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Abstract In this paper compact Ultra Wideband (UWB) Vivaldi Tapered Slot Antenna (VTSA) is

designed simply by changing its Microstrip to Slot line (M/S) transition. To explain the effect of

transition’s shapes on the size and the performance of the UWB VTSA, four models (A–D) with

detailed parametric studies are analyzed, designed, and fabricated. As compared to Model A, in

Model D the size (42.9 mm � 29.28 mm = 1256.112 mm2) is reduced by 19.25%, and the band-

width (10.34 GHz) is enhanced by 24.56%, in addition, it provides 6.51 dBi maximum realized gain,

and stable end-fire radiation pattern. The validity of the proposed antennas is proven by hardware

measurement results.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

UWB (3.1–10.6 GHz) technology has special characteristics

such as simpler transceiver structures, low radiated power,

large channel capacity, resistance to jamming, ability to work

with a small signal-to-noise ratio (SNR), low probability of

detection, and inception and immune to multipath effect [1].

To work in UWB, the antenna must have large Bandwidth

(BW) and stable radiation pattern such as a Tapered Slot

antenna (TSA). Among different broadband antennas, Vivaldi

TSA (VTSA) with exponential taper profile is preferred due to

its simple planner structure, low profile, lightweight, low fabri-

cation cost, and easy integration with circuits. In addition to

its ability to radiate a short pulse with a constant phase center

and provide stable symmetrical end-fire radiation pattern and

narrow beamwidth [2]. High gain antennas are required to

overcome the path loss problem (signal attenuation) and as

compared to other broadband antennas such as Crossed

Monopole, Conical, Bowtie, and TEM, VTSA provides the

highest gain [3]. According to these special characteristics,

VTSA is used in UWB See Through Wall (STW) [4], Ground

Penetrating Radar (GPR) [5–8] and near field imaging [9],

microwave and millimeter-wave imaging [2,10–14], and vehic-

ular communication [15] applications. Many miniaturization

techniques have been made on VTSA such as adding corruga-

tions only [16], corrugations and grating elements [12,17], and

eliminating the need for baluns or any transition feeding as in

Antipodal Vivaldi Antenna (AVA) [10], however, AVA suffers
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from high cross-polarization which can be mitigated by adding

corrugations to the aperture edge [18–24]. In [5], authors used

corrugations and the resistive film to enhance the matching

and directivity, respectively of the designed wideband

(1–5 GHz) VTSA. Short pin and chip resistor were loaded to

the microstrip stub and slot line, respectively of compact

VTSA in [26] to broaden its BW (1–20 GHz) and increase its

gain (7.8 dB). In [27], [28] and [29], different shapes of corru-

gations are added to enhance BW, matching, radiation charac-

teristics and gain (or directivity) for UWB VTASs, square

cosine profile TSA and binomial transformer TSA, respec-

tively. A compact VTSA with a novel small size wideband col-

linear M/S transition, a metallic reflector and a fork shaped

metallic carrier was proposed in [30] for Wireless Personal

Area Network (WPAN). In [31], for wideband application,

courragations of invert-L slots edge (ILSE) shape was added

to the proposed VTSA to extend the matching BW from

2.25 GHz to more than 12 GHz. However, in [16] corrugations

were added to design a compact (0.07–0.3 GHz) VTSA with

40% size reduction for water detection application. In [32],

authors designed UWB VTSA with low cross-polarization

below �30 dB using low permittivity substrate material. In

[33] stepped connection between slotline and tapered patch

was used to improve the BW (3–15.1 GHz) of the proposed

compact UWB TSA. Printed lenses were added in [34] to the

aperture of the wideband (1–3 GHz) VTSA to enhance its gain

and reduce the Side Lobe Levels (SLLs), respectively. Authors

in [35], designed a WLAN (4.9–5.935 GHz) VTSA with high

directivity and resistivity against car polarization distortion

suitable for vehicular wireless communication. The directivity

of this antenna was improved by adding corrugations and

directors to the metal layer and aperture of the tapered radiat-

ing slot, respectively. Resistive loading and patches are added

in addition to corrugations (comb slots) to design a compact

wideband (0.4–4 GHz) VTSA in [36]. For more high gain,

authors in [37] used Substrate Integrated Waveguide (SIW)

feeding technique. Genentic algortitm was used for optimiza-

tion process to enhance the gain (12.27 dBi) of UWB VTSA

in [38]. Inhomogeneous with Anisotropic Zero-Index Metama-

terials (AI-ZIM) and Epsilon-Near-Zero Artificial Metamate-

rials (IA-ENZ-AM) were inserted in the aperture of UWB

VTSA to enhance its gain (BW and matching) in [39] and

[40], respectively. Dissymmetrical matching structure is used

in [41] to reduce the cross polarization effect, reduce the circuit

area and enhance BW of the proposed VTSA. For mm Wave

applications and UWB ground and space application, high

gain 60 GHz and UWB (1–14 GHz) VTSA with efficient per-

formance was designed in [42] and [43] by loading dielectric

substrate material in front of the antenna taper slot and adding

DGSs and dielectric lens, respectively. Ultrathin Microwave-

Absorbing Materials (MAMs) were added in [44] to the

UWB VTSA’s side edges to enhance its radiation pattern.

Dielectric Sheets were used to cover the the Conventional

Vivaldi Antenna (DSCVA) in [45] to enhance the gain without

increasing the antenna size, by coupling the space wave to be

radiated in the end-fire direction. Furthermore, for extra high

gain, the designed antenna was elongated with a trapezoid-

shaped profile (SP-DSCVA). For further antenna impedance

matching, a stripline patch (reactive) was added to the feed line

of the wideband (6–8 GHz) VTSA [46].

In this work, compactness is achieved simply by changing

the feeding transition shapes and performing detailed paramet-

ric studies to get the optimum design parameters avoiding any

difficulties of the previous techniques. In addition, the pro-

posed compact antenna provides moderate gain, good S11,

and enhanced BW.

The main feeding technique for most TSAs is Microstrip to

Slot line (M/S) transition in different shapes. Table 1, illus-

trates some chosen UWB TSAs in the literature which are

not using any gain or bandwidth (BW) enhancement tech-

niques to understand the effect of the M/S transition shapes

on the antenna performance. Although the best matching is

obtained using (Radial/Rectangular) M/S transition [50], (Cir-

cular/Circular) M/S transition [51] in addition to its good

matching, it provides higher peak gain, enhanced BW, and

smaller area. In this work, to prove how (Circular/Circular)

M/S transition helps in reducing the UWB VTSA size and

enhancing its performance, four different M/S transition

shapes as shown in Table 2 and Fig. 1 are used to feed it.

Among the four shapes, (Circular/Circular) M/S transition

provides the smallest VTSA size with the best performance.

This article contains three other sections: Section 2 talks about

VTSA, Section 3 is the main section that explains the design of

each model with detailed parametric studies, and finally, Sec-

tion 4 demonstrates the results and discussions. Rogers

RO4003C with Ɛr = 3.55, height (h) = 0.813 mm and copper

thickness = 0.035 mm is selected for this work. The simula-

tions in this work are carried out using Computer Simulation

Technology (CST) software which is based on the Finite Inte-

gration Technique (FIT).

2. Vivaldi Tapered Slot Antenna (VTSA)

Vivaldi antenna is a traveling wave TSA and was first pro-

posed by Gibson in 1979 for broadband application [52]. It

is called a traveling-wave antenna because when the wave is

coupled from the microstrip line to slot line, its energy is

tightly bound to the opening width (Wmin) and as the wave

leaked from the transition moving toward the aperture width

(Wmax), its energy becomes weaker and the wave is radiated

to the free space from the tapered antenna slot [52]. As it is

shown from the configuration of VTSA in Fig. 1(a), a

quarter-wave slot with length Lqw is connected to the exponen-

tially tapered slot which is defined by [53]

y xð Þ ¼ �Aer�x ð1Þ
where A is half the minimum width of the tapered slot Wmin

and r is the taper or the magnification factor rate. x is the posi-

tion along the taper slot length (LT). Both r and LT have a sig-

nificant effect on the antenna performance especially its BW

and gain.

According to [53] for best performance,

LT > kg; ð2Þ
where kg = c

fc
ffiffiffiffiffi

eeff
p is the guided wavelength at fc = 6.85 GHz

(center operating frequency), and

Wmax1 < Wmax < Wmax2 ð3Þ
where

Wmax1 � k0 ðat fc ¼ 6:85 GHzÞ ð3:1Þ

Wmax2 � kmin=2 ð3:2Þ
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Table 1 UWB TSAs with different M/S transition shapes.

Ref. Substrate

h(mm)/er

S11(dB) at Frequency Band (GHz) Gain(dBi) Tech. to enhance Gain or BW M/S transition Size

mm � mm

[47] 1.6/4.4 <�10 at 0.9–9.6 3.15–6.3 ــــــــــــــ Radial/Circular 300 � 193

[48] 1.6/4.4 <�10 at 3–8 2–5 ــــــــــــــ Radial/Diamond 62.6 � 32.5

[49] 0.787/2.2 <�9.38 at2.5–10.6 4–8.4 ــــــــــــــ Radial/Radial 82 � 60

[50] 1.27/6.15 <�13.3 at 2.1–9.2 max = 6.12 ــــــــــــــ Radial/Rectangular 97 � 124

[51] 0.5/2.65 <�11.3 at 2.4–11.5 6.9–14.5 ــــــــــــ Circular/Circular 150 � 80

Table 2 The four different M/S transitions used to feed the proposed UWB VTSA.

Model Model A Model B Model C Model D

M/S transition Rectangular/Rectangular Taper/Taper Trapezoidal/rectangular Circular/Circular

Fig. 1 Layouts of the proposed UWB VTSA models (a) A, (b) B, (c) C, and (d) D.
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where, kmin is at Fl = 3.1 GHz.

From the antenna configuration in Fig. 1(a), Lm is the

length of the microstrip feed line which is equal to half the

antenna width (Want) added to Lqw. The width of the micro-

strip feed line is represented by Wm and finally, re is the

remaining distance of the non-slotted copper in the X-axis.

The excitation in this antenna is happened due to the elec-

tromagnetic coupling between the microstrip and slot lines in

the transition. The equivalent circuit of this transition is shown

in Fig. 2(b). The capacitive effect of the open-ended microstrip

line (stub) and inductive effect of the short-ended slot line are

represented by the series Xm and shunt Xs reactances, respec-

tively. Z0m and Z0s are the characteristics impedances of

microstrip and slot lines, respectively. The coupling between

these two lines is represented by the n:1 transformer [54].

For a simpler uniform M/S (Model A: rectangular/rectangu-

lar) transition shown in Fig. 1(a), the length of both microstrip

and slot lines Lqw is selected to be kg/4 (at fc = 6.85 GHz) that

provides good matching from the microstrip line feeding to the

aperture slot. Due to the importance of this transition, it

should be designed properly to get good impedance matching

between the low impedance of the microstrip line and the high

impedance of the slot line in addition to obtain enhanced BW

and gain [55]. Since the antenna BW and matching are limited

due to its frequency-dependent parameters in the transition Xs

and Xm [53,54], the enhancement can be obtained by control-

ling the transition parameters and also changing the shape of

the transition [55]. The effect of changing the shape of M/S

transition is highly affecting the antenna performance and in

this work, the focus is on how to exploit this effect in reducing

the size of the antenna while maintaining a good in-band

matching performance.

3. Design of compact UWB VTSA

At the UWB frequency band (3.1–10.6 GHz) with

fc = 6.85 GHz and using Rogers RO4003C as substrate

material, the antenna with four M/S transitions shapes (Model

A to D) is designed and simulated using CST. According to (2)

and (1), LT and Wmax are selected to be 27 mm (>26.2 mm at

fc = 6.58 GHz) and 24.24 mm (23.24 mm < Wmax < 25.68

mm), respectively. In each model, parametric studies are

performed using CST. The calculated and optimized parame-

ters of all models are illustrated in Table 3 at the end of

Section 3.4.

3.1. UWB VTSA with (Rectangular/Rectangular) M/S

Transition: (Model A)

The layout of this antenna is the same as the one shown in

Fig. 1(a). Fig. 3 shows the parametric studies in terms of S11
and gain for Model A on r, LT, Lqw, Wmin, dis and Wm, respec-

tively, where dis = Want � Lqw. The optimized parameters are

in a red solid line with a red dashed box. According to (1), r

will affect Wmax which in turn affects the antenna gain [52].

However, larger values will affect Xm and Xs over the entire

UWB frequency band and it should be chosen carefully to

guarantee the matching [53]. So, there should be a compromise

between its value and the M/S transition parameters such as

Wmin, and Lqw. Fig. 3(a) shows that at r smaller or greater than

0.159, S11 > �10 dB and as r increases, the gain increases.

Although the gain is higher at r = 0.164, r = 0.159 is selected

for its better matching. The gain in the traveling-wave antenna

is directly proportional to LT which is related to the overall

antenna length (Lant = LT + Lqw + re) [52] and according

to (1) as LT increases, Wmax will increase by increasing x. As

Wmax increases, the amount of radiated energy from the aper-

ture increases (gain increases). As shown in Fig. 3(b) when LT

decreases or increases there is a slight shift in the band toward

the higher (Fh) and lower (Fl) frequencies, respectively. At LT

less (26.2 mm) or greater (29.4 mm) than LT = 28.6 mm, the

BW is limited due to the effect of frequency-dependent param-

eters in the M/S transition, Xs and Xm. Fig. 3(b) also shows

that although both LT = 28.6 mm and LT = 29.4 mm give

higher peak gain, LT = 28.6 mm is selected due to it’s better

matching (S11 < �10.48 dB).

Proper design and selection of the VTSA M/S transition

parameters such as Lqw and Wmin should be taken into account

to enhance its BW. As Lqw decreases or increases, there is a

shift in the band toward Fh and Fl, respectively as depicted

in Fig. 3(c). Also, the BW and the gain are enhanced as Lqw

decreases as at Lqw= 6.47 mm (BW = 7.7 GHz, and maxi-

mum gain = 7.59 dBi), however, the obtained

S11(<�10.31 dB) is not that good as compared to the other

values. Although at the calculated Lqw = 6.57 mm

(S11 < �10.5 dB, the obtained BW = 7.59 GHz and

Fig. 2 (a) M/S transition of VTSA (b) Its equivalent circuit [55].
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maximum gain = 7.54 dBi) the matching is 0.19% better,

Lqw = 6.52 mm (S11 < �10.48 dB, the obtained

BW = 7.65 GHz and maximum gain = 7.56 dBi) is selected

due its 0.78% and 0.26% better BW and gain, respectively.

Since Wmin is related to the slot line impedance in the M/S

transition, it will affect the BW. To enhance the BW, Fl in

the UWB frequency band should be reduced to provide good

in-band impedance matching [37]. As depicted in Fig. 3(d),

Table 3 Calculated and optimized parameters of the four models.

Parameters Cal. Opt.

Models A B C D

r – 0.159 0.159 0.161 0.17

Wmax (mm) 24.45 24.48 24.49 21.04 21.03

LT (mm) 27 28.6 27.8 26.4 25

Lqw (mm) 6.57 6.52 6.5 6.51 5.7

Wmin (mm) – 0.27 0.3 0.3 0.3

radst (mm) 3.285 – – – 2.85

radsl (mm) 3.285 – – – 1.89

rst (mm) – – 0.2 – –

Adjtsl (mm) – – 0.12 – –

Adjtrst1 (mm) – – – 2.5 –

Adjtrst2 (mm) – – – 1.5 –

Adjtrsl1 (mm) – – – 0 –

Adjtrsl2 (mm) – – – 0 –

dis(mm) – 37.4 37.4 36.85 37.2

Wm (mm) 1.819 1.4 1.38 1.55 1.2

re (mm) – 0.2 0.6 0.35 0.5

Lant (mm) – 35.42 34.9 33.26 29.28

Want (mm) – 43.92 43.9 43.36 42.9

  (a)                                                                 (b)                                                                 (c)            

            (d)                                                               (e)                                                                  (f)

Fig. 3 Parametric study of the proposed UWB VTSA (Model A) in terms of S11 and gain on (a) r, (b) LT, (c) Lqw, (d) Wmin, (e) dis, and

(f) Wm.
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gain increases, and the BW shifts toward Fl when Wmin

increases with a mismatch at higher values such as at Wmin

= 0.3 mm and 0.33 mm. On the other hand, matching is

enhanced as Wmin decreases and Wmin = 0.27 mm is selected

with optimum BW, gain, and matching.

At the optimized value Lqw = 6.52 mm, dis is changed to

analyze the effect of Want on the antenna performance.

Fig. 3(e), illustrates that there is no big effect on the BW as

dis changes. Since at dis = 37.4 mm and 38.2 mm the BW is

almost the same (7.65 GHz), dis = 37.4 mm is selected for

more compactness. Although the gain is better at small values

of dis= 36.6 mm and dis= 35.8 mm, the matching and BW at

dis = 37.4 mm are better. As shown in Fig. 3(f), Wm which is

related to the width of 50 SMA connector mainly affects the

antenna matching. However, it has a small effect on both the

BW and the gain and the best-obtained S11 is at Wm = 1.4 mm

which is better than the calculated one (1.819 mm) due to the

effect of the matching between the microstrip and slot line

impedances in the transition [53].

The radial stub is a matching transmission line used widely

to provide wide BW due to its low impedance level [56] and to

analyze its effect, the k/4 rectangular stub is replaced by a

radial one with a radius equal to Lqw as shown in Fig. 4(a).

Fig. 4(b) shows that when the angle of the stub (ang) decreases

or increases, the BW shifts toward Fl or Fh, respectively. Rad.

St. in Fig. 4(b) and (c) is an abbreviation for radial stub. The

best matching is obtained at ang = 30�, however, the BW is

not enhanced (S11 < �11.2 dB, BW = 3.04–10.15 = 7.11 G

Hz). Although at ang = 90�, the BW is wider

(S11 < 10.3 dB, BW = 3.82–11.42 = 7.61 GHz) than at

ang = 30�, Fl is far away from the required one in the UWB

frequency band (3.1–10.6 GHz). To overcome this shift in

the obtained BW, a further parametric study is performed on

Lqw as depicted in Fig. 4(c). At smaller Lqw, the BW is

enhanced but Fl is still around 3.9 GHz and also S11 became

worse. However, as Lqw increases, the BW decreases, and Fl

shifts toward 4 GHz. So, using radial stub in this model has

no advantage in terms of BW or matching. The circuit area

for this model is 43.92 � 35.32 mm2 = 1551.6464 mm2
.

3.2. UWB VTSA with (Tapered/Tapered) M/S Transition:

(Model B)

The layout of this model is shown in Fig. 1(b). The exponential

tapered profile for the microstrip line in the M/S transition is

defined by

y‘ x‘ð Þ ¼ �A‘erst�x‘ ð4Þ
where A‘ is half the minimum width of the tapered stub in the

transition (Wmin1) and this should be equal to Wm, however,

smaller values are better for the antenna matching as will be

explained later. rst is the stub taper rate and x‘ is the position

along the tapered stub length (Lqw). Due to the small area of

the slot in the transition, the exponential taper profile is not

used and instead of that a certain value Adjtsl (adjusting the

tapering slot) is added to one side of the k/4 rectangular slot

to get the tapered shape as shown in the inset of Fig. 1(b).

Detailed parametric studies in terms of S11 and gain are shown

in Fig. 5. The result of the study on r is the same as that

obtained for Model A where the best performance is achieved

at r= 0.159 as depicted in Fig. 5(a). The change in LT causes a

slight shift in the band as shown in Fig. 5(b) with best S11 at

LT = 27.8 mm (S11 < �10.667 dB and maximum

realized gain = of 7.39 dBi), although of the higher gain at

LT = 28.6 mm (S11 < �10.215 dB and maximum realized

gain = of 7.7 dBi). As it is shown in Fig. 5(c), the BW and gain

are enhanced as Lqw decreases as at Lqw = 6.43 mm

(S11 < �10.731 dB, BW = 3.25–10.96 = 7.71 GHz and

maximum gain = 7.4 dBi) in which they are 1.43% and

0.14%, respectively better than that at Lqw = 6.5 mm

(S11 < �10.66 dB, BW = (3.23–10.83) = 7.6 GHz and max-

imum gain = 7.39 dBi). However, Lqw = 6.5 mm is selected

due to its smaller Fl. Also the matching, BW and gain at

Lqw = 6.5 mm are 0.66%, 1.45% and 0.27% and 1.41%,

2.1% and 0.54% better than at the calculated one at

Lqw = 6.57 mm (S11 < �10.59 dB, BW = 3.21–10.7) = 7.4

9 GHz and maximum gain = 7.37 dBi) and Lqw = 6.64 mm

(S11 < �10.51 dB, BW= 3.139–10.58 = 7.441 GHz and max-

imum gain = 7.35 dBi), respectively and this due to the

tapered stub and slot shape which is not the case in Model

A. As shown in Fig. 5(d) at Wmin less than or greater than

0.3 mm, there is a mismatch through the UWB frequency band

and the best S11 is obtained at Wmin = 0.3 mm (S11 < �10.

667 dB and maximum realized gain = of 7.39 dBi) although

of the higher gain atWmin = 0.5 mm (7.77 dBi). Fig. 5(e), illus-

trates that the effect of changing rst is small on the BW and the

best matching within UWB is obtained at rst = 0.2. Larger val-

ues of Wmin1 are not good as compared to that obtained at

Wmin1 = 0.2 mm as shown in Fig. 5(f), in addition, changing

Wmin1 doesn’t mainly change the gain.

As illustrated in Fig. 5(g), at the smallest and largest values

of Adjtsl (0.04 mm and 0.16 mm), the BW is shifted toward Fh

and Fl, respectively and the matching is not good as compared

Fig. 4 Layout (a) and S11 parametric study on (b) ang and (c) Lqw of the UWB VTSA with (Radial/Rectangular) M/S transition.
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to one obtained at Adjtsl = 0.12 mm. In this model, if only the

stub is tapered and the slot is rectangular (which nearly at

0.04 mm), the matching is not good in addition to a slight shift

in the band toward Fh. As illustrated in Fig. 5(h), the result for

changing dis is the same as that for Model A where

dis = 37.4 mm gives better matching. Fig. 5(i) shows that

the best matching is obtained when Wm = 1.38 mm within

the UWB frequency band. Although the BW is enhanced as

Wm increases, S11 > �10 dB at the middle of the band. It

can be observed that there is also a small increase in the gain

when Wm decreases as at Wm = 1.1605 mm, however,

Wm = 1.38 mm is selected due to its better S11. k/4 tapered

Fig. 5 Parametric study of the proposed UWB VTSA (Model B) in terms of S11 and gain on (a) r, (b) LT, (c) Lqw, (d) Wmin, (e) rst, (f)

Wmin1, (g) Adjtsl, (h) dis, and (i) Wm. Layout (j) and S11 parametric study on (k) ang and (l) Lqw of the UWB VTSA with (Radial/Tapered)

M/S transition.
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stub is replaced by the radial one in the transition of Model B

as shown in Fig. 5(j). Fig. 5(k) shows the effect of changing ang

where the best-obtained result is at ang = 70�. As illustrated in

Fig. 5 (l), at ang = 70�, Lqw is changed and as it decreases or

increases, the BW increases or decreases, respectively with a

mismatch within UWB especially at 4 GHz. Also, there is a

mismatch at the optimized value (Lqw = 6.5 mm). So, using

the radial stub here also is not enhancing the performance of

Model B. As a conclusion from the optimized parameters for

Model B, the change of the transition shape helps only in

reducing the total area (43.9 � 34.9 mm2 = 1532.11 mm2)

by 1.51% from Model A by reducing Lqw from 6.52 mm

(Model A) to 6.5 mm (Model B) and LT from 28.6 mm (Model

A) to 27.8 mm (Model B). This leads us to use other flexible

shapes that have many parameters to be controlled such as

in Model C and D.

3.3. UWB VTSA with (Trapezoidal/Rectangular) M/S

Transition: (Model C)

The slot line shape here is selected to be rectangular due to its

better performance as compared to the trapezoidal one and

this will be explained later in the parametric studies in

Fig. 6. Fig. 1(c) shows the layout of Model C. To transform

the k/4 rectangular stub to trapezoidal, two additional lengths

are added to its widths, Adjtrst1 (adjust the trapezoidal stub)

and Adjtrst2 and two additional lengths are added to the rectan-

gular slot, Adjtrsl1 (adjust the trapezoidal slot) and Adjtrsl2 as

shown in the inset of Fig. 1(c).

The best matching with enhanced BW is obtained at

r = 0.161 (S11 < �10.434 dB, BW = (3.0911.284) = 8.194

GHz and maximum gain = 6.89 dBi), as shown in Fig. 6(a)

despit of higher gain at r = 0.166 (7.1 dBi) than at

r = 0.161 (6.89 dBi). Since using trapezoidal stub makes r dif-

ferent from that in Model A and B, it helps in changing and

reducing the value of LT as shown in Fig. 6(b) to be

26.4 mm for better matching although of higher gains at

LT = 27 mm (S11 < �10.275 dB BW = (3.1–11.3) = 8.2 G

Hz and maximum gain = 7.15 dBi) and at LT = 27.6 mm

(S11 < �9.77 dB, BW = (3.11–11.31) = 8.08 GHz and max-

imum gain = 7.4 dBi). Fig. 6(c) shows that although the BW

and the gain are 0.63% and 0.58%, respectively enhanced at

Lqw = 6.45 mm (S11 < �10.375 dB, BW = (3.14–11.386) =

8.246 GHz and maximum gain = 6.93 dBi), Lqw = 6.51 mm

(S11 < �10.434 dB, BW = (3.09–11.284) = 8.194 GHz and

maximum gain = 6.89dBi) is selected due to its better match-

ing. In terms of matching and gain there is no big difference

betweenLqw=6.51mm and the calculated one,Lqw=6.57mm

(S11 < �10.48 dB, BW = (3.11–11.188) = 8.08 GHz and

maximum gain = 6.88 dBi), however, Lqw = 6.51 mm is

selected due its wider BW and smaller Fl. Finally, although

the matching at Lqw = 6.63 mm (S11 < �10.625 dB, BW =

(3.11–11.114) = 8 GHz and maximum gain = 6.88 dBi) is bet-

ter, Lqw = 6.51 mm is selected due to its wider BW. Wmin as

shown in Fig. 6(d) has the same results obtained for Model

B. Fig. 6(e) illustrates that at small values of Adjtrst1,

S11 > �10 dB and the best S11 is obtained at Adjtrst1 = 2.5 mm

(S11 < �9.86 dB) with no big effect on the BW as Adjtrst1
changes. Matching is enhanced when Adjtrst2 is added as shown

in Fig. 6(f) with a small increase in BW and gain as Adjtrst2
increases. Adjtrst2 = 1.5 mm (S11 < �10.434 dB, BW = (3.0

9–11.284) = 8.194 GHz and maximum gain = 6.89 dB) is

selected which is better than at Adjtrst2 = 1 mm (S11 < �10.

382 dB, BW = (3.08–11.153) = 8.073 GHz and maximum

gain = 6.89dBi) in terms of matching and BW. Although

the matching and BW at Adjtrst2 = 2 mm (S11 < �10.508 d

B, BW = (3.125–11.396) = 8.271 GHz and maximum

gain = 6.92dBi) and Adjtrst2 = 2.5 mm (S11 < �10.45 dB,

BW = (3.137–11.491) = 8.354 GHz and maximum

gain = 6.91dBi) are better, Adjtrst2 = 1.5 mm is selected due

to its smaller Fl. Fig. 6(g) and (h), show that the rectangular

slot (at Adjtrsl1 = 0 mm and Adjtrsl2 = 0 mm) is better than

the trapezoidal slot. A direct comparison between using the

rectangular (Adjtrsl1 = 0 mm and Adjtrsl2 = 0 mm) and trape-

zoidal (Adjtrsl1 = 0.15 mm and Adjtrsl2 = 0.3 mm) slots in

terms of S11 and gain is shown in Fig. 6(k), where S11 in the

rectangular slot is better than in trapezoidal one (mismatch

at 4 GHz) and there is no big difference between their results

in terms of gain. Fig. 6(i) shows that the best matching and

a moderate gain (6.89 dBi) is obtained at dis = 36.85 mm

although of the higher gain at dis = 35.15 mm (7.11 dBi)

and dis = 36 mm (6.99 dBi). As illustrated in Fig. 6(j),

Wm = 1.55 mm is selected due to the best obtained S11
although of the BW and gain enhancement at Wm > 1.55 mm.

Fig. 7(a) shows the microstrip feed line of Model C is ended

by a k/4 radial stub instead of the trapezoidal one. Best match-

ing is achieved at ang = 30�, however, the BW is not enhanced

(3–10 GHz) as shown in Fig. 7 (b). Fig. 7(c) indicates that

through the UWB frequency band at all Lqw values, S11 is

worse than that at trapezoidal stub. So no need to use the

radial stub. Using the (Trapezoidal/Rectangular) M/S transi-

tion in Model C helps in reducing the antenna size and enhanc-

ing the BW (Area = 1442.15 mm2 and BW = 7.65 GHz) by

7.3% and 6.64%, respectively from that in Model A

(Area = 1555.64 mm2 and BW = 7.65 GHz) and this due

to the reduction in the antenna length and width parameters

such as LT from 28.6 mm (Model A) to 26.4 mm (Model C)

and dis from 37.4 mm (Model A) to 36.85 mm (Model C).

One can conclude that good selection of M/S transition shape

in VTSA can enhance the antenna performance and reduce its

size

3.4. UWB VTSA with (Circular/Circular) M/S Transition:

(Model D)

As shown in Fig. 1(d), both microstrip stub and slot lines in M/

S transition of this model have a circular shape with different

radii, radst (radius of the circular stub), and radsl (radius of the

circular slot), respectively. Only the stub has a k/4 length where

radst = 0.5 � Lqw . However, it is found that when radsl is

< 0.5 � Lqw, the matching of the antenna is better which will

be explained later in Fig. 8(e). The BW is enhanced when r

increases as shown in Fig. 8 (a) and r = 0.17 (S11 < �10.84

dB, BW = (2.95–12.67) = 9.72 GHz and maximum

gain = 6.63 dBi) is selected due its better maching although

of enhanced gain at r = 0.18 (S11 < �10.135 dB, BW = (2.

91–12.864) = 9.954 GHz and maximum gain = 7.11dBi).

Due to the circular shape in the transition, r here is different

from the other models and this helps in changing the other

parameters such as LT as shown in Fig. 8(b) where the best

matching is obtained at LT = 25 mm although of higher gains

at LT = 26 mm (S11 < �10.368 dB, BW = (2.95–12.74) = 9.
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                             (a)                                                             (b)                                                               (c)

                (g)                                                        (h)                                                           (i)

                (j)                                                          (k)

Fig. 6 Parametric study of the proposed UWB VTSA (Model C) in terms of S11 and gain on (a) r, (b) LT, (c) Lqw, (d)Wmin, (e) Adjtrst1, (f)

Adjtrst2, (g) Adjtrsl1, (h) Adjtrsl2 (i) dis, and (j) Wm. (k) Comparison between k/4 rectangular and trapezoidal slot in the M/S transition in

terms of S11 and gain.
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Fig. 7 Layout (a) and S11 parametric study on (b) ang and (c) Lqw of the UWB VTSA with (Radial/Trapezoidal) M/S transition.

 (g)

Fig. 8 Parametric study of the proposed UWB VTSA (Model D) in terms of S11 and gain on (a) r, (b) LT, (c) Lqw, (d) Wmin, (e) radsl, (f)

dis, and (g) Wm.
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79 GHz and maximum gain = 7.23 dBi) and LT = 27 mm

(S11 < �10.04 dB, BW = (2.93–12.765) = 9.835 GHz and

maximum gain = 7.72 dBi). Fig. 8(c) shows that the best

matching is obtained at Lqw = 5.7 mm (S11 < �10.84 dB,

BW = (2.95–12.67) = 9.72 GHz and maximum gain = 6.63

dBi) despite of the enhanced gain and BW at Lqw = 4.83 mm

(S11 < �10.33 dB, BW = (3.17–16.16) = 12.99 GHz and

maximum gain = 6.82 dBi). As shown in Fig. 8(d), the

best S11 within the UWB frequency band is obtained at

Wmin = 0.3 mm although of higher gains at Wmin = 0.4 mm

(S11 < �9.26 dB, BW = (2.94–12.74) = 9.66 GHz and

maximum gain = 7.28 dBi) and Wmin = 0.5 mm

(S11 < �11 dB, BW = (3–12.66) = 9.66 GHz and maximum

gain = 7.48 dBi).

Fig. 9 Layout (a) and performance comparison of the UWB VTSA with (Rectangular/Circular) and (Circular/Circular) M/S transition

M/S transition (b) S11 and (c) gain.

Fig. 10 Layout (a) and S11 parametric study on (b) ang and (c) Lqw of the compact UWB VTSA with (Radial/Circular) M/S transition.

(a)                                                                   (b)

Fig. 11 Photograph of the fabricated UWB VTSA (a) Model D as compared to Model A, and (b) the four models (A-B).
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As in the previous models for best matching, both stub and

slot length should be k/4 (radii = 0.5 � Lqw), however, as

shown in Fig. 8 (e), the best S11 is obtained at

radsl = 1.89 mm (S11 < �10.84 dB , BW = (2.95–12.67) =

9.72 GHz and maximum gain = 6.63 dBi) which is better than

at radsl = 1.41 mm (S11 < �9.86 dB , BW = (3.35–12.54) =

9.19 GHz and maximum gain = 6.56 dBi) in terms of match-

ing, BW and gain and also better than at radsl = 2.37 mm

(S11 < �9.2 dB , BW = (2.76–12.71) = 9.95 GHz and max-

imum gain = 6.75 dBi) and radsl = 2.85 mm (S11 < �8.1 d

B , BW= (2.72–12.74) = 10.02 GHz and maximum gain= 6.8

dBi) in terms of matching. As illustrated in Fig. 8 (f),

dis = 37.2 mm (S11 < �10.84 dB, BW = (2.95–12.67) = 9.

