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gbstract—This paper reports an electric field approximation model of the Coplanar Vivaldi antenna
on the E-plane. The study is conducted in three stages, ie., (i) evaluating the impact of various
geometrical parameters to the Vivaldi's element performance at different frequencies, (ii) modeling the
electric field patterns, and (iii) applying the model to evaluate the linear total array pattern. The
examination of the Coplanar Vivaldi element with fractional bandwidth of 133% in the 2-10 GHz band
shows the individual roles of the antenna width, the tapered slot length, the opening width and the
slope of the tapered slot in determining the VSWR, resistance, reactance and E-Field performance.
The Vivaldi element should be designed with element width more than 0.5\ and less than A to reach
better performance of VSWR and E-field. The longer the tapered slot (> A) with the high value of
opening rate of tapered slot, the smaller the E-field. The E-field increases with increasing opening
width of the tapered slot. Knowledge of the influence of each geometry parameter is then used as a
reference in developing the E-field pattern approximation model of the Vivaldi element. The derivation
of the Vivaldi approximation model is started from the pattern of a horn antenna because both antennas
share a similar feature, i.e., the enclosure of the E-field propagation within a tapered slot resulting in
a directional radiation pattern. The result of Coplanar Vivaldi modeling is verified against the results
of electromagnetic computational simulation and measurement. The Vivaldi element model is useful
for total array pattern analysis to save computation time and to provide flexibility in the evaluation of
array design.

1. INTRODUCTION

@valdi antenna is a planar antenna with a light weight, low profile, wide bandwidth, directional
radiation pattern, and high gain [1-4] Vivaldi antenna can be applied for through-wall detection [5],
imaging [6], radar [7,8] and communication [9]. Many studies on Vivaldi antenna hav@®een aimed to
improve the performance, using numerical electromagnetic computation for evaluation. Bandwidth and
radiation pattern [ frformance of Vivaldi antenna depends on the geometry such as the length and the
width, the mouth opening of tapered slot anffhe slope of tapered slot. The feeding shape, the radiator
shape and the substrate also predispose the bandwidth and radiation pattern performance.

In terms of the design structure, Vivaldi antennas can be divided into three classes, i.e., Coplanar
Vivaldi Antenna, Antipodal Vivaldi Antenna (AVA) and Balanced Antipodal Vivaldi Antenna (BAVA),
each with its own strengths. For instance, the family of AVA generally shows high gain and wide [10-12].
However, the wide bandwidth implies the emergence of grating lobes when the anteffidhs are used in
array configuration especially in high frequency region of the band [13]. Accordingly, in this paper, we
focus on Coplanar Vivaldi antenna.

Parametric studies of several dimensions of Vivaldi antenna with respect to impedance and VSWR
performance have been published in [14,15]. However, while in a Vivaldi array the element pattern
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contributes the total array pattern [16,17], parametric study of the Coplanar Vivaldi geometry with
respect to the radiation pattern is still limited. