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Abstract Higher performance, lower cost, and compact size antennas are important in today’s

wireless communication system where everything is connected. Many approaches are developed

over the past twenty years to sustain suitable compact broadband antennas with efficient perfor-

mance in many applications for easy integration and connection of devices, especially in the internet

of things (IoT) technology and cognitive radio networks (CRNs). Broadband planar antennas, such

as the Vivaldi tapered slot antenna (VTSA), are suitable for these applications due to their wide

bandwidth, high gain, simple planner structure, low profile, lightweight, low fabrication cost, and

easy integration with circuits. Although many approaches proposed for TSAs’ compactness and

performance enhancement, this work for the first time presents a comprehensive review of different

types of ultrawide band (UWB) TSA designs focusing on the compactness and performance

enhancement strategies pointing out to pros, cons, and practical applications for the last twenty

years which are also addressed using extensive comparison tables. This comparison seeks to help

both researchers and RF designers grasp the fundamentals of establishing effective steps for Vivaldi

antenna design with high resilience by combining multiple strategies and exploiting their benefits

while avoiding or mitigating their drawbacks.
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1. Introduction

Modern wireless communication systems require efficient and

compact RF/microwave components. These devices should

be compatible with the recent application requirements and

simple to integrate into the system to meet commercial demand

and reduce the power budget needed for mass production [1].

To meet these requirements, size miniaturization and perfor-

mance enhancement are of the more concern issues.

Antennas are key components in most wireless communica-

tion systems that represent their operational characteristics.

They are used to transfer radio electromagnetic waves between

a guided device and a free space [2]. Due to rapid development

in the internet of things (IoT) technology where all devices are

connected, small antennas are required for such connection.

Besides, the easy integration of devices within a wireless com-

munication system, compact antennas help in decreasing the

system power budget that makes them more desirable, espe-

cially in sensor wireless networks [3].

Ultrawide band (UWB) wireless communication is a revo-

lutionary technology that opens excellent opportunities in

the modern wireless communication system due to its special

characteristics such as low cost, high data rate, small physical

size, and less power consumption [4]. In 2002, Federal Com-

munications Commission (FCC) released the first report and

order to authorize the unlicensed use of UWB in 3.1–

10.6 GHz with a restriction in transmit power level to �41.3

dBm/MHz avoiding interference with the coexisting narrow

band frequency technologies such as wireless fidelity (WiFi).

Each radio channel in UWB technology has >500 MHz or

20% bandwidth depending on its center frequency [5].

The special characteristics of UWB technology make it

more beneficial in many applications. These characteristics

include simple and low-cost architecture, fine resolution and

long-range low-radiated power, high data rate transmission,

resistance to jamming, reduced signal diminishing, high

multi-path resolution, and low interference with the existing

signals [6]. Many wireless application areas are enhanced by

UWB technology such as military, security, civilian commerce,

and medicine. In military and security, high resolution, and

penetration of UWB signals are used for target locations such

as in synthetic aperture radar (SAR) technology. However, in

civilian and commercial applications due to its available large

bandwidth, it enhances the accuracy of positioning measure-

ments (in sub-centimeters and sub-millimeters) for precision

locating and tracking of abnormal conditions of civil struc-

tures such as pavements, bridges, buildings, buried and under-

ground pipes. Also, it is used for peer-to-peer fine-ranging

applications such as the monitoring of personal properties.

Furthermore, it helps in avoiding collisions and obstacles for

automobiles and aviation. In medical applications, it helps in

replacing cables, allowing easy patient examination, and mon-

itoring, detection, and imaging of tumors. It also can be used

as a relay to work along with longer-range multimedia technol-

ogy such as Wi-Fi, worldwide interoperability for microwave

access (WiMAX), and cellular wide-area communication

[6,7]. Also, the radar system exploits the large bandwidth of

UWB technology to offer a precise radar resolution that helps

to differentiate between two closely spaced targets [8].

Recent technologies including software-defined radio,

reconfigurable wireless communication, and UWB systems

are becoming increasingly attractive to broadband planar

antennas. This is due to the ease of broadening their band-

width (BW) to >70% and the ability to cover multiple operat-

ing bands. Moreover, the design of broadband antennas is

usually simpler than the multiband narrowband antennas

which will help in reducing the design and fabrication toler-

ances [9,10].
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UWB technology requires an antenna with large BW, high

gain, and stable end-fire radiation. To satisfy these require-

ments, exponential or Vivaldi taper slot antenna (ETSA or

VTSA) with symmetrical radiation pattern (end fire), wide

BW, simple planner structure, low profile, lightweight, low

fabrication cost, and easy integration with circuits are prefer-

ably used in many applications such as UWB see through wall

(STW) [11], mm-wave imaging or focal- plane arrays [12],

microwave imaging (MWI) [13-18], ground penetrating radar

(GPR) [19-27], ground and space communication [28], vehicu-

lar wireless communication [29], stealth aircraft [30], vehicular

to anything (V2X) communication [31], near field imaging [32],

radio astronomy or telecommunication [12,33], wind profile

radar (WPR) [34], satellite microwave power transmission

[35], 2D indoor wireless positioning [36], through-wall radar

(TWR) [37,38], water communication [39], long-distance elec-

tromagnetic detection [40] and microwave moisture detection

(MMD) [41].

TSA is a UWB antenna and it was first proposed in [42] to

be used in mobile telecommunications and radars due to its

low cost and small size. Three slot profiles with different radi-

ation characteristics can be obtained in the TSA: (1) linearly

tapered slot antenna (LTSA), (2) constant width slot antenna

(CWSA), and (3) ETSA or VTSA [43]. The three different pro-

files are illustrated in Fig. 1.

The VTSA shown in Figs. 1 (c) and 2 was proposed by Gib-

son in 1979 for broadband application. It is called a traveling-

wave antenna because when the wave is coupled from the

microstrip line to the slot line, its energy is tightly bound to

the opening width (Wmin) at the beginning of the tapered slot

where the separation between the two conductors is very small.

As the wave leaks away from the microstrip to slot (M/S) tran-

sition moving toward the aperture width (Wmax) in which the

separation is increased gradually, its energy becomes weaker

and the wave is radiated to the free space [44]. The current

of this antenna will have the same amplitude but different

phases [45].

As it is shown from the configuration of VTSA in Fig. 2, a

quarter wavelength slot (Lqw) is connected to the exponentially

tapered slot which is according to [2] defined by.

yðxÞ ¼ �Aer�x ð1Þ
where A is half Wmin, r is the taper rate which plays a signifi-

cant role in its bandwidth and gain. � is the position along the

tapered slot length (LT). As the antenna length (Lant) is

increased by increasing LT, the directivity and beamwidth will

also improve. Wm, Lm, re in Fig. 2, are the microstrip feed line

width, microstrip feed line length, and offset of the slot from

the ground, respectively.

Theoretically, the BW provided by the exponentially

tapered slot (flare) should be unlimited but it is practically lim-

ited by other parameters in the antenna such as the whole

antenna size and the matching parameters in the M/S transi-

tion [46].

The best design equations for VTSA performance are

described in [2]. The microstrip feed line is preferably located

Fig. 1 TSA types: (a) LTSA, (b) CWSA, and (c) ETSA or VTSA.

Fig. 2 (a) 2D and (b) 3D configuration of VTSA [47].
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along the X-axis to eliminate any unwanted radiation from it

and to be easily attached to the SMA connector as shown in

Fig. 2 [48]. Fig. 3(b) depicts the equivalent circuit for the uni-

form (rectangular/rectangular) M/S feeding transition, which

is utilized to improve matching by coupling the electromag-

netic waves from the microstrip stub and slot line in the tran-

sition via a n:1 transformer [49]. The series Xm and shunt Xs

reactances are used to represent the capacitive and inductive

effects of the open-ended microstrip line and short-ended slot

line, respectively. Z0m, Z0s are the microstrip and slot line char-

acteristics impedances, respectively [50].

There are many other M/S transitions shapes used in the lit-

erature to improve the matching and enhance the BW and gain

such as (Rectangular/Circular) [51–53], (Radial/Circular)

[11,15,16,24,25,27,35,36,40,43,45,54–73], (Circular/Circular)

(Chareonsiri et al., 2017a; K. Ma et al., 2014; Y.-W. Wang

et al., 2013 2014; J. Wu et al., 2012), (Radial/Quasi-circular)

[79] (Radial/Rectangular) [80], (Radial/Rhombus) [81],

(Radial/Radial) [82–84], collinear [85] and (Y/Y) in [14]. In

addition to M/S transition, other types of transitions and tech-

niques are used to feed the TSAs such as strip to microstrip

line (S/M) transition [86], via to open slotline [87], grounded

coplanar waveguide (GCPW) to substrate integrated waveg-

uide (SIW) [88], microstrip-to-coplanar parallel strips (M/

CPS) transition [89], stripline-to-slotline (S/S) transition

[30,39,90], coplanar waveguide (CPW)[17], CPW to slot line

(CPW/S) transition [17,20,91–100], CPW to coupled stripline

(CPW/CPS) transition [22], microstrip to coplanar stripline

(M/CPS) [101] and balun [13,31,33,98,102–105].

Besides LTSA, CWSA, and ETSA many TSA profiles are

designed to enhance the antenna performance such as doubled

exponentially tapered slot antenna (DETSA) or bunny ear

[22,106–110], dual-parabola tapered-slot antenna (DPTSA)

[64] and [55], logarithmically tapered slot profile antenna

(logTSA) [111], asymmetric TSA (Asym TSA) [51,52], asym-

metrical LTSA (ALTSA) [100], Chebyshev transformer profile

TSA [57,112], Fourier series profile TSA [113], square cosine

profile TSA [114], binomial impedance transformer profile

TSA [78], spidron fractal TSA (SFTSA) [115] and double slot

TSA [75,76,116–122]. These types are summarized in Fig. 4.

In general, an antenna should be designed to perform well

within the operating frequencies of a certain wireless commu-

nication application [9]. Because of the unique characteristics

of VTSA in the UWB applications, researchers have worked

for years to compact its size while maintaining good perfor-

mance to satisfy the consumer demand for compatibility and

low cost. A hot topic in microstrip antenna design is the chal-

lenge of designing a compact antenna with a large BW [10]. So,

to avoid the drawbacks of reducing the TSA’s size, the focus in

this comprehensive review is also on improving the antenna

performance in terms of enhancing gain, broadening the

BW, and reducing the cross-polarization and side lobe levels

(SLLs). In addition to this section, Section 2 talks about the

different applications of TSA, while Section 3 discusses the

miniaturization and performance enhancement techniques

applied in the literature to TSA. Finally, Section 4 concludes

the work.

2. Applications of different TSAs

Various TSA configurations with enhanced performance are

designed for suitable applications. To meet the performance

of target identification and imaging in an airborne long-

range surveillance radar, DETSA was first designed in [106].

A complete study of the main VTSA features and properties

used for MWI detection is addressed in [13], where NEC2 code

simulations are used to prove the exponential taper scaling

invariance and the current distribution. Furthermore, a feed-

ing Y-balun between a coplanar waveguide and a slotline with

the use of some air bridges linking the Y-balun slots are used

for the first time. However, in [104] they derived a scaling prin-

ciple for the VTSA and used a double Y-balun feeder. Asym

TSA is designed in [51] to meet the requirement for vertical

pattern synthesis in the base station of a mobile communica-

tion system such as filling nulls and suppressing SLLs in the

lower and upper part of the vertical pattern to avoid blind spot

 

Types of 

TSA 

Asym 

TSA 

DETSA DPTSA

logTSA 

LTSA 

CWSA ALTSA 

SFTSA

Chebyshev 

transformer 

profile TSA 
Fourier 

series profile 

TSA 

square cosine 

profile TSA 

binomial impedance 

transformer profile 

TSA 

Fig. 4 Different types of TSA.

Fig. 3 The VTSA (a) M/S transition (b) equivalent circuit [50].
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and mitigate the multipath fading, respectively. For UWB

applications such as radar and positioning, impulse distortion

is minimized in [87] by replacing M/S (radial/circular) transi-

tion with via to open slotline transition. A Compact 8 � 1

(2–4 GHz) VTSA array based on a Wilkinson power divider

(WPD) feeding network is designed in [11] with a gain higher

than 12 dBi suitable for STW applications. Authors Vu et al

designed compact UWB (1–5 GHz) VTSA suitable for

impulse-based electromagnetic beamforming [123]. Authors

in [15] and [14] designed VTSAs with improved performance

and low cross-polarization, respectively suitable for UWB

MWI applications.

DPTSA phased array (45� wide scan: 1.6–9 GHz) is used in

[55] for telecommunication and radar applications. A compact

VTSA with a novel small size wide band collinear M/S transi-

tion, a metallic reflector, and a fork-shaped metallic carrier is

proposed in [85] to be used for wireless personal area network

(WPAN). For the application of detection systems with high

resolution such as the detection of human body-worn con-

cealed weapons, UWB (0.25–4 GHz) VTSA with high directive

properties is proposed in [124]. A novel wideband (2.2–6 GHz)

DETSA is proposed in [22] and tested for GPR application for

detecting a buried target in soil.

UWB (3–8 GHz), and (2.28–5.68 GHz) VTSAs are pro-

posed in [81] and [80], respectively for microwave breast imag-

ing. However, the UWB (5.81–9.83 GHz) VTSA in [125] is

designed for brain tumor detection. A novel compact TSA sim-

ilar to VTSA with larger BW (0.64–6 GHz) suitable for GPR

application is proposed in [20]. Compact UWB ALTSA with

essential time-domain fidelity suitable for portable RF imaging

systems, or a possible sensor element in a UWB radar array

application is proposed in [100]. UWB VTSA (5–10 GHz) is

used in [45] for microwave breast-based cancer detection.

Authors in [115] designed SFTSA with reduced size for S

and X bands radar applications. To reduce the number of tele-

scope receivers for a square kilometer array (SKA) radio tele-

scope feeding system, authors in [126] used a combination of

CPW/S and M/S feeding to design a compact UWB VTSA

with two exponential taper profiles. Experimental time-

domain validation of near field to near filed (NFNF) and near

field to far filed (NFFF) transformations is presented in [21]

using UWB (0.5–3 GHz) VTSA for GPR applications. A com-

pact wide-band dual-polarized VTSA suitable for passive elec-

tronic reconnaissance, passive radar, and wideband

communication and detection is designed in [98]. Dual and sin-

gle polarized VTSAs with k/4 bulan and Y-Y transition are

proposed in [31,29] for V2X communication measurements

and vehicular IEEE 802.11a WLAN applications, respectively.

In [127], the Vivaldi monopole antenna with omnidirectional

radiation pattern is proposed to cover a wide range of LTE

mobile communication (LTE700, GSM850, GSM900,

DCS1800, PCS1900, WCDMA2100, Bluetooth, WiMAX2350,

WLAN2400, and LTE2600 standards). For radio astronomy

and telecommunication application, mm-Wave TSA with opti-

mized profile, three variable corrugation zones, and enhanced

radiation properties such as low cross-polarization and

reduced SLLs is proposed in [12]. In [25], a compact UWB

(1.17–4.75 GHz) with corrugations is proposed to get a narrow

beam and high gain suitable for GPR and STW applications.

A compact double slot structure (0.7–2.7 GHz) VTSA with

in-phase and 180� out-of-phase differential feeding cases, is

proposed in [121] with a rotated angle of 29� between them

for base station diversity applications in cellular and LTE

bands. The small size, wide BW, and stable gain of (0.5–

2.5 GHz) VTSA is used in [38] to build UWB MIMO radar

system for through-wall radar (TWR) imaging. In [84], a com-

pact wideband LTSA is proposed for radar sensor application.

Without the use of a plano-convex aspherical lens and a para-

bolic mirror, a compact Vivaldi antenna is proposed in [128] to

work efficiently for terahertz (THz) photomixing devices. In

[129], a 3D Vivaldi antenna is used to build a compact

system-on-antenna (SoA) front-end module that outperforms

a ridged horn antenna-based design in terms of power recep-

tion. A high gain 2 � 4 TSA array is proposed in [39] for water

communication. Recently, in [130], [131,132] and [41] lenses

are loaded with Vivaldi antennas (VAs) for high gain applica-

tions imaging, wireless Communications and through-the-wall

imaging, and microwave moisture MMD, respectively. A com-

pact UWB (2.5–8.5 GHz) VA is designed in [40] for long-

distance electromagnetic detection., Fig. 5 summarizes the

applications of TSA in the period 2004–2022.

3. The miniaturization and performance enhancement techniques

This section includes two main subsections: Section 3.1, dis-

cusses various techniques used in the literature to reduce the

size of TSA; however, Section 3.2 focuses on the techniques

used to enhance the performance of TSA in terms of matching,

WPAN  [85]

water [39], mobile [51]and

V2X communication [31]radio astronomy and 

telecommunication  [12]

MWI [13 15]

GPR [19 27]

vehicular WLAN [29]

STW [11]

breast cancer [45,80,81] and 

brain tumor detection [125]

radar [55,87,100]

human body-worn 

concealed weapons[124]
long-distance electromagnetic 

detection [40]
Applications

TWR [37,38]

MDM [41]

Fig. 5 Use of TSA in different applications.
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BW, gain (directivity), diversity, radar cross section (RCS),

SLLs and cross-polarization.

3.1. Miniaturization techniques

The main goal of reducing the antenna size is to be compatible

with the recent industrial requirements and easily integrated

with other circuits, resulting in a cost-effective wireless com-

munication system with lower power consumption [1]. The fol-

lowings are the techniques used in the literature for the last

18 years to reduce the size of the TSA or more specifically

the VTSA.

3.1.1. Removing parts from the radiator’s edge

In order to reduce the size of the ETSA (flared notch antenna),

the conducting edges of its radiating patch (or ground plane

edge) are removed so the surface current is mainly distributed

in the narrow area of the slotline sides which in turn increases

the electrical length. This idea was first established in designing

DETSA in [106] by exponentially tapering the outer edge of

the slot line conductor and using a coaxial cable to feed the

antenna as shown in Fig. 6. In addition to the compactness

purpose, DETSA was proposed to overcome the limitation

of ETSA in terms of asymmetric surface current distribution

on the radiating element that hinders the propagation of

low-frequency components [106].

Following the same concept of [106] and to get more com-

pactness, a CPW/CPS transition is used to design low band

UWB DETSA in [99,22] as shown in Fig. 7(a) and (b), respec-

tively. Also, a compact flexible UWB DETSA based on liquid

crystal polymer (LCP), suitable for conformal packing and

integration with other components is designed in [107] as

depicted in Fig. 7(c). The author in [108] exploited the high

dielectric constant of FR4 substrate to design a compact

UWB DETSA with good impedance matching (VSWR < 1.9)

and stable radiation patterns. Other compact wideband (6–

9 GHz) and UWB (6–18 GHz) DETSAs are proposed in

[109,110], respectively. A 7.7 % size reduction is obtained

when the VTSA in [55] is modified so its inner and outer edges

are parabola tapered getting DPTSA as shown in Fig. 7(d).

The same concept in etching the radiator’s edges is applied

in [115,101] to reduce the antenna size resulting in spidron

fractal tapered slot antenna (SFTSA) and ETSA with

Electric-Magnetic type as depicted in Fig. 8(a) and (b), respec-

tively. For more compactness in [101], the substrate is cut at

the corner as shown in Fig. 8(b).

Authors inserted a pair of triangular slots, a pair of quarter

circular slots, a pair of tapered slots, two pairs of eye-shaped

slots, a pair of annular slots, a pair of symmetrically tapered

slots, a pair of semi-elliptical slots, a pair of symmetrical expo-

nential slots, a pair of tapered slot edge (TSE) and a pair of

symmetrical resonant structure in the radiation patches to

reduce the size of the proposed UWB LTSA [94], UWB ellip-

tically TSA [95], UWB VTSA [83,77], X- band VTSA [73],

tapered slot edge antenna (TSEA) [67], double-layered struc-

ture (2.2–19 GHz) and (2.5–11 GHz) VTSAs [86,90], broad-

band (2.6–20 GHz) TSA [97], and wideband VTSA used for

circular array [133], as illustrated in Fig. 9(a-j), respectively.

3.1.2. Corrugations

Generally, corrugations are added to the antenna by inserting

or etching slits or slots in its radiator. They help to concentrate

the current [106] which will increase the electrical length and

reduce the size of the antenna. In [93], corrugations of horizon-

tally loaded slots are added to the UWB (3–11.4 GHz) broken

line TSA for compactness as shown in Fig. 10(a). An addi-

tional 21.25 % size reduction is obtained in [94] by modifying

the compact LTSA explained in Fig. 9(a) to have one triangu-

lar slot only resulting in asymmetrical LTSA (ALTSA) and

adding rectangular slots to the non-slotted edge as illustrated

in Fig. 10(b). 15.47 % and 50 % size reductions are obtained

in the proposed (3.55–12 GHz) and (0.8–15.5 GHz) UWB

VTSAs by inserting five pairs of rectangular slits [59] and 37Fig. 6 Configuration of the first DETSA [106].

Fig. 7 Layouts of (a) CPW-fed UWB DETSA [99], (b) modified (2.2–6 GHz) DETSA with CPW to CPS transition [22], (c) conformal

UWB DETSA with C1 = 0.76 exp(0.16y), 0 < y < 8.53 cm, C2 = 0.012 exp(0.48y), 0 < y < 10.67 cm, d1 = 12 mm, d2 = 42.92 mm,

L1 = 24 mm, L2 = 21.4 mm, D = 66.4 mm and L = 130.7 mm [107], and (d) DPTSA as compared to VTSA [55].
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pairs of rectangular slots [30] into the two edges of the radia-

tor. Fig. 10(c-d) shows the layout of compact TSA and

UWB (3–11.4 GHz) proposed in [134] and [38] where rectangu-

lar corrugations with multi-section binomial transformer

(BTSA) and different-size rectangular slots are used to reduce

their size. Specially shaped [131] and gradient elliptical slots

(ES) [135]corrugations are etched on the outer edges of the

VA arms for compactness as shown in Fig. 10(e) and (f),

respectively. Recently, in [40], an 80 % size reduction is

achieved by etching a series of optimized symmetric triangular

slots in the UWB (2.5–8.5 GHz) VA shown in Fig. 10(g).

3.1.3. Short pins and resistive loading

Short pins and resistors are loaded at the end of the open

microstrip stub and slot of the TSA M/S feeding transition

to control and lower down the resonant frequency which will

increase the electrical length. This control is achieved by miti-

gating the capacitive and inductive effect of the frequency-

dependent components of the open stub and short-circuited

slot line which mainly affects the matching and increases the

resonant frequency. Using this concept, the short pin and chip

resistor are loaded to the microstrip stub and slot line (M/S

transition feeding), respectively to miniaturize the size of the

proposed (1–20 GHz) and (0.36–4 GHz) VTSAs in [136,137]

as illustrated in Fig. 11(a) and 11(b), respectively.

3.1.4. Optimization via parametric studies

Effective parametric studies can be utilized to successfully

reduce antenna size while evaluating the influence of compact-

ness on its performance. In [15,82,74,80,65,26] the size of

UWB (1.18–4.4 GHz) VTSA, UWB (2.8–10.3 GHz) VTSA,

wideband (2.6–10.2 GHz) LTSA, (2.28–5.68 GHz), (0.7–

12.7 GHz) and 0.5 GHz VTSAs, respectively was reduced

based on the simulator’s parametric studies. The proposed

antennas with their dimensions are illustrated in Fig. 12(a–f).

3.1.5. Changing the antenna structure

Also, compactness can be achieved by changing the shape of

the antenna’s tapered slot profile or M/S transition. Compact-

ness is used to sustain a suitable small taper slot profile length

while maintaining good performance in terms of BW and gain

as in [57,112] where a closed design procedure for the taper slot

profile of (0.46–2.98 GHz) TSA is used by applying a stepped

quarter wave Chebyshev transformer with simple curve fitting

as shown in Fig. 13. In [20], compactness with enhanced BW is

achieved by changing the structure of CPW feed (0.64–6 GHz)

TSA to have an approximate elliptic metal area and one trian-

gular slot to the left and the other right slot is similar to VA

which is considered as the main aperture. At the end of the tri-

angular slot, a resistor is used to mitigate the strong reflections

of discontinuous points of the antenna. The layout and VSWR

of the proposed antenna are shown in Fig. 14(a) and (b),

respectively. However, in [127], 77.61 % size reduction is

obtained by modifying the complete VA to half Vivaldi

(Monopole) as depicted in Fig. 14(c) and (d) in order to get

wideband omnidirectional radiation suitable for LTE mobile

communications.

mm, R3 = 18.048 mm, and R4 = 19.2 mm, and (b) VSWR

of the proposed antenna in [20] and(c) layouts of modifying the

VA from complete to half to the modified one with

L = 73 mm, W = 69 mm and Sp = 26.4 mm [127].

Recently, in [47], a detailed parametric study is performed

on the simply designed UWB VTSA proposed in [138] to ana-

lyze the effect of changing the M/S transition shape. Fig. 15(a–

d) illustrates the layouts with the final reduction percentages of

the analyzed VTSAs with different transition shapes (Model A:

(Rectangular/Rectangular), Model B: (Taper/Taper), Model

C: (Trapezoidal/Rectangular), and Model D: (Circular/Circu-

lar)). As illustrated in Fig. 15(d), a 19.25 % size reduction is

obtained in Model D as compared to Model A. The optimized

parameters of each model can be found in Ref. [47] (Table 3).

Avoiding the difficulties of the previous methods and based on

nonuniform transmission line (NTL) theory [139–145], a new

theory called exponential or Vivaldi non-uniform slot profile

antenna (ENSPA) or (VNSPA) theory is developed in [146]

to simply reduce the size of the taper slot length of the compact

UWB VTSA (Model D) designed in [47] by 33 % and a final

size reduction of 51.94 % by performing parametric studies.

This new antenna is called Vivaldi nonuniform slot antenna

(VNSA) and its layout is shown in Fig. 16.

A comparison between these techniques is addressed in

Table 1. In addition to the compactness (C) discussed in Sec-

tion 3.1, different strategies are employed on the same antenna

to improve BW (B"), gain (G"), directivity (D1"), diversity
(D2"), matching (M"), radiation efficiency (RE") or reduce

Fig. 8 Layouts of (a) SFTSA with W = 35.8 mm, L = 24 mm, L1 = 10.74 mm, L2 = 6.25 mm, L3 = 5.49 mm, L4 = 9.28 mm,

w1 = 0.27 mm, fs = 5 mm, fw = 1.12 mm, a = 40.2�, h = 17.9 mm and t = 0.51 mm [115] and (b) ETSA with Electric-Magnetic type

having W1 = 1.3 mm, L1 = 5 mm, W2 = 0.6201 mm, R = 12.6521 mm, L2 = 15.3502 mm, L3 = 12.0250 mm, W3 = 0.9286 mm,

L4 = 12.2245 mm, W4 = 1.4509 mm, W4 = 2.4430 mm, W5 = 2.4430 mm, L5 = 11.3123 mm, W6 = 4.4424 mm, L6 = 11.8757 mm,

W7 = 4.6130 mm, L7 = 11.7312 mm, W8 = 6.3621 mm, L8 = 11.2550 mm and ɵ = 78.4998� [101].
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SLL;, RCS;, cross-polarization (CP;) and HPBW;. Details of

enhancement techniques will be addressed in the following sec-

tion (Section 3.2).

3.2. Performance enhancement techniques

Despite the fact that certain wireless communication applica-

tions prefer a compact antenna over one with better perfor-

mance, others aim for better performance regardless of the

size. Additionally, some applications need a compact, highly

effective antenna. This section discusses the most common

methods in the literature used to improve the TSA perfor-

mance such as corrugations, adding directive elements, modi-

fying the structure of antenna and feeding, optimization

techniques, and arrays.

3.2.1. Corrugations

In addition to reducing the size of an antenna, corrugations are

used to improve the BW and gain by adding additional reso-

nances [80] and extending the electrical length due to current

distributed in the narrow area of the slots or slits [106], respec-

tively. To enhance the gain, BW, and radiation at the lower

Fig. 9 Layouts of (a) UWB LTSA with a pair of triangular slot having L1 = 17 mm, tw = 15 mm and tl = 18 mm [94], (b) UWB

elliptically TSA with a pair of quarter circular slots having W = 37 mm, L = 34 mm, R = 14 mm, R1 = 12 mm, R2 = 24 mm,

w = 3.2 mm, s = 0.3 mm, l1 = 8.3 mm, l2 = 1.8 mm, l3 = 7.4 mm, l4 = 4.4 mm and l5 = 1.4 mm [95], (c) UWB VTSA with a pair of

tapered slots having W1 = 2.5 mm, W2 = 38.2 mm, Wa = 8 mm, L1 = 15.5 mm, L2 = 27.2 mm, La = 7.5 mm, d1 = 5.8 mm,

d2 = 5.6 mm, S1 = 1.5 mm, S2 = 1.1 mm, S3 = 0. 75 mm, Rm = 3.1 mm, Rs = 3.8 mm, d = 1.8 mm and g = 0.7 mm [83], (d) UWB

VTSA with two pairs of eye-shaped slots having L = 36 mm, L1 = 21 mm, L2 = 11.5 mm, L3 = 14.8 mm, L4 = 11.6 mm, W = 36 mm,

Wa = 20 mm, Ws1 = 14.5 mm, Ws2 = 16.5 mm, D1 = 4 mm, D2 = 4.8 mm, Lf = 1.46 mm, Lm = 5.02 mm, Ls1 = 7.7 mm, and

Ls2 = 6.5 mm, (e) X-band VTSA with a pair of annular slots having L = 18 mm, W = 14 mm and s = 0.2 mm [73], (f) TSEA with a pair

of symmetrical tapered slots having W = 150 mm, W1 = 31 mm, W2 = 43.3 mm, W3 = 47 mm, W4 = 58.9 mm, L = 258 mm,

L1 = 206.2 mm, L2 = 36 mm, L3 = 221.8 mm, L4 = 17.3 mm, L5 = 185.2 mm, L6 = 193 mm, and R1 = 15 mm [67], (g) VTSA with semi

elliptical slots having L = 60 mm, W = 50 mm, L-u = 35 mm, Ls = 10.5 mm, Ws = 3 mm, W1 = 44.8 mm, W2 = 4.3 mm,

W3 = 0.9 mm, W4 = 6.35 mm, L1 = 1 mm, L2 = 7 mm and L3 = 42.6 mm [86], (h) VTSA with symmetrical exponential slots having

W = 36 mm, L = 32 mm, W1 = 1 mm, W2 = 0.55 mm, W3 = 0.35 mm, R1 = 2.8 mm, R2 = 2.6 mm, and L1 = 3.4 mm [90], (i)

broadband TSA with a pair of tapered slot edges having L = 70 mm, L1 = 10.8 mm, l2 = 6 mm, L3 = 5 mm, L4 = 11.5 mm,

L5 = 13.5 mm, L6 = 15 mm, Rs = 8 mm, W = 50 mm, Wf1 = 2 mm, Wf2 = 0.4 mm, Wp = 40 mm, g = 0.2 mm and ɵ = 2pi/3 (rad)

[97] and (j) wideband VTSA with a pair of symmetrical resonant structure [133].
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Fig. 10 Layouts of UWB TSA with (a) three pairs o of horizontally loaded slots having W = 35 mm, L = 30 mm, Ws1 = 2 mm,

Ws2 = 2.5 mm, Ws3 = 2.5 mm, Ls1 = 10 mm, Ls2 = 11.2 mm, Ls3 = 12.7 mm, Lo1 = 15.9 mm, Lo2 = 18 mm, Wst = 1.6 mm,

Lst = 6 mm, Wf = 2.6 mm, Lf = 10 mm, g = 0.3 mm, and a = 12.8� [93], (b) ALTSA with rectangular slits having L = 36 mm,

W = 35 mm, W1 = 9.7 mm, W2 = 13.2 mm, L1 = 17 mm, tw = 15 mm, tl = 18 mm, l1 = 4.1 mm, l2 = 7.3 mm, l3 = 8 mm,

l4 = 27.5 mm, w = 3.2 mm, s = 0.3 mm and CL = 11 mm [94], (c) with rectangular slots having Wa = 50 mm, La = 100 mm,

Lg = 8 mm, Ls = 8 mm, Lt = 84 mm,W= 26 mm,Ws = 1 mm andWsl = 1 mm [78], (d) different size rectangular slots[38], (e) specially

shaped corrugations having wa = 220 mm, wb = 17.13 mm, ha = 238 mm, Rf = 60 mm, Ce = 77.6 mm, ue = 37.13⁰, l1 = 1.7 mm,

wl2 = 0.75 mm, Rs = 12 mm, Rl = 17.38⁰, us = 80⁰, dl = 18.25 mm, Sc = 1.4 mm, Rc = 14 mm, hc = 26.5 mm and hs = 0.813 mm

[131], (f) gradient elliptical slots (ES) having L = 72 mm, W = 41 mm, ps = 29 mm, V1 = 6 mm,V2 = 8 mm,V3 = 10 mm, V4 = 12 mm,

U1 = 2 mm, U2 = 3 mm, U3 = 4 mm, U4 = 5 mm, gap = 5 mm [135] and (g) series of optimized symmetric triangular slots having

W = 55 mm, L = 82 mm, a = 4 mm, b = 8 mm, R = 4 mm, d1 = 9 mm, d2 = 7.5 mm, d3 = 1.5 mm, d4 = 2.5 mm. d5 = 8 mm,

l1 = 5 mm, l2 = 8 mm, l3 = 23 mm, R1 = 6 mm, w = 1 mm, C1 = 20.6 mm and C2 = 16 mm [40].

Fig. 11 Layouts of (a) broadband (1–20 GHz) VTSA with short pin and a resistor having L = 46 mm, Wm = 0.5 mm, Ws = 0.4 mm,

a = 22 mm, b = 70 mm, and d = 62 mm [136] and (b) wideband (0.4–4 GHz) VTSA with a short pin, three resistors and comb slots

having W = 120 mm, L = 155 mm, W1 = 100 mm, W2 = 72 mm, L1 = 64 mm, R1 = 100 O, R2 = 100 O, R3 = 1000 O, t1 = 6 mm,

Lr = 5 mm, line1 = 5 mm, line 2 = 15 mm, line3 = 15 mm, line4 = 12 mm and line5 = 5 mm [137].
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operational frequency band of the proposed compact UWB

(2.8–10.3 GHz) VTSA (ANT-A) in [82], constant length

(ANT-B) and varying length (ANT-C) corrugations are used

with the best result for ANT-C as shown in Fig. 17(a-c). In

[147] for wideband application, corrugations of invert-L slots

edge (ILSE) shape are added to the proposed ETSA as

Fig. 12 Layouts of (a) UWB (1.18–4.4 GHz) VTSA with Ws = 0.15 mm, Wm = 1.9 mm, Wt = 71.92 mm, Lt = 53 mm,

R0 = 8.015 mm, Lo = 1.7 mm, d = 19.68 mm, R1 = 15 mm, k = 80 mm and R = 0.1 mm [15], (b) UWB (2.8–10.3 GHz) VTSA with

L = 30 mm, H= 36 mm, D= 36 mm, Wm= 0.6 mm, S = 0.12 mm, R= 0.21 mm, Rm= 4 mm, and Rs = 4.1 mm, (c) wideband (2.6–

10.2 GHz) LTSA with L = 38 mm, W = 32 mm, r1 = 3.5 mm, r2 = 1.5 mm, r3 = 2.5, r4 = 1.6 mm, g = 0.4 mm, s = 4 mm, d = 3,

d1 = 12 mm, and d2 = 8 mm, (d) UWB (2.28–5.68 GHz) VTSA with Lg = 28 mm, Wg = 21 mm, Y1 = 8.8 mm and X1 = 8 mm [80], (e)

(0.7–12.7 GHz) antipodal structure Vivaldi (ASV) antenna with b= 25 mm, d= 25 mm, L0 = 13.5 mm,Wst = 1.27 mm,Wst1 = 3.2 mm,

a = 110�,Dr = 1.9 mm, d1 = 3 mm, L2 = 1.25 mm, and L1 = 1.125 mm [31], and (f) 0.5 GHz VTSA with pipe like structure feedline

having ls = 65 mm, Ws = 60 mm, Wa = 3 mm, Wf = 4.5 mm, L1 = 54.5 mm, l2 = 63 mm, L3 = 33 mm, H1 = 8.5 mm, H2 = 9 mm,

H3 = 8 mm, Ra = 12.5 mm, Rg = 5 mm, Lg = 6.5 mm and Hg = 1.75 mm [26].

Fig. 13 (a) The optimum set of points, (b) the optimum region (grey color) of Chebyshev steps for minimum VSWR and maximum power

transfer gain, (c) VSWR, and (d) photograph of the proposed antenna [57].

Fig. 14 (a) The layout with W = 130 mm, H = 70 mm, L = 31.25 mm, ws = 2 mm, g = 0.25 mm, D = 10 mm, s = 1.5 mm, l = 24 mm,

R1 = 40 mm, R2 = 50.
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depicted in Fig. 17(d) to enhance its BW by 7.7 % and gain by

20 %, 4.3 %, and 6.5 % at 4 GHz, 6 GHz, and 8 GHz, respec-

tively. Fig. 17(e) and 17(f) illustrate the simulated VSWR and

gain of ETSA with ILSE as compared to the conventional

ETSA and ETSA with rectangular slots edges (RSE). For

stealth application, TSA should be designed to have low

RCS which is achieved in [73] by etching a pair of annular slots

on the radiation patch of the compact X-band VTSA that was

explained in Section 3.1.1 and Fig. 9(e). The RCS is shown in

Fig. 17(g).

The uniform and nonuniform corrugations along with the

triangular slot in the designed compact ALTSA in [95] are used

to enhance the BW and gain as depicted in Fig. 18(a) and (b),

respectively. Whereas they are used with a pair of circular slots

to reduce the cross-polarization levels (below �20 dB) of the

compact ETSA in [95]. The layout and the radiation pattern

of the proposed ETSA with nonuniform corrugations are

shown in Fig. 18(c) and (d), respectively. In addition to the

compactness achieved in the designed UWB (3–11.4 GHz) bro-

ken line TSA [93], UWB (3.55 –> 12 GHz) VTSA [59], UWB

(2.92–11.91 GHz) BTSA [79] and UWB VTSA [135]using cor-

rugations, they are also assisted in enhancing the BW by 13.91

%, 55.85 %, 1.89 % (Sim) and 15.87 % (Sim) as shown in

Fig. 18(e), (f), (g) and (h), respectively (see Figs. 19 and 20).

3.2.2. Adding directive materials

As the directive materials (lenses, metamaterials, metals, and

resistive loading) are loaded in (usually called grating ele-

ments) or in front of the TSA’s aperture (radiation region),

the electromagnetic wave will be pulled towards it, causing

the radiation pattern to be single-directional which in turn will

improve the antenna directivity (gain). To achieve this pur-

pose, various strategies are discussed in the following

paragraphs.

The tapered slot profile of the LTSA depicted in Fig. 21(a)

allows for a larger slot size, where five metal strips are added as

a director for gain enhancement [52]. Fig. 21(b) and (c) show

that, in comparison to LTSA without directive elements, the

simulated BW and peak gain are higher by 17.84 % and

26.28 %, respectively. Printed lenses are added in [149] to

the aperture of the wideband (1–3 GHz) VTSA shown in

Fig. 21(d) to reduce the SLL and enhance its matching and

gain by 19.9 % and 11.19 % as shown in Fig. 21(e) and (f),

respectively (dash: without lens and solid: with lens).

Since the impedance of anisotropic inhomogeneous (IA)

zero-index metamaterials (AI-ZIM) can be easily matched with

the background while maintaining high efficiency, they are

inserted compactly in [56] based on meander lines to the aper-

ture of UWB VTSA as illustrated in Fig. 22(a) to improve its

directivity (gain) and BW. From the measured insertion loss

and gain in Figs. 22(b) and 21(c), respectively, one can notice

that the BW and maximum gain were enhanced by 1.66 %,

6.33 %, and 26.02 %, and 33.69 % using single and multilayer

AI-ZIM, respectively. Authors in [58] inserted compact

meander-line-based inhomogeneous epsilon-near-zero artificial

metamaterials (IA-ENZ-AM) in the extended dielectric space

in front of the UWB VTSA aperture depicted in Fig. 22(d)

to enhance the BW and maximum gain by 17.71 % and 18.7

%, respectively as shown in Fig. 22(e). In addition to using a

single-layer Linear-to-circular polarization conversion Meta-

surface (LTC-PCMS) to steer the electromagnetic waves,

dual-layered multifunctional MSs are used to enhance the gain

and decrease beam width of (9.12–10.2 GHz) VA [150] as illus-

trated in Fig. 23(a and b).To enhance the directivity of the pro-

posed (2–18.7 GHz) VTSA in [63], three metal patches are

loaded in the aperture as illustrated in Fig. 23(c). The simu-

lated BW and maximum gain are enhanced by 5.89 % and

16.79 % as depicted in Fig. 23(d) and (e), respectively.

Dielectric sheets are used to cover the conventional VA

(DSCVA) in [68] to enhance the gain and reduce HPBW and

SLL without increasing the antenna length, where these sheets

are used to couple the space wave to be radiated in the end-fire

direction as shown in Fig. 24(a). Moreover, for extra high gain,

the designed antenna was elongated with a trapezoid-shaped

Fig. 15 Layouts of the proposed UWB VTSA models: (a) A withWant = 43.92 mm and Lant = 35.42 mm, (b) B withWant = 43.9 mm and

Lant = 34.9 mm, (c) C with Want = 43.36 mm and Lant = 34.9 mm, and (d) D with Want = 42.9 mm and Lant = 29.28 mm [47].

Fig. 16 Layout of the compact UWB VNSA having

Wmax = 20.9 mm, LN = 16.75 mm, Wmin = 0.286 mm,

radsl = 1.505 mm, Lm = 20.7 mm, Wm = 1.3 mm,

re = 0.5 mm, Want = 29.8 mm, and Lant = 20.26 mm [146].
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Table 1 Comparison between TSAs using different compactness techniques (2004–2022).

Ref. h(mm)/

er

S11(dB)/VSWR at Frequency

Band (GHz)

Gain Min-

Max (dBi)

C/B"/M"/GE"/CP;/RE"/SLL;/RCS; techniques Feeding Circuit area

mm2

[99] 1.575 /

2.2

< �10 at 2.8–5.8 4.7 DETSA: C CPW/S 45 � 36.7

[107] 0.2 /3.1 < �10 at 3.1–10.6 7–12 DETSA: C SMA 130.70 � 66.4

[136] 0.5 /4.4 <2 at 1–20 0.9–7.8 Short pin and chip resistor in M/S transition: C, B" & G" M/S 70 � 62

[108] 1.6 /4.4 <1.9 at 3.1–10.6 NA DETSA: C coaxial 41.32 � 23.22

[15] 1/4.4 <2.07 at 1.18–4.4 1.63–8.4 Parametric studies: C & B" M/S: Radial/

Circular

75 � 75

[82] 0.64 /

10.2

< �7.4 at 2.9 –10.8 2.7–8.54 Parametric studies: C, Constant and varying length corrugations: B" & G" M/S: Radial/

Radial

36 � 36

[55] 1.5/

2.65

< �10 at 2–11 NA DPTSA: C, M" & B" M/S: Radial/

Circular

60 � 20

[93] 1 /4.4 < �10 at 3–11.4 3–7.4 Horizontally loaded slots: C & B" CPW/S 35 � 30

[22] 1.5 /4.4 < �10 at 2.2–6 4.55–7 DETSA with antenna arms rolled back loaded with two lumped resistors: C & B" CPW/CPS 258 � 210

[94] 0.8 /4.4 <-9.13 at 3.17–10.9 2.85–8 Rectangular slots on one edge and one triangular slot on the other edge: C, B", G" & CP; CPW/S 36 � 35

[74] 0.5/4.4 < �12 at 2.6–10.2 0.2–5.73 Parametric studies and a tapered cross-feeding shape.: C M/S: Circular/

Circular

38 � 32

[80] 1 /4.4 < �10 at 2.28–5.68 NA Parametric studies: C, B" M/S: Radial /

Rectangular

40 � 27

[57] 1.27/

6.15

<2 at 0.46–2.98 max� 10 ± 1 suitable small taper slot profile: C M/S: Radial/

Circular

297 � 190

[20] 1 /4.4 <2 at 0.64–6 NA Changing the structure of CPW feed: C, B" CPW/S 130 � 70

[95] 0.8 /

4.45

<2 at 3.1–10.6 1.5–8.1 A pair of quarter circular shapes slots and non-uniform corrugations.: C, B", G" & CP; CPW/S 37 � 34

[115] 0.51 /

3.5

<-10 at 2.75–4.10& 7.85–

11.15

0.4–2.97 &

1.42–5.52

Change the radiation patch in to Spidron shape: C coaxial 35 � 24

[83] 0.8 /4.4 <1.83 at 3–15.1 5.1–8.2 stepped connection structure: C, BE M/S: Radial/

Radial

41 � 48

[77] 0.8/4.4 < �10 at 3–12.8 3.7–8.3 Two pairs of eye-shaped slots: C, B", SLL; M/S: Circular/

Circular

36 � 36

[109] 0.762 /

3.66

< �10 at 6–9 6.3–9 DETSA: C M/S:Radial/

Circular

49 � 38

[101] 1 /4 <2 at 0.65–9 3 1. ETSA with Electric-Magnetic type: C, 2. Radial stub with 5 sections Chebyshev impedance

transformer: B"
Radial/CPS 220 � 170

[73] 0.8 /4.4 < �10 at 8–18 NA A pair of annular slots: C, SLL;, RCS; M/S: Radial/

Circular

18 � 14

[67] 0.8/4.6 <-11.07 at 0.5–6 0.9–8 1. a pair of symmetrically tapered slots: C, 2. Resonant cavity is added to the taper slot

profile: B", G"
M/S: Radial/

Circular

258 � 150

[59] 1.6/4.7 < �10 at 3.55–12 3.57–7.54 five pairs of rectangular slits: C, BE M/S: Radial/

Circular

58.2 � 61

[137] 0.6/4.4 < �10 at 0.36–4 6.2–7.5 Corrugations with three loaded resistors, short pin and rectangle patches.: C, B" & G" M/S: Rectangle/

Square

115 � 120

[86] 1.58/

2.2

<-10 (sim) at 2.2–19 3.6–13 (sim) 1. semi-elliptical slots: C, B" & GE 2. Stripline with six metallics via metal U-shaped polls,

and rectangular grooves: B", G" & CP;

M/S: Radial/

Circular

60 � 54

[90] 1/4.4 < �10 at 2.5–11 4.4–8.4 a pair of optimized symmetrical exponential slots.: C & CP; M/S: Radial/

Circular

36 � 32
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profile (SP-DSCVA) as shown in Fig. 24(b). The resulting

gain, HPBW, and SLL for the designed DSCVA and SP-

DSCVA as compared to CVA are shown in Fig. 24(c–e),

respectively.

Authors in [151] loaded the (3.5–16 GHz) VA with a mid-

frequency metamaterial phase correcting metamaterial lens

(MPCL) to enhance its gain (to up to 14.8 dBi), which is

proved to be more than the one obtained using the high-

frequency MPCL. In [27] and as illustrated in Fig. 25(a), arti-

ficial materials lens (AML) and sidelobe suppressor (SSR) are

loaded in the aperture and the flanks of the CVA to enhance its

gain by 22% (sim) and matching by �1.34 dB (Meas.) as

shown in Fig. 24(b) and 24(c), respectively, which make it a

good candidate for GPR application. AMs in Fig. 25(a) means

both AML and SSR. A cost-effective and efficient 3D printing,

fused deposition method (FDM), is used in [130] to fabricate a

novel 3D printed DL(7 unit cells) to increase the gain of the

proposed broadband (13.5–24 GHz) VA by 6.9 dBi as shown

in Fig. 25(d and e) which proves the ability of lens’s geometry

to completely eliminate strong reflections.

3.2.3. Corrugations and directive materials

As explained in the previous section (3.2.1) that the corruga-

tions help in enhancing the BW and gain, they can be also used

with directive elements loaded in (usually called grating ele-

ments) or in front of the TSA’s aperture (radiation region)

to get extra high gain and wide BW. 18.94 %, 9.51 %, and

(4.74 % and 28.17 % (Sim)) maximum gains are improved

in [29,16,61] by adding corrugations and three strips to the

aperture of the tapered radiating slot of WLAN (4.9–

5.935 GHz), UWB (2.9 –> 11 GHz) and UWB (4.1–

12.8 GHz) VTSAs as illustrated in Fig. 26(a, b), (c, d), and

(e and f), respectively. As shown in Fig. 26(a), part of the pro-

posed antenna in [29] is removed for the gradient radome.

In [152], 3 dB gain enhancement is achieved in the proposed

compact mmWave (25.13–37.73 GHz) VA with corrugations

by adding metamaterial unit cells in its radiating aperture

which makes it the best candidate for 5G wireless cellular net-

works. The layout and the gain of the proposed antenna are

shown in Fig. 27(a) and (b), respectively. Congregations and

MSs are used to reduce the SLL and enhance the gain of the

proposed (3.3–21.6 GHz) VTSA [153]. Authors in[135] add

MS lenses (ML) to the aperture of UWB (5.4–18 GHz) EV

to enhance its gain by (0.3–3.2 dBi) without affecting its actual

size as shown in Fig. 25(c-d).

In [30], to get an antenna with low RCS suitable for stealth

application, ultrathin microwave-absorbing materials (MAMs)

strips of Double-Face MCS/SS6M are put partially on the 37

slots at the two edges of double-sided copper-clad boards

(DSCBs) compact UWB VTSA that was explained in Sec-

tion 3.1.2. The RCS of the designed antenna is shown in

Fig. 28(a). As depicted in Fig. 28(b), H-Shaped Resonator

(HSR) structures are added in front of the antenna’s aperture

and five pairs of transverse slots are etched on the radiation

patch of compact C- to X-bands VTSA in [62] to improve

the gain and BW by 25.98 % and 3.76 % as shown in

Fig. 28(c) and 28(d), respectively. The gain, BW, and radiation

efficiency of UWB (0.7–12.7 GHz) VTSA proposed in [65] are

enhanced by loading antipodal structure and etching correc-

tions slots, respectively without increasing the antenna size
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as illustrated in Fig. 28(e). The enhanced gain is depicted in

Fig. 28(f).

ModifiedI-shape MSs with the ability to control the main

and side lobes are put in front of (9–14 GHz) VTSAs in order

to enhance the gain and reduce the SLLs as shown in Fig. 29(a)

[154]. The same design is also used to control the amplitude

and phase of electromagnetic waves to get a fan-shaped beam

by controlling the geometric configuration and angular orien-

tation of the MSs [155]. The isolation between X-band VAs is

reduced by putting a MS wall between them [156]. Authors in

[157] used a phase gradient MS (PGM) with a four-split ring

(FSR) structure to control the wavefront of VA with corruga-

tions getting multimode radiation with high gain: transmission

direction at 15.7 GHz with a peak gain of 20.4 dBi, bidirec-

tional radiation at 16.5 GHz, and reflection direction at

17.1 GHz with a peak gain of 16.5 dBi as shown on Fig. 29(-

b-c). In [41] and [132], DL and AML are used to enhance the

gain of the modified 5.8 GHz and UWB (4.65–12.65 GHz)

VAs with corrugations and groove slots by 6.8 dBi and 2.2

dBi as depicted in Fig. 29(d-f) and (e-g), respectively. Recently,

Fig. 18 (a) S11 and (b) gain and efficiency of the proposed ALTSA [94], (c) layout and (d) radiation pattern at F = 10 GHz of the

proposed ETSA with nonuniform corrugations [95], (e) simulated S11 of the broken line TSA with corrugation (A3) as compared to the

conventional TSA with (A1) and without corrugations (A2) [93], (f) measured S11 for the proposed (3.55–>12 GHz) VTSA in [59], (g) S11
of the proposed BTSA with corrugations in [78] and simulated S11 of the VA compared to the one with ES (EVA) [135].

Fig. 17 (a) Layout, (b) S11 and (c) gain of the proposed UWB VTSAs in [82], (d) layouts ETSA with ILSE having d = 8 mm, (e) Simulated

VSWR (f) simulated gain for proposed ETSAs [147] and (g) RCS of the compact X-band VTSA in [73].
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MS and spoof surface plasmon polariton (SSPP) metamaterial

are added to the aperture and slotline of the proposed wide-

band (15–27 GHz) VTSA with corrugations for gain enhance-

ment (8–10 dBi) and radio frequency interference (RFI)

mitigation, respectively. The gain is illustrated in Fig. 29(h).

Adding an extra dielectric structure to the aperture of the

slot antenna, will increase the directivity and reduce the beam-

width [36] as explained in the following equations.

Directivity ½dB� ¼ 10logð10Ld

k0
Þ ð2Þ

Bandwidth ½�� ¼ 55
ffiffiffiffiffiffi

Ld

p
=k0

ð3Þ

where Ld is the length of the extra dialectic added at the

aperture of TSA and k0 is the free space wavelength.

With the help of etching three pairs of squared slots on the

antenna radiator to reduce the size while increasing the gain of

the proposed UWB TSA in [36], extra gain is achieved by add-

ing a semi-circular structure to the tapered aperture edge. The

layout and the simulated gain are shown in Fig. 30(a) and (b)

where the simulated maximum gain of the proposed antenna is

improved by 12.58 % and 7.76 % as compared to the conven-

tional TSA and TSA with the three slots only, respectively. In

addition to the corrugations used to compact the size of the

UWB VA explained in [40], one triangular director is loaded

in front of the antenna aperture to reduce the beamwidth

Fig. 19 (a) Layout with Wa = 50 mm, La = 50 mm, W = 20 mm, L = 38 mm, Lx = 14 mm, W1 = 4 mm, Dm = Ds = 2 mm,

Lg = 7.5 mm, Ls = 4.5 mm, Wf = 27.5 mm, G = 15 mm, l1 = 20 mm(m), (b) S11 of the proposed UWB squared cosine profile TSA with a

slot [114], (c) layout with Lb = 25 mm, lce = 7.5 mm, and wce = 2.5 mm, (d) S11 and (e) gain of (3–15 GHz) VTSA with exponential slot

corrugated edge (ESCE) slots [148], (f) layout, (g) S11 and (h) gain of VTSA with optimized rectangular slot with different lengths [60].

Fig. 20 (a) Layout with W = 150, mm, W5 = 54.5 mm, W6 = 13.7 mm, L = 258 mm, L7 = 172.2 mm, g1 = 1 mm, g2 = 1.5 mm,

g3 = 0.5 mm, g4 = 0.9 mm, g5 = 0.2 mm, g6 = 0.5 mm. R2 = 15 mm and R3 = 10 mm, (b) s11 and (c) gain of TSERC [67], (d) simulated

radiation pattern (e) simulated S11, and (f) simulated gain of UWB VTSA with two pair eye-shaped (Type-B) as compared to the original

antenna without eye shaped and with one pair eye-shaped (Type-A) [77], (g) layout and (h) S11 of the UWB (1.17–4.75 GHz) VTSA [25].
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and increase the maximum gain by 24.6 %. The enhanced gain

is shown in Fig. 30(c).

3.2.4. Modifying the structure of the antenna

Changing the structure of TSA for performance enhancement

includes either changing the taper slot profile, changing the

shape of the radiation patches, or using multilayer substrates.

By modifying the VTSA in [55] to be DPTSA, BW and match-

ing are enhanced by 2.09 GHz and �2.359 dB as illustrated in

Fig. 31(a) and (b), respectively. However, in [22], the impe-

dance matching, and BW are enhanced by modifying the struc-

ture of compact DETSA where two arms of the antenna are

rolled back. In addition, two lumped resistors are used near

the end of these arms to mitigate the effect of reflected waves.

This new DETSA can be considered a good candidate for tar-

get detection. The simulated S11 of the proposed antenna with

different resistors as compared to the normal DETSA is shown

in Fig. 31(c). In [159], gain and BW enhancement are achieved

by making TSA’s profile based on a multi-section quarter-

wave binomial impedance transformer with further smoothing

for extra enhancement as shown in Fig. 31(d–g).

Cross polarization was mitigated in [160,90] below �30 dB

and �40 dB by using low permittivity substrate with back-to-

back double layers in the design of UWB VTSAs and using

symmetrical dual-layer structure in the (2.5–11 GHz) VTSA,

as shown in Fig. 32(a) and (b), respectively.

3D printed manufacturing, which enables exact modeling,

low cost, and simple processes, has lately been considered in

antenna design. In [161], the structure of the 3D VA is changed

from a simple notch to a bilateral to improve the BW and gain.

The layout and resulting simulated S11 with gain for 3D simple

notch and bilateral Vas are illustrated in Fig. 33(a–d).

3.2.5. Modifying the feeding

This section talks about different techniques used to feed TSAs

and how can be exploited to enhance their performance in

Fig. 21 (a) Layout with grating having L = 84 mm, W = 48 mm, L1 = 11.48 mm, L2 = L3 = L4 = L5 = 11.5 mm, d = 11.7 mm,

Dsl = 1.8 mm, Wg = 0.2 mm, Ws = 3 mm, Wsl = 1 mm, Wf1 = 0.4 mm, Wf2 = 0.75 mm, Wf3 = 1.55 mm, Lf1 = 10.6 mm, Lf2 = 5.5 mm,

Lf3 = 4.05 mm, and Lf4 = 7.73 mm, (b) S11 and (c) gain of the proposed LTSA [52], (d) layout and simulated (e) VSWR and (f) gain of

wideband (1–3 GHz) VTSA [149].

Fig. 22 (a) Layout, (b) S11 and (c) gain of the original and IA-ZIM-based VAs [56], (d) layout with px = 37.5 mm and Le = 15 mm, (e) S11
and gain of the proposed VTSA with IA-ENZ-AM [58].
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terms of matching, BW, and gain. The (M/CPS) transition in

[89] is used to enhance the BW of the designed mmWave (23

–>80 GHz) LTSA and ETSA as shown in Fig. 34(a) and 34

(b), respectively. The minimization of impulse distortion is

obtained in [162] by replacing M/S (radial/circular) with via

to open slotline transition. The layout and the resulting trans-

mitted characteristics are shown in Fig. 34(c) and (d), respec-

tively (see Fig. 35 .

In addition to the benefit of loading the short pin and chip

resistor to the microstrip stub and slotline, respectively to over-

Fig. 23 (a) The fabricated sample and (b) 2D radiation patterns at 10 GHz [150], (c)layout with Wsub = 50 mm, W1 = 1.72 mm,

W2 = 1.2 mm, W3 = 0.5 mm, R0 = 3.1 mm, R2 = 4 mm La = 38 mm, Pw = 7 mm, PL2 = 18,7 mm, PW0 = 2.2 mm, S = 0.6 mm,

Lsub = 52.5 mm, L1 = 8.8 mm, L2 = 8.72 mm, Lf = 3 mm, R1 = 4.2 mm, ɵ = 75�, Ad = 9 mm, PL1 = 2.5 mm, PL3 = 17 mm,

T = 0.762 mm, Ps = 0.26 mm, (j) S11 and (k) gain of the proposed (2–18.7 GHz) VTSA with three metal patches (MPs) [63].

Fig. 24 (a) Schematic diagram of EM waves emitted from the antenna board of CVA and DSCVA, (b) layout of DSCVA and SP-DSCVA,

(c) radiation pattern at F = 10 GHz, (d) HPBW and (e) SLL of DSCVA and SP-DSCVA as compared to CVA [68].
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come the effect of BW limited frequency-dependent compo-

nents, they improve the BW (1–20 GHz) and gain (7.8 dBi)

of the proposed VTSA in [136]. The limitation of the resistors

on the antenna radiation is considered while designing the

antenna. However, in [137] using the chip resistor and short

pin to enhance the BW, the microstrip line is designed using

four sections with different lengths to improve the matching

at the feeding transition. Two patches are also added to over-

come the effect of the feeding resistor on the gain so the

antenna can provide a maximum realized gain of 5.8 dBi.

Fig. 25 (a) layout with x3 = 60 mm, x4 = 121 mm, y3 = 160 mm, and y4 = 23 mm, and (b) simulated gain of (0.7–2 GHz) VTSA with and

without AMs and (c) S11 of (1) CVA and (2) CVA with AMs [27], (d) layout and (e) gain of the broadband (13.5 to 24 GHz) VA with 3D DL

[130].

Fig. 26 (a) Layout and (b) measured gain of the WLAN VTSA [29], (c) (1): top view with L = 45 mm, W = 40 mm, Ls = 5 mm,

La = 28.5 mm, s = 0.4 mm and d = 5 mm, (2): bottom view of antenna 1 with L1 = 8 mm, L2 = 3.2 mm, L3 = 1.3 mm, W1 = 1.5 mm,

W2 = 1 mm, W3 = 0.75 mm, th = 45�, and fp = 11.2 mm and (3): antenna 2 with cl = 15 mm, cw = 1 mm, cs = 1 mm, gl = 7 mm,

gw = 0.3 mm, gs = mm and p = 0.5 mm and (d) simulated gain [16], (e) layouts of UWB VAs: (1) top view of Vivaldi; (2) top view of Vivaldi

with corrugation; (3) top view of Vivaldi with corrugation and strip and (f) measured gain of UWB (4.1–12.8 GHz) VTSA [61],
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Moreover, two resistors are used to enhance the S11 by absorb-

ing the reflected wave from the cut end of the antenna. In [102],

a compact UWB balun was designed to feed the VA with two

symmetrically exponential tapered patches to enhance the BW,

gain, and reduce the cross-polarization level. Layout, S11, gain

and radiation patterns of the proposed antenna are shown in

Fig. 36(a–d), respectively. Fig. 36(e) shows a stripline with

six metallic vias used in [86] to broaden the BW of the compact

UWB (2.2–19 GHz) VTSA explained in Section 3.1.1 and

Fig. 9(g). Moreover, U-shaped metal polls with rectangular

grooves are used to enhance the radiation performance in

terms of BW, gain (13 dBi), and low cross-polarization level

(below �28 dB). The simulated VSWR and gain of this

antenna are illustrated in Fig. 36(f) and (g), respectively.

Authors in [111,105] exploit the corrugations, modifying

slot profiles and feeding for performance enhancement. BW

and gain are enhanced in [111] using a logarithmically tapered

slot profile and multi-section matching transformer at feeding.

Then they used CPW feeding, and corrugations in [105] to get

extremely enhanced BW. The layout, VSWR, and gain of the

proposed antennas in [111] and [105] are shown in Fig. 37(a-

c) and (d-f), respectively.

Table 2 illustrates the comparison between the proposed

TSAs in the literature using enhancement techniques explained

in Sections 3.2.1, 3.2.2, 3.2.3, and 3.2.4.

3.2.6. Optimization techniques

The antenna performance can be also enhanced using opti-

mization techniques such as finite-difference time-domain

(FDTD), differential evolution (DE), and particle swarm opti-

mization(PSO). Based on optimum parametric (strip stub, slot

line circle, and rate) simulation using FDTD, good radiation

performance in terms of directivity and BW is achieved in

the proposed UWB VA [163]. However, a genetic algorithm

(GA) based on FDTD, was used for the optimization process

to enhance the gain (12.27 dBi) of UWB VTSA [164]. Based on

the CST software, the DE optimization technique is used to

generate energy patterns with low SLL during beam scanning

of the proposed UWB antenna arrays [165]. Recently, authors

in [166], use the PSO algorithm to optimize the space between

the 3D 4 � 4 dual-polarized (2–40 GHz) VA array, in order to

suppress the gating lobes (�8 dB to �10 dB) which proved to

be better than other suppression techniques such as Gaussian,

triangular and raised cosine. For wireless optical network-on-

Fig. 27 (a) layout and (b) gain of compact mmWave (25.13–37.73 GHz) VA with corrugations and metamaterial unit cells [152] and (c)

layout and (d) gain of compact UWB(5.4–18 GHz) VA with corrugations and metamaterial unit cells [135].

Fig. 28 (a) RCS of the compact UWB VTSA in [30], (b) layout with W = 29 mm, Rr = 4.1 mm, Ld2 = 8.1 mm, dsl = 3.8 mm,

Wst1 = 2.2 mm, Ld3 = 7.2 mm, and Arp = 100�, (c) S11 and (d) gain of C- to X-bands VTSA in [62], (e) layout of ASV with correcting

slots (Final) and (f) its simulated gain as compared to the ASV and original antennas [65].
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chip applications. The parameters of VAs integrated with sili-

con waveguides are optimized based on FDTD simulations to

improve the radiation performance (gain and directivity) [167–

169].

3.2.7. Use of array

Gain can be enhanced using a group of individual elements or

an array [2]. Different types of arrays are discussed in this sec-

tion, along with various approaches for improving TSA per-

formance for various applications. Avoiding high cost, large

size, and difficulties in designing a suitable director to increase

the directivity, the tapered slot profile of TSA is doubled to

have a simple array allowing the BW to be used efficiently

[75,116]. Directivity enhancement is achieved in [75] using E

plane double slot structure in VA resulting in a novel double

structure VA (DSVA) as shown in Fig. 38(a) with 3.9 % BW

Fig. 29 (a) gain and SLL of the proposed VTSAs loaded with MSs in [154], (b) layout and (c) radiation patterns of the proposed system

in [157], (d), (f) layout and (e),(g)gain of the 5.8 modified and UWB VAs proposed in [41,132], respectively and (h) the gain of the proposed

wideband (15–27 GHz) VTSA [158].

Fig. 30 (a) Layout with L = 60 mm, W = 55 mm, Lt = 40 mm, Wt = 44 mm, Wt_1 = 3.6 mm, Lm = 17 mm, Wm = 2.5 mm,

Lm_1 = 9.57 mm, Wm_1 = 2 mm, Lm_2 = 8 mm, Wm_2 = 2 mm, Lm_3 = 7 mm, Wm_3 = 0.9 mm, Lm_4 = 4.1 mm, Ls = 6 mm,

Ws = 6 mm, and Lr = 22 mm and (b) the simulated maximum gain of the proposed antenna in [36] and (c) simulated gain of the proposed

UWB VA with corrugations and director [40].
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and 18.62 % maximum gain enhancement as compared to

CVA. Fig. 38(b), (c), and (d) show the S11, E, and H radiation

patterns at 10 GHz, respectively.

In addition to the ability of double slot TSA to increase the

directivity, etching slots on its edges improves the BW and

matching as in [76,116,117]. To enhance the directivity and

BW of the proposed UWB E-plane monopulse 2-layered

DSVA fed with different ports in [76], the authors shorted

the length between the two slots and added diagonal

rectangular-shaped corrugations as shown in Fig. 39(a–c).

Fig. 32 (a) Cross polarization of double-layered structure (2.5–10.6 GHz) VTSA [160], and (b) cross-polarization and gain of double-

layered structure (2.5–11 GHz) VTSA [90], respectively.

Fig. 31 (a) Layout of DPTSA with Wstub = 4.14 mm, Rstub = 8 mm,ɵ = 100� and Rslot = 2.5 mm, (b) Simulated S11 as compared to

VTSA [55] and (c) simulated S11 of the antenna with loading resistors of different values and S of a normal DETSA [22], (d) layout, (e) S11
without smoothing the taper, (f) S11 with smoothing the taper, and (g) simulated gain of the proposed antenna in [159].

Fig. 33 (a), (c) Layout, and(b), (d) simulated S11 with the gain of the 3D simple notch and bilateral VAs, respectively [161].
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Fig. 34 (a) Layout and (b) S11 of the proposed mmWave (23–>80 GHz) LTSA and ETSA in [89], (c) layout and (d) transmitted

characteristics of the proposed VA with Via to open slotline transition [162].

Fig. 35 (a) VSWR and (b) gain of the proposed compact UWB TSA in [83], (c) VSWR of the proposed ETSA with and without loops [101]

(d) simulated S11 and (e) simulated gain with the efficiency of the (2.6–20 GHz) TSA in [97].

Fig. 36 (a) Layout with W = 133 mm, W4 = 15 mm, W5 = 52.3 mm, L = 117.5 mm, L3 = 88 mm, S = 0.95 mm, R = 22 mm,

W1 = 1.05 mm, W2 = 1.5 mm, w3 = 0.3 mm, L1 = 4.9 mm, l2 = 4.2 mm, s1 = 0.4 mm, S2 = 0.17 mm and d = 0.6 mm, (b) S11, (c) gain

and (d) radiation pattern at (1) 4 GHz and (2) 6 GHz of the proposed VA with compact UWB balun [102], (e) schematic of stripline patch,

(f) simulated VSWR of and (hg) simulated-polarization and cross-polarization gain the compact UWB (2.2–19 GHz) VTSA in [86].
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However, in [116] the directivity and BW of the designed UWB

(2.5–28 GHz) double slot TSAs are improved using a V-shaped

metal with straight edges adding Y and diagonal rectangular

shaped corrugations as illustrated in Fig. 39(d-f).