72 GHz and maximum gain = 6.63 dBi) is selected due its bet-

ter matching as compared to that at dis = 35.6 mm

(S11 < �10.3 dB, BW = (3.03–12.914) = 9.884 GHz and

gain = 6.97 dBi) and dis = 36.4 mm (S11 < �10.54 dB,

BW = (3–12.77) = 9.77 GHz and maximum gain = 6.8

dBi) despite their higher gain. Although at dis = 38 mm

(S11 < �11.13 dB, BW = (2.92–12.55) = 9.63 GHz and max-

imum gain = 6.47 dBi) the matching is better, dis = 37.2 mm

it is selected due to its better gain and to get more compact-

ness. Fig. 8(g) illustrates that the best matching is obtained

at Wm = 1.2 mm (S11 < �10.84 dB, BW = (2.95–12.67) =

9.72 GHz and maximum gain = 6.63 dBi) although of the

higher gain at Wm = 0.8905 mm (S11 < �10.16 dB, BW =

(3.23–12.74) = 9.51 GHz and maximum gain = 6.7 dBi).

Fig. 9(a) shows the antenna with (Rectangular/Circular)

transition. As shown in Fig. 9(b) and 9 (c), the matching,

BW and gain using circular stub (S11 < �10.84 dB, BW =

(2.95–12.67) = 9.72 GHz and maximum gain = 6.63 dBi)

are better than the rectangular one (S11 < �8.11 dB, BW =

(3.6–11.82) = 8.22 GHz and maximum gain = 6.55 dBi).

Using the radial stub and its effect on the antenna performance

is shown in Fig. 10. Fig. 10(b) shows that at different values of

ang, there is a mismatch. Since the best S11 is obtained at

ang = 90, Lqw is changed and as shown in Fig. 10(c) at all

Lqw there is a mismatch within the UWB frequency band. In

conclusion, the radial stub may increase the BW if Lqw is

decreased, however, the matching becomes worse.

The (Circular/Circular) M/S transition helps in reducing

the antenna size (42.9 mm � 29.28 mm = 1256.112 mm2)

and enhancing the BW (9.72 GHz) by 19.25% and 21.3%,

respectively as compared to Model A due to the reduction in

the antenna length parameters (LT = 25 mm and Lqw = 5.7-

mm) which they are less than that in other models (Model A:

LT = 28.6 mm and Lqw = 6.52 mm, Model B: LT = 27.8 mm

and Lqw = 6.5 mm and Model C: LT = 26.4 mm and

Lqw = 6.51 mm). Based on the optimized parameters in

Table 3, the four models are fabricated and tested and their

prototypes are shown in Fig. 11(b). Fig. 11(a) shows the direct

comparison between Model A and D. The final simulated and

measured results of the four models will be discussed later by

comparing them with the other models in Section 4

4. Results and discussion

Table 4 summarizes the simulated and measured results for the

four models in terms of S11, BW, peak realized gain, efficiency,

and group delay. In addition, it displays the circuit area for

each model and the obtained size reduction or BW enhance-T
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ment percentages for Models B, C, and D as compared to

Model A. It can be observed that as a penalty of reducing

the size, the gain is a bit reduced, however, the antenna match-

ing and BW are enhanced.

4.1. Reflection coefficient, input impedance, group delay and

phase

All the four models provide good input matching of

S11 < �10 dB as shown in Fig. 12. Although the gain is a

bit reduced as a penalty of reducing the antenna sizes (from

Model A to D), S11 and BW are enhanced (except for Model

C where its measured BW is 3.7% less than that in Model B)

and this is due to the use of different M/S transition shapes.

The discrepancy between the simulated and measured results

is due to fabrication tolerance and imperfect soldering of

SMA connectors. As shown in Fig. 12(b), the four models have

almost the same phase with a shift in Model D especially at

high frequencies due to its smaller area as compared to the

other models. The real and imaginary parts of the simulated

input impedance shown in Fig. 12(c) are oscillating around

50 O and 0 O, respectively. This reflects that the different four

microstrip feedlines with different ended stubs’ shapes are

matching properly with the 50 O SMA connecter (simulated

as waveguide port in CST) which in turn leads to a good cou-

Fig. 12 Simulated and measured (a) S11, (b) Phase, and (c) simulated input impedance of the proposed compact UWB VTSA four

models.

Fig. 13 (a) CST and (b) Measurement environments to calculate F 2 F group delay between the two samples of the four models (c)

Simulated and measured group delay of the proposed four models.
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pling of the signal to the slot resulting in the measured 7.8 GHz

(Sim = 7.65 GHz), 9.16 GHz (Sim = 7.61 GHz), 8.82 GHz

(Sim = 8.194 GHz) and 10.7 GHz (Sim = 9.72 GHz) wide

impedance matching for Model A, Model B, Model C, and

Model D, respectively.

In UWB application, group delay is an important factor

where a nearly flat group delay within the UWB frequency

band is required to guarantee the satisfactory of signal trans-

mission [57]. To get the group delay for each model, 2 samples

are designed, simulated, and fabricated. The two samples of

each model are put in Face to Face (F 2 F) in the E- Plane,

as shown in Fig. 13(a) and (b) in both simulation and measure-

ment environment, respectively for all models. The distance

(R) between the two models is taken in the far-field region

and it is defined by[53]

R >
2D2

k
ð5Þ

where D is the largest dimension of the antenna and k is the

free space wavelength at fc.

Fig. 13(c) shows approximate flat group delays where the

measured ones are around 1.25 ns (Sim = 0.75 ns), 1.25 ns

(Sim = 0.75 ns), 1.2 ns (Sim = 0.75 ns) and 1.1 ns (Sim =

0.75 ns) for Model A, Model B, Model C and Model D,

respectively. As it is noticed that group delay is decreased from

Model A to Model D and this due to the size reduction of the

models which implies that the path that the signal takes to

propagate becomes a little bit shorter. The measured group

delay is greater than the simulated one in all models due to

the fabrication and measurement tolerance in which the signal

will face more losses during its propagation.

