of the proposed TCDA, incorporating the

designs of DMB and PNM, is illustrated in Fig. 3. This model is 

designed and simulated using periodic boundary conditions. 

The unit cell is comprised of PNM, overlapping pads, tightly 

coupled dipoles, DMB, resistance patch, feed structure, and 

ground plane. Dual polarization is achieved through two 

orthogonally polarized planes within the antenna element. The 

structure includes three metal layers supported by two TLY-5 

substrates, each with a relative dielectric permittivity εr=2.2 and 

thickness t=0.254 mm. The overlapping pads and neighboring 

dipoles form strong capacitive coupling, while the ground 

reflector beneath the dipoles provides the inductance coupling, 

Fig. 4. Active VSWR at different scanning angles of the (a) TCDA with one 

notched balun, (b) TCDA with multi-notched balun and (c) TCDA with 

double-side multi-notch balun.  

and the UWB characteristics are achieved by balancing the two 

adjacent parts. The feedline between double-side balun is 

utilized to excite the entire antenna. Notably, DMB and PNM 

techniques are employed to suppress the unwanted resonances  

and improve the scanning range. Additionally, the detailed 

sizes of the antenna are given in Fig. 3 and TABLE I. 

B. Improved Feed Structure with DMB

1) Single-side balun with multi-notch for impedance

enhancement at low band

To the best of our knowledge, the balun is a critical 

component for impedance transformation and plays an essential 

role in achieving impedance matching. Despite its significance, 

limited prior work has focused on enhancing balun 

performance to suppress undesired resonances. Therefore, the 

first contribution of this work lies in the development of an 

advanced balun design that effectively mitigates these 

undesired resonant modes. As shown in Fig. 4(a), the initial 

design as Design I, features a notched balun with poor 

impedance matching across the entire bandwidth. Inspired by 

the concept of using modified stripline with perforations for 

impedance matching in a Wilkinson power divider [24], 

etching suitable perforations on the balun can optimize the 

characteristic impedance. Therefore, several notches are added 

on the single-side balun in Design II to address impedance 

mismatches. To clearly illustrate the effect of additional 

perforations, the variations in active VSWR and characteristic 

impedance are presented in Fig. 5. The impedance mismatch 

occurs either in the low or middle band, hence the optimized 

notch design (W0=0.64 mm, H5=2.0 mm) is naturally selected. 

In Fig. 4(c), the optimized notched balun enables an impedance 

transformation from 50 Ω to 240 Ω, further verifying the 

effectiveness of the notched balun with selected parameters. 

To describe the strategy more intuitively, the comparison of 

current distribution between different designs are given in Fig. 

6. As seen in Fig. 6(a), it is observed that the induced current is

canceled out, leading to deterioration in the radiation pattern.

To overcome the drawback, introducing appropriate

perforations in Design II proves to be an effective approach, as

shown in Fig. 6(b), where the reflection current transitions to a

normal differential mode (DM) current. Consequently, Design



Fig. 5. Active VSWR at different scanning angles of the (a) TCDA with 
different size of multi-notched balun. (b) TCDA with the optimized 

multi-notched balun. (c) characteristic impedance of the notched balun. (d) the 

view of Design II with multi-notch.  

Fig. 6. Current distribution for (a) Design I and (b) Design II at 4 GHz. 

Fig. 7. Current distribution for (a) Design II and (b) Design III when scanning 

to 45° at 9.8 GHz. 

Fig. 8. Field distribution across the array unit cell between (a) Design II 

and (b) Design III when scanning to 45° at 9.8 GHz.  

II loading single-side balun with multi-notch can obtain 

bandwidth of 5.86:1 (1.4-8.2 GHz) with active VSWR less than 

3, indicating the effectiveness of the notched balun.

Fig. 9. Relative permittivity and relative permeability of the equivalent 

metasurface for different sizes (W8) at (a) Broadside and (b)70°.  