The author in [72] loaded the zero-index metamaterial

(ZIM) unit cells to the DSVA illustrated in Fig. 40(a) to get

extra enhanced directivity as compared to CVA as depicted

in Fig. 40(b). The gain of the Ka-band (24–40 GHz) VA in

[122] is enhanced to 16.9 dBi by adding a long parasitic core

element at the feed point between the two taper slots depicted

in Fig. 36(c). The gain is shown in Fig. 40(d). For Extra high

gain and enhanced BW, DSVAs are loaded with parasitic and

slots edges [118-120]. Index-near-zero MS unit cells, a half

elliptical shape DL, and a semicircle director are added with

etching a pair of defected grand slots (DGS), 24 pairs of differ-

ent length rectangular slots, and 24 pairs of diagonal rectangu-

lar slots to enhance the gain and BW of the compact size (1.13–

12 GHz) [120], (4.2–11 GHz) [18,119] and UWB DVSAs [118],

respectively. Fig. 41(a–c) and (d–f) show the prototypes, S11,
and gain of the DSVAs in [120] and [119], respectively. In

[88], the low-loss SIW binary divider with GCPW to SIW tran-

sition is used to enhance the BW, gain, matching, and sup-

pressing higher order modes of the proposed 1 � 8 (7–

9 GHz) Vivaldi array. The proposed array with the resulting

S11 and gain are shown in Fig. 42(a–c), respectively.

The multi-input multi-output (MIMO) is considered an

enhancement technique used to improve the gain, diversity,

and data capturing ability of TSA as in [38,170-172]. The com-

pact, high gain UWB (0.5–2.5 GHz) VTSA is exploited in [38]

to build UWB MIMO radar system based on 16 elements to

increase the resolution for through wall detection. Two ele-

ments compact with low envelope correlation coefficient

(ECC) UWB (2.9–11.6 GHz) and (2.5–12 GHz) MIMO VAs

are designed in [170,171] with two notch bands 5.3–5.8 GHz

and 7.85–8.55 GHz, and 5.1–5.9 GHz and 6.6–7.1 GHz,

respectively. The notch bands and the isolation between the

elements are achieved using two split ring resonators (SRRs)

and T-slot as shown in Fig. 43(a) and (d). Four resistors are

used in [171] for more compactness. Results of the proposed

antennas in [170,171] are illustrated in Fig. 43(b-c) and (e-f),

respectively. Recently, 73 % gain enhancement is achieved

for the proposed compact mmWave (24–32 GHz) 4-

elementsVivaldi MIMO antenna in [172] by distributing the

MS loading spatially to decrease the phase error as illustrated

in Fig. 44(a). Fig. 44(b) and (c) depict the S-parameters and

gain with efficiency, respectively. The ECC and total active

reflection coefficient (TARC) provided by the proposed

antenna are <0.2 and >10 dB, respectively as shown in

Fig. 40(d).

An enhanced BW of 1.6–9 GHz and a wide scan angle of

45� are achieved using a 1 � 8 DPTSA phased array in [55]

for telecommunication and radar applications. Gain is

improved using 1 � 8 VTSA arrays based on WPD and T-

junction feeders in [11,39,40] as illustrated in Fig. 45(a) and

(c), respectively. The gain of the proposed array in [11] is

shown in Fig. 45(b). In [40] and as compared to the single ele-

ment explained in Section 3.1.2 and Fig. 10(g), the simulated

maximum gain of the proposed array is enhanced by 39 %

and the E plane HPBWs are reduced by 56.1 %, 58.2 %,

and 55.4 % at 2 GHz, 3 GH and 4 GHz, respectively. The

enhanced gain and reduced HPBW are shown in Fig. 45(d)

and 45(e), respectively. In [39] and based on the single TSA

shown in Fig. 45(f), a high gain of 10.75 dBi is obtained by

building a 2 � 4 TSA array resonating at 4.3–4.75 GHz,

5.3–6.4 GHz, and 6.8–7.7 GHz as shown in Fig. 45(g) and

(h), respectively.

The 1 � 4 VTSA arrays aligned in H-plane are proposed in

[71,35] based on T junction and flexible Microstrip- Slotline-

Microstrip (MSM) power dividers to enhance BW and gain

as shown in Fig. 46(a-c) and 46(e-f), respectively.

For enhanced performance, the 3 � 4 VTSA array in [173]

is mounted inside a cavity absorber material as shown in

Fig. 47(a). Moreover, corrugations are added to the cavity

and absorber to reduce the resonance effect. The S11 and gain

of the designed array are depicted in Fig. 47(b). Suitable for

wireless communications in airborne systems and to avoid

the large size of wide scan angle planar antenna array, 3(E-pl

ane) � 4(H-plane) multi-layered metal VA array integrated

with flush mountable 3D printed lossless metallic cavity is

designed in [174,175] with enhanced BW of 5 GHz, a maxi-

Fig. 37 (a), (d) Layout, (b), (e) VSWR and (c), (f) gain of the proposed antenna in [111] and [105], respectively.
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Table 2 Comparison between TSAs using different Enhancement techniques: corrugations, directive materials, modifying the antenna structure, and modifying the feeding (2009–2023).

Ref. h(mm)/

er

S11(dB)/VSWR at Frequency Band

(GHz)

Gain

Min- Max

(dBi)

C/B"/M"/G"/D"/CP;/RE"/SLL;/RCS;/HPBW;techniques Feeding Circuit area

[111] 0.6 /2.65 <2 at 0.89–13.8 4.2–15.6 LogTSA and multi-section matching transformers: B" & G" M/S: Radial/Radial 300 � 170

[105] 0.6 /2.65 <2 at 1.19–25.8 5.6–15.5 LogTSA, Corrugations and CPW feed: B" & G" double-Y balun 371.19 � 170

[52] 0.5/2.2 < �10.4 at 5.32–9.55 7.92–12 five metal strips in the aperture: B" & G" M/S: Rectangular/

Circular

84 � 48

[56] 0.5/2.65 < �11.84 at 2.26–14.1 9.21–1155 Without IA-ZIM: B" & G" M/S: Radial/Circular 140 � 80

< �12 at 1.7–13.74 8.48–12.45 Single layer IA-ZIM is added to aperture: B" & G"
< �13.561.7–14.34 8.77–13.87 double layers IA-ZIM are added to aperture: B" & G"

[114] 1.6/4.4 < �10 at 2.96–12.07 2.82–6.47 One rectangular slot in the radiation patch: M" M/S: Circular/Circular 50 � 50

[29] 1/4.4 <1.94 at 4.9–5.935 1.2–9.2 Corrugations and directors: B" & G" M/S: Y/Y 70 � 62

[148] 1/2.65 < �10 at 3–15 7.6–11.72 exponential slot corrugated edge (ESCE): B" & G" M/S: Circular/

Rectangular

125 � 50

[16] 0.8/4.4 < �10.6 at 2.9–11 4.4–8.32 Corrugations and directive elements: B" & G" M/S: Radial/Circular 40 � 45

[159] 0.8/4.4 <-8 at 3.08–11.95

3.13–7.07

binomial step taper profile: B" & G" M/S: Circular/Circular > kmax � 0.5 kmax

<-9.3 at 3.06–11.88 smoothing taper profile: B" & G"
[102] 0.508/

3.38

< �10 at 6–9 4.7–8.1 30: 1 bandwidth ratio balun: B", CP; 30: 1 bandwidth ratio

balun

133 � 11

[58] 0.8/4.4 < �9.8 at 3.15–12 3.22–6.87 Without IA-ENZ-AM M/S: Radial/Circular 45 � 42

< �10 at 3.3–10.59 3.66–8.45 IA-ENZ-AM is added to aperture: B" & G"
[60] 1.52/3.5 < �10 at 1.96–8.61 5.6–10.4 Adding rectangular slots to the radiator’s two edges in a tapered way:

B" & G"
M/S: Radial/Circular 50 � 62

[68] 1.524/

3.38

< �10 at 3.5–16.5 5.3–13.1 DSCVA: G"/SLL;/HPBW; M/S: Radial/Circular 34.5 � 28.4

< �10 at 3.5–16.5 5.72–15.3 SP-DSCVA: G"/SLL;/HPBW;

[62] 1/2.2 < �10 at 3.3–13.9 2.4–9.9 HSR added to aperture and transverse slots etched on the edges: B" &

G"
M/S: Radial/Circular 38 � 29

[61] 0.51/

2.33

< �9.7 at 4.1–12.8 6.48–8.73 Corrugations and directors: B" & G" M/S: Radial/Circular 50 � 52

[63] 0.762/

3.48

<-12.45 at 1.34–18.5 Max 10.7 three metal patches are loaded to the aperture: B" & G" (D") M/S: Radial/Circular 50 � 52.5

[25] 1.5/4.3 < �10 at 1.17–4.75 NA Corrugations: narrow beam, high resolution, and depth penetration

(1 m-1.15 m)

M/S: Radial/Circular 200 � 100

[36] 1.62/4.5 <2 at 4.5–12 7.59–8.92 Corrugations and semi-circular structure: B" M/S: Radial/Circular 82 � 55

[152] 2.33/

0.254

<-10.33 at 25.13–37.74 9.84–11.13 Corrugations and metamaterials: G" M/S: Rectangular/

Rectangular

33 � 14

[27] 1.52 /4.3 < �10 at 0.7–2.1 5–9.9 (sim) AML and SSR: B" & G" M/S: Radial/Circular 240 � 240

[153] 0.8 /4.4 < �10 at 3.3–21.6 0–4.2 MSs: G"& couurgations: SLL; M/S: Circular/Circular 45.19 � 17.53

[130] Na /2.2 < �10 at 13.5–24 12–14.4 3D printed DL: G" M/S: rectangular/square 55.4 � 30.4 � 30.4

(lens)

[135] 0.381 /

2.2

< �10 at 5.4–18 8.5–13 ES: C& B", ML: G" M/S: Radial/Circular 72 � 41

[41] 1.6 /4.4 < �14.7 at 5.8 14–16.5 DL: G" M/S: Radial/Circular 100 � 85

[132] 0.8 /4.3 < �8.9 at 4.56–12.65 5–9.2 grooved, tapered sloT & AML: G" M/S: Radial/Circular 65 � 45

[158] 0.5 /2.2 < �10 at 15–27 8–10 SSPP: couurgations MSs: G" M/S: Radial/Circular 37.9 � 14

2
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Table 3 Comparison between TSA arrays (2004–2022).