4.2. Gain, total efficiency, and radiation patterns

Fig. 14 shows the measurement setup in the anechoic chamber

for Model A. The realized gain for all models is shown in

Fig. 15(a), in which the gain is slightly reduced from Model

A to D as a penality of the size reduction. It should be men-

tioned here that the gain is started at frequency f = 4 GHz

because the waveguide probes at f< 4 GHz were not available

during the measurement. The measured realized gain in Fig. 15

(a) for Model A, Model B, Model C and Model D, respectively

started at f = 4 GHz from 4.26 dBi (Sim = 3.86 dBi), 3.36 dBi

(Sim = 3.76 dBi), 2.86 dBi (Sim = 3. dBi) and 2.21 dBi

(Sim = 2.17 dBi) then increased gradually due to the increase

in the electrical dimensions [10] to reach its maximum value of

7.43 dBi (Sim = 7.56 dBi), 7.31 dBi (Sim = 7.38 dBi), 6.66 dBi

(Sim = 6.89 dBi) and 6.51 dBi (Sim = 6.63 dBi) at

f = 8.65 GHz, f = 8.65 GHz, f = 9 GHz and f = GHz

9.55, respectively and then it decreased due to the losses to

3.9 dBi (Sim = 4.2 dBi), 3.31 dBi (Sim = 3.76 dBi), 3.51

dBi (Sim = 3.8 dBi) and 5.81 dBi (Sim = 6 dBi) at

f = 12 GHz. It can be observed that although a 19.25% size

reduction is achieved for Model D, the gain is only reduced

by 12.26%. So controlling the M/S transition shape from

Fig. 14 Measurement environment for the AUT (Model A) at the anechoic chamber.

Fig. 15 Simulated and measured (a) realized gain and (b) total efficiency of the proposed compact UWB VTSA four models.
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Model A to D helps in reducing the size of the antenna while

keeping a moderate gain. Fig. 15(b) shows that the obtained

measured total efficiencies for Model A, Model B, Model C,

and Model D are between 76.5% and 97% (Sim: 80% and

97%), 74.8% and 94% (Sim: 78.2% and 96%), 82.9% and

92.96% (Sim: 80% and 96.24%) and 90.6% and 96.7%

(Sim: 90.73% and 98%), respectively within the UWB fre-

quency band.

It should be mentioned here that the cross-polarization is

not considered in this work because NSI-MI anechoic chamber

at Wireless Communication Centre (WCC), UTM-Johor

Bahru that used for measuremnts doesn’t consider the cross-

Fig. 16 Simulated and measured radiation pattern of the proposed compact UWB VTSA four models at f = 5.11 GHz (a) E and (b) H,

f = 5.48 GHz (c) E and (d) H, f = 8.2 GHz (e) E and (f) H, f = 8.8 GHz (g) E and (h) H and f = 10 GHz (i) E and (j) H.
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polarization when they modeled the waveguide probes and

according to that, the obtained measured cross-polarization

was very bad and too big for all models. The normalized 2-

D polar plots radiation patterns at E-plane (XY-plane) and

H-plane (XZ-plane) are shown in Fig. 16(a) and (b), (c) and

(d), (e) and (f), (g), and (h) and (i) and (j) at f = 5.11 GHz,

5.48 GHz, 8.2 GHz, 8.8 GHz, and 10 GHz, respectively for

all four models. These frequencies are selected according to

the available waveguide probes within the UWB frequency

band during the measurement. As depicted in Fig. 16, stable

end-fire and dipole shape radiation patterns are obtained in

both E and H planes, respectively which guarantee the trans-

mission and reception of the signal through the UWB fre-

quency band. It can be also observed that due to higher

order modes and losses at high frequencies (8.2 GHz,

8.8 GHz, and 10 GHz), SLLs are introduced to patterns espe-

cially in the E- plane and this is because the feed line works like

a radiator and there will be a slight asymmetry at higher fre-

quencies. The discrepancy between the simulated and mea-

sured radiation patterns is due to fabrication and

measurement tolerance. These good features of the Model D

in terms of compactness, good matching, moderate gain, and

stable radiation patterns make it a good candidate for the

modern wireless communication system that requires the

antenna to be more reliable and compatible with the recent

broadband applications such as UWB See Through Wall

(STW), microwave and millimeter-wave imaging, and vehicu-

lar communication.

Finally, Table 5 illustrates the comparison of Model D with

other recent works in the literature. The proposed antenna

provides better S11, higher realized gain, better radation effi-

ciency wider BW, and smaller size than other works

[12,25,33,40,58] except those who used techniques to enhance

the gain and the BW which explains the higher gain in

[45,59] although of their small area.

5. Conclusions

Simple Compact Ultra Wide Band (UWB) Vivaldi Tapered

Slot Antenna (VTSA) using Circular/Circular Microstrip to

Slot line (M/S) transition (Model D) is designed, analyzed,

and fabricated in this paper. To analyze the effect of changing

the transition’s shape on the compactness and the performance

of the proposed VTSA, it is designed using three other shapes

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

Taper), and Model C: (Trapezoidal/rectangular)) with detailed

parametric studies. From Model A to D, the size is reduced

with an enhanced matching and BW. As compared to Model

A, the size of Model D is reduced by 19.25% and the obtained

measured S11(<�11.15 dB) and BW (10.48 GHz) are

enhanced by 10.31% and 24.56%, respectively. Although the

size is reduced, the obtained peak gain for Model D still mod-

erate (6.51 dBi) and it is only reduced by 12.26% from that in

Model A (7.42 dB). All the proposed four models provide

good S11 < (between �10 and �11.15) dB with enhanced

BW through the UWB frequency band. In addition, they pro-

vide stable end-fire radiation patterns and approximately flat

group delays (1.1–1.25 ns). As future work, one may apply

further miniaturization or gain enhancement techniques on

Model D with its optimized parameters based on the study

carried out in this paper.T
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