(a)                                                   (b) 

Fig. 10. Active VSWR of TCDA with different sizes (W8) of metasurface at (a) 

Broadside and (b)70°.  

2) DMB for CM suppression at middle band

Although the single-side balun with multi-notch realizes a

broadband, the phenomenon of common mode (CM) resonance 

at high frequency caused by unbalanced-fed dipole feed still 

exists, which limits the bandwidth enhancement. In Fig. 7(a),  

more in-phase currents are observed in Design II due to the 

presence of CM currents, which adversely affects the radiation 

performance, particularly on the vertical dipoles. To address 

the issues arising from CM mode resonance, an additional 

multi-notch balun is incorporated into layer 3 to form DMB and 

the DM current is distributed on the DMB. To further highlight 

the importance of DMB, Fig. 8 compares the field distribution 

between Design II and Design III at 9.8 GHz. It can be found 

that a stronger electric-field concentration is observed around 

the feed structure in Design III after adding DMB [25]. By 

analyzing the variations in active VSWR, current distribution, 

and field distribution, Design III is capable of adjusting 

impedance transformation and controlling the field distribution 

for impedance enhancement at various scanning angles, hence 

the value of active VSWR remains less than 3 across the 8:1 

(1.4-11.3 GHz) bandwidth as seen in Fig. 4(c).  

C. Multi-resonant WAIM layer

1) Investigating characteristics of PNM

Generally, WAIM layer can avoid the scan blindness caused

by surface waves and suppress the mutual coupling of adjacent 

elements [26]-[27]. Nevertheless, traditional WAIM layer has a 

thick and bulky dielectric. Although metasurface has been 

employed in TCDA [21], whereas the majority of structures 

feature simple design and are vertically oriented with a high  



Fig. 11. Relative permittivity and relative permeability of the equivalent 

metasurface for different sizes (H11) at (a) Broadside and (b) 70°. 

(a)                                                      (b) 

Fig. 12. Active VSWR of TCDA with different sizes (H11) of metasurface at (a) 

Broadside and (b) 70°. 

profile, indicating a lack of extensive research and application 

of metasurface in TCDA. 

To obtain the wide scanning range in higher band, we firstly 

introduce PNM as WAIM layer in TCDA, offering the merits of 

multi-resonant frequencies and more stable physical  

characteristics. Then, the permittivity and permeability of PNM 

are investigated and compared to elucidate the advantages of 

the proposed PNM. As seen in Fig. 9, the effect of loop width 

(W8) on PNM is examined for broadside and 70° scan 

conditions. It can be found that as the W8 increases, the value 

of the relative permittivity and permeability exhibit a 

pronounced fluctuation in the high band at broadside. Moreover, 

the other value fluctuation in relative permittivity and relative 

permeability occur at the middle frequency when scanning to 

70°.   

To further illustrate the aforementioned phenomenon from 

the perspective of the physical characteristics of PNM, a more 

detailed analysis is provided. As the scanning angle increases, 

the resonance frequency shifts to a lower frequency [28]. 

Consequently, as indicated by formula 1, the relative 

permittivity εr increases with the decrease in resonance 

frequency f [29], explaining why the relative permittivity εr at 

70° is higher than the condition at broadside. These 

observations align with the variations in relative permittivity εr 

and permeability μr shown in Fig. 9. Furthermore, the active 

VSWR of TCDA with the PNM versus size of the loop width 

(W8) is illustrated in Fig. 10, demonstrating the impact of the 

PNM in proposed TCDA. It is evident that the active VSWR 

varies with the loop width (W8) in the high-frequency band. In 

(a)                                                  (b) 

Fig. 13. Simplified equivalent circuit models. (a) Uniform metasurface. (b) 

PNM.  

0

1
/

2

rf f
+

=  (1) 

summary, based on the study of PNM design and its application 

in TCDA, the proposed PNM (H11=2.2 mm, W8=2.5 mm) is 

selected, providing a viable design guideline for achieving a  

1.4-12.6 GHz ultrawideband and a ±70° wide-angle scanning in 

this proposed antenna. 

Under the same single-layer and fixed-thickness constraint 

adopted in this work, a uniform rectangular-loop metasurface 

tends to exhibit a dominant resonance. In Fig. 11(a), as the size 

of rectangular loop increases, the value of relative permittivity 

of the equivalent metasurface gradually increases, while the 

relative permeability of the equivalent metasurface decreases 

[30]. The simulated data for the relative permittivity and 

relative permeability of the equivalent metasurface at 70° is 

provided in Fig. 11(b). The plot indicates that the relative 

permittivity and relative permeability locus of the metasurface 

is larger than the broadside condition, consistent with the 

description of PNM. However, the optimized uniform 

metasurface design with size of H11 (2.2 mm) fails to achieve 

good impedance matching (active VSWR < 3) throughout the 

whole operating frequency band, as shown in Fig. 12. To 

alleviate these issues from the impedance mismatching at high 

frequency, the antenna with design of PNM is proposed.  
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As shown in Fig. 13, the characteristics for the periodic 

structure of square loop are further studied from the side of 

equivalent circuit. The periodic structure of square loop has the 

characteristics of band-stop and single resonance frequency is 

generated as ω1 at high band, as shown in Fig. 13(a) and 

formula 2. In contrast, for PNM with different resonance 

characteristics, two resonance frequencies are obtained as ω2 

and ω3, as shown in Fig. 13(b) and formula 3. Meanwhile, ω2

﹤ω1 is obvious, which means that a lower resonance frequency 

appears. Based on the above investigations, it can be observed 

that PNM provides two proper resonances by utilizing PNM, 

which can greatly facilitate the proposed TCDA to improve 

matching at broadside and while scanning down to ±70°.  

Moreover, the admittances of the fundamental Transverse 

Electric (TE) and Transverse Magnetic (TM) Floquet modes 

are listed in formula 4 [25]. Next, the impedance of each 

transmission line section when scanning in the E- and H-planes 

is set by combining formula 5. 



Fig. 14. The comparison of active VSWR between (a) Ant. A and (b) Pro. 

Fig. 15. Fabricated prototype of the 5×5 dual-polarized TCDA and its 

measurement scenario. 
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where Kz00 denotes the propagation constant in the z-direction, 

θ represents the beam’s scan angle, εr and μr are the relative 

material properties of each layer (i.e., substrate, superstrate, 

free space) and η is the characteristic impedance in free space. 

Furthermore, dE and dH are the length of the unit cell. 

As shown in Figs. 11 and 12, the value of relative 

permittivity εr is increased significantly at each resonance 

frequency. Meanwhile, the relative permeability μr is decreased 

at the same frequency. The variation of relative permittivity εr 

and the relative permeability μr can lead to the improved 

impedance of each transmission line section when scanning in 

the E- and H-planes, as seen in formula 5. These explanations 

further validate the effectiveness of PNM, suggesting that the 

PNM-based WAIM can be a viable option for future 

ultrawideband phased-array apertures, subject to system-level 

validation. 

2) PNM for bandwidth improvement and low-profile

In addition, the active VSWRs of Ant. A and the proposed

design (Pro) are compared in Fig. 14. it is observed that some 

undesired resonances existing in high band cause impedance 

mismatch at various scan angles. To solve the issues, PNM with 

rectangular loop will provide more inductive coupling 

compared to Ant. A. More obviously, due to the introduction of 

PNM, the active VSWRs of Pro. are distinctly reduced at higher 

bands as shown in Fig. 14(b), leading to the bandwidth 

broadening. Compared to previous TCDA, this design 

employing the planar PNM not only achieves a wider operating 

frequency band and a larger scanning range, but also achieves a 

significantly lower profile. 