Ref. h

(mm)/

er

S11(dB)/VSWR at Frequency

Band (GHz)

Gain Min-Max

(dBi)

C/B"/M"/G"/D1"/D2"/CP;/RE"/SLL;/RCS;/HPBW;

techniques

Feeding Circuit area

[71] NA < �10 at 2.54–9.71 7.2–13 1X 4 VTSA array aligned in H-plane: B" & G" M/S: Radial/Circular NA

[11] 1.57/

2.2

< �10 at 1.2–4.2 7.96 –16.26 1x8 VTSA array: G" M/S: Radial/Circular Single element:124 � 60,

Array:480 � 210

[88] 3.175/

2.08

< �10 at 7–9 6.8–14.92 8 VTSA array Array based on SIW binary divider: M", B" & G" GCPW TO SIW 177.8 � 177.8 array

[75] 0.5/

2.65

< �11.3 at 2.2–14.8 6.8–11.8 CVA M/S: Circular/

Circular

150 � 80

< �11.3 at 2.5–15 6.9–14.5 DSVA: B" & G"
[76]

2

layers

0.5/

2.65

Diff ports:< �11.55 at 2.25–

11.1

10.1–14.81 Double slot structure and diagonal rectangular -shaped

corrugations: B" & D"
M/S: Circular/

Circular

150 � 100 � 1

[72] 1/4.3 <-12.7 at 4->10 Sim Directivity

(3.96–12.54)

Double slot structure with loaded ZIM unit cells: D" M/S: Radial/Circular 90 � 85

[122] 0.25/

2.2

<-10.6 at 20.3–40 GHz 14–16.9 Double slot structure with Parasitic core element: G" M/S 91 � 31

[79]

2

layers

1/2.55 < �10 at 1.28–11.51 0.5 –4 Omnidirectional Circular Connected VA Array: B" M/S: Radial/Quasi

circular

Single element: 53 � 34,

Array:p x 882

[116] 1/NA < �10 at 2.5–28 3–15.25 Double slot structure and Y-shaped corrugations: B" & D" M/S: Circular/

Circular

145 � 80

[120] 1/2.65 <-9.3 at 1.13–12 0.7–14.2 Double slot structure loaded ZIM unit cells and pair of DGS: B"
& G"

M/S: Circular/

Circular

130 � 80

[121] 0.508/

2.2

< �10 at 0.7–2.7 In phase:1.25–9.47

Out of phase:3.5–

9.16

sharing the same circular slot in the transition; C, D2" M/S: Radial/Circular 260 � 254

[171] 0.762/

3.5

< �10 at 2.9–11.6 �0.4–5.57 MIMO (2 elments): C, D2". SRRs for notches: 5.3–5.8 GHz &

7.85–8.55 GHz

M/S: Rectangular/

Rectangular

26 � 26

[171] 0.6/

2.65

< �10 at 2.5–12 �2.5–4.44 MIMO(2 elments): C(four resitors), D2". SRRs for notches: 5.1–

5.9 GHz & 6.6–7.1 GHz

M/S: Radial/semi

Circular

26 � 24.5

[35] 1.6/

10.2

< �10 at 3.4–8.3

<-8.4 dB at 4.6 GHz

6.25–12.3 1X 4 VTSA array aligned in H-plane: B" & G" M/S: Radial/Circular Single element:53 � 42,

Array: NA

[119] 0.813/

3.55

<-9.84 at 4.2–11 8–13.3(Sim) Double slot structure with director and corrugated slots: B" &G" M/S: Circular/

Circular

130 � 80

[172] 0.508/

2.2

< �10 at 24–32 8–9.9 MIMO(4elments) with spatial MS loading and sharing the same

circular slot: C, D2"& G"
M/S: Rectangular/

semi Circular

50.4 � 50.4

[131] 0.813/

3.55

<-8.5 at 0.66–6.77 4–15 Specially shaped corrugations M/S: Radial/Circular �201.86 � 238 � 330

C
o
m
p
a
ctn

ess
a
n
d
p
erfo

rm
a
n
ce

en
h
a
n
cem

en
t
tech

n
iq
u
es

o
f
u
ltra

-w
id
eb
a
n
d
ta
p
ered

slo
t
a
n
ten

n
a
:
A

co
m
p
reh

en
siv

e
rev

iew
2
1
9



Fig. 38 (a) Layout with W = 80 mm, L = 120 mm, Ws = 40 mm, Ls = 60 mm, g = 0.3 mm, Rm = 3.5 mm, Rs = 4 mm, Lb = 5 mm,

Lb1 = 25 mm, Lf1 = 10 mm, Lf2 = 12 mm, (b) S11, (c) E radiation pattern at 10 GHz and (d) H radiation pattern at 10 GHz of the

proposed E plane DSVA [75].

Fig. 39 (a) Layout, (b) S11 and (c) gain of the proposed UWB E-plane monopulse 2 layered DSVA [76], (d) layout with W = 80 mm,

L = 145 mm, W1 = 5 mm, W2 = 2.73 mm, W3 = 1.675 mm, W 4= 0.75 mm, L 1 = 25 mm, L2 = 15 mm, L3 = 2.5 mm, R= 4 mm and

r1 = 0.5 mm, (e) S11 and (f) gain of the proposed UWB (2.5–28 GHz) double slot TSAs [116].

Fig. 40 (a) Layout with L = 85 mm, L1 = 67 mm, L2 = 42.5 mm, W = 90 mm, rs = 7.5 mm, rc = 6.5 mm, rs1 = 5.5 mm, and

rc1 = 3 mm, (b) simulated directivity of the proposed DSVA with ZIM [72], (c) layout and (d) gain of the Ka-band (24–40 GHz) Vivaldi

doubled slot antenna with core element [122].
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Fig. 41 (a), (d) fabricated prototypes and (b), (e) S11 (c) (f) gain of compact (1.13–12 GHz) DVSA with ZIM and DGS [120] and (4.2–

11 GHz) DVSAs with a director and corrugated slots [119], respectively.

Fig. 42 (a) Photograph, (b) S11, and (c) gain of the proposed SIW-based 1 � 8 VA array [88].

Fig. 43 Layout with(a) L = 26,W = 26, L1 = 6.3,W1 = 10, d= 0.6, s = 1, L2 = 9,W2 = 4.8, L3 = 2.6, L4 = 5.5, L5 = 4, L6 = 7.5,

L7 = 4.5, W3 = 1.6, W4 = 2.4, W5 = 4.5, Wf = 1.6, d1 = 0.7, d2 = 0.4, d3 = 0.4(mm) (d) L = 24.5 mm, W = 26 mm, L1 = 1.65 mm,

W1 = 4.5 mm, L2 = 5 mm, W2 = 10.75 mm, L3 = 8.5 mm, L4 = 1 mm, L5 = 5 mm, L6 = 1.2 mm, L7 = 0.5 mm, L8 = 0.2 mm,

W3 = 9.5 mm, W4 = 0.7 mm, W5 = 0.2 mm, W6 = 1 mm, W7 = 5.8 mm, W8 = 6.7 mm, W9 = 0.4 mm, and d1 = 0.7, ɵ = 2�(b),(e) S-

parameters and (c), (f) ECC of UWB (2.9–11.6 GHz) and (2.5–12 GHz) MIMO Vivaldi antenas in [170,171], respectively.
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mum realized gain of 14.84 dBi and SLL less than �20 dB. The

prototype with the resulting VSWR and gain are shown in

Fig. 47(c-e), respectively. Authors in [34] designed a 4 � 4

VTSA array with a maximum gain of up to 15.82 dBi suitable

for wind profiler RADAR application (1.21–1.57 GHz).To

enhance the base station diversity while reducing the size,

two adjacent VTSAs are used in [121]. The size of the proposed

model shown in Fig. 48(a) is reduced by sharing the same cir-

cular slot in the transition, cutting the noncritical board area,

and shorting the ending of microstrip feed lines using Via

grounding. To avoid coupling between the slots, a rectangular

slot is added between the vias. The radiation of this array is

illustrated in Fig. 48(b). An omnidirectional pattern with a

horizontally polarized antenna is obtained in [79] by connect-

ing the 16 VTSAs in a circular shape as in Fig. 48(c) in order to

broaden the BW (fractional: 159.97%) as depicted in Fig. 48

(d). Top-mount spherical–axicon DL is used to enhance the

gain (16 dBi) and equalize the frequency behavior of two sys-

tems containing two orthogonal compact VA (explained in

Section 3.1.2 and Fig. 10(e)) arranged symmetrically and

Fig. 44 (a)Layout, (b)S-parameters (c) gain with radiation efficiency and (d) ECC with TARC of mmWave (24–32 GHz) MIMO VAs in

[172].

Fig. 45 (a) The fabricated 1 � 8 VTSA array and (b) gain of the proposed 1 � 8 VTSA array in [11], (d) layout, (e) gain and (f) E-plane

pattern at (1a) 2 GHz; (2) 3 GHz; and (3) 4 GHz of the proposed 1 � 8 VTSA array in [40], (g) single TSA element with W = 90 mm,

L = 69 mm, l1 = 32.5 mm, w1 = 2.38 mm, r = 10 mm, wsl = 3 mm and lsl = 10.3 mm, (h) gain and (i) S11 of the proposed 2 � 4 TSA [39].
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Fig. 46 (a) Prototype (inset: single element), (b) S11 and (c) gain of the proposed 1 � 4 VTSA aligned in H plane [71], (d) prototype (inset:

Single VTSA element with L = 77.4 mm, L1 = 55.2 mm, L2 = 7.4 mm, D = 50 mm, S = 21 mm, W1 = 0.7 mm, W2 = 0.9 mm,

W3 = 1.4 mm, W4 = 1.7 mm, W5 = 1.8 mm, s = 0.3 mm, R = 0.11 mm, Rm = 7 mm, r = 4.3 mm and am = 83�, (e) S11 and (f) gain of

the proposed 1 � 4 VTSA aligned in H plane [35].

Fig. 47 (a) Layout, (b) and simulated S11 and gain for the proposed 3 � 4 VTSA array in [173], (c) photograph of the fabricated cavity-

backed 3 � 4 VA array: (1) single row of the array, (2) 3-D-printed and copper-plated rectangular cavity showing the longitudinal groove

reserved for each row of the array and (3) fully assembled array recessed in the cavity, (d) VSWR and (e) gain of the proposed cavity-

backed 3 � 4 VA array [175].

Fig. 48 (a) Layout with: a = 260 mm, b = 254 mm, l = 19 mm, w = 2.5 mm, h = 29◦, t = 4 mm, c = 72.4 mm, and taper’s opening

rate = 26.97 mm, (b) measured and simulated radiation patterns at 1 GHz (left) and 1.4 GHz (right): (1) in-phase feeding, and (2) 180�

out-of-phase excitation [121], (c) layout, and (d) S11 of the proposed 1 � 16 VTSA horizontally polarized array antenna in [79].
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asymmetrically in cross-shaped fashion, to provide low cross-

polarization level and high electrical isolation between the

antenna excitation ports suitable for wireless communication

and STW applications. The prototype of the proposed system

with the resulting S11 and gain are shown in Fig. 49. Table 3

illustrates the comparison between the proposed TSA arrays

in the literature.

4. Conclusions

For the first time, this paper provides a full assessment of TSA

compactness and performance enhancement strategies. The

review begins with a theoretical overview of TSA and its var-

ious types, as well as its usefulness in a variety of practical

applications in communication systems. After that, full studies

of compactness and performance approaches are addressed

with extensive comparison tables to meet the criteria of

Today’s wireless communication systems in terms of high per-

formance, low cost, and compact-size antennas. This study

serves as an excellent foundation for RF researchers and

designers to apply the various methodologies mentioned in this

paper, exploiting their benefits while avoiding or limiting their

disadvantages.
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[25] Z. Tahar, X. Dérobert, M. Benslama, An ultra-wideband

modified vivaldi antenna applied to through the ground and

wall imaging, Prog. Electromagn. Res. 86 (2018) 111–122.

[26] S. Warathe, R.K. Tanti, N. Anveshkumar, Compact Vivaldi

Antenna Design at 500MHz for GPR Applications, 2019 IEEE

Indian Conference on Antennas and Propagation, InCAP

2019. (2019) 1–5. 10.1109/InCAP47789.2019.9134522.

[27] H. Cheng, H. Yang, Y. Li, Y. Chen, A compact vivaldi

Antenna with artificial material lens and sidelobe suppressor

for GPR applications, IEEE Access. 8 (2020) 64056–64063.

10.1109/ACCESS.2020.2984010.
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