Fig. 16. Simulated VSWRs of the infinite TCDA (left) and the measured active 

VSWRs of the center element (right). 

Generally, the concept of miniaturization consists of 

reducing phase velocity and ensuring excellent impedance 

matching, simultaneously [31]. 
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where L is the series inductance per unit length, C is the shunt 

capacitance per unit length, and G is a geometrical factor.  

Material loading is an efficient way to modify the inductance 

and capacitance with εr > 1 and μr > 1. However, normal 

material has relatively stable permeability μr and permittivity εr, 

which is hard to meet the requirements of low phase velocity 

and great impedance matching. Obviously, PNM with proper 

permeability and permittivity provides a practical solution 

toward the realization of low-profile. 

Based on the above these analyses, the proposed TCDA 

shows remarkable advantages in realizing UWB and 

wide-angle range, and the optimized profile is only 0.075 λlow, 

showing a huge profile reduction than others TCDAs. 

III. PROTOTYPE FABRICATION AND MEASUREMENT 

A 5×5 prototype was fabricated and experimented to verify 

the characteristics of the proposed TCDA, as illustrated in Fig. 

15. Mutual coupling measurements between the central and

designated elements were conducted under matched

termination conditions for all remaining ports of identical

polarization [32]. Radiation patterns of TCDA are measured

following the unit excitation active element pattern (UEAEP)

method [33]-[34]. During measurements, each port is either

excited via 50 Ω subminiature connectors or directly terminated

with 50 Ω loads.

The active VSWRs of the antenna, scanning from broadside 

to 70°, are calculated, simulated, and plotted in Fig. 16. 

Measurement data confirm that the active VSWR remains 

below 3.3 throughout this angular range in both principal 

planes. Excellent agreement is observed between simulated and 

measured responses across the E- and H-planes for scanning 

angles up to 70°. The prototype demonstrates a 9:1 impedance 

bandwidth (1.4-12.6 GHz) under the VSWR < 3 criterion, once 

again verifies our design. Due to the small size of the prototype, 

the reflected electromagnetic wave from the edge of the array 

will result in multiple reflection in the finite array, hence, 

causing the slightly deterioration of the impedance matching 

and beam pointing error.  



TABLE II 

COMPARISON OF THE PROPOSED AND THE REFERENCE ARRAYS 

Antenna Type Bandwidth Profile Scanning Element size 

[20]2019 TCDA 9:1 (2-18 GHz, VSWR<3) 0.102 λlow (0.92 λhigh) E-60°/H-30° (VSWR<4) 0.48 λhigh×0.48 λhigh 

[35]2025 PUMA 8:1 (1.8-14.6 GHz, VSWR<3) 0.085 λlow (0.68 λhigh) E-45°/H-45° (VSWR<3.5) 0.56 λhigh×0.56 λhigh 

[36]2025 Planar TCADA 3.72:1 (5.9-22 GHz, VSWR<3.5) 0.100 λlow (0.37 λhigh) E-45°/H-45° (VSWR<3.5) 0.52 λhigh×0.52 λhigh 

[37]2024 Planar CSA 4:1 (2–8 GHz, VSWR<3) 0.160 λlow (0.64 λhigh) E-60°/H-60° (VSWR<3) 0.40 λhigh×0.40 λhigh  

[38]2020 Vivaldi 8.15:1 (2.6-21.2 GHz, VSWR<3.2) 0.136 λlow (1.11 λhigh) E-45°/H-45° (VSWR<3.8) 0.50 λhigh×0.50 λhigh 

Pro. TCDA 9:1 (1.4-12.6 GHz, VSWR<3) 0.075 λlow (0.67 λhigh) E-70°/H-70° (VSWR<3.3) 0.50 λhigh×0.50 λhigh 
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Fig. 17. Simulated (dashed line) and measured (solid line) normalized patterns 
in E-plane when scanning to 0°, 45°, 70° at 2, 6, and 12 GHz.  
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Fig. 18. Simulated (dashed line) and measured (solid line) normalized patterns 

in H-plane when scanning to 0°, 45°, 70° at 2, 6, and 12 GHz. 

Fig. 19. Simulated and measured broadside realized gains of the proposed 

TCDA.  

Normalized radiation patterns depicted in Figs. 17 and 18 

illustrate the array's scanning performance from broadside to 

70° in both principal planes. The close alignment between 

simulated and measured results at select frequencies (2, 6, and 

12 GHz) validates the TCDA's consistent beam-steering 

behavior over a broad bandwidth. Due to the limited aperture of 

the prototype, the steering range of the beam is located at a 

smaller angle than the expected one. Note that as the scanning 

angle increases, the beam pointing error increases slightly, is 

attributed to beam spreading induced by the small array size. 

Thus, enlarging the array size can enhance the beam pointing 

accuracy [14]. Additionally, considering the manufacturing 

tolerances, transition loss, and measurement errors, the values 

are acceptable for active beam scanning arrays.  

Fig. 19 presents a comparison between simulated and 

measured co- and cross-polarized gains for an embedded center 

element at broadside. Excellent agreement is observed across 

the operational bandwidth, with measured co-polarization 

maintaining a variation within ±3 dBi of simulated values. 

Furthermore, the measured gain characteristics demonstrate 

close alignment with theoretical aperture gain predictions, 

confirming the TCDA's conformance to theoretical 

performance expectations. Moreover, there are some minor 

discrepancies between the simulated and measured curves, 

which are mainly attributed to reflections from the feed cables, 

edge effects, and the small size of the array. The 

cross-polarization of H-plane scanning reaches a maximum of 

−20 dBi over the entire working band. Since the element is

designed to be fully symmetrical, the above simulation results

of radiation patterns are all in H-plane for brief.

For the proposed low-profile TCDA with DMB and PNM, 

comparisons among recently reported broadband TCDA are 

also presented in Table II. We can easily find that the proposed 

TCDA stands out for its design of DMB and PNM, which is 

designed to achieve ultra-wide bandwidth, large scanning angle, 

and low-profile. It is worth mentioning that PNM as the WAIM 

replaces the usual dielectric slab superstrate [39]-[42], implying 

much lower profile, lighter weight, simpler fabrication, and 

wider angular scanning. In addition, planar design can save 

more space for deploying other devices in wireless 

communication system. In short, considering the above 

parameters, the proposed phased array antenna shows a 

competitive merit compared to existing works in multiple IoT 

scenes [43]-[49]. Obviously, the proposed phased array 

featuring wideband coverage (L-band, S-band, C-band, and 

X-band) and wide-angle scanning (±70°) can substantially

reduce costs and is well-suited for large-scale deployment in

SATA-IoT vehicular communication terminals.

IV. CONCLUSION

To achieve a phased array with the merits of ultrawideband, 

wide-angle scanning, and low-profile simultaneously, these 

techniques of DMB and PNM are proposed to design a new 

antenna element. Firstly, by realizing better impedance 

transform and controlling field distribution, DMB is introduced 

to improve the impedance matching characteristics at low and 

middle bands. Then, by investigating and adjusting the relative 

permittivity and relative permeability of the equivalent 

metasurface, PNM introducing the two desired resonance 

frequencies obtains wider bandwidth and larger scanning range 

in high band, which is also helpful to achieve a low-profile 

(0.075 λlow). Based on these, a configuration was fabricated and 

measured to verify the TCDA, which realizes 9:1 bandwidth 

(covering L, S, C, X bands) with active VSWR less than 3.3 at 

scan to ±70° in both E/H-planes. Future work will focus on 

system-level beamforming and spectrum-management 

constraints, which warrants further system-level validation for 

SATA-IoT and related IoT vehicular communication.  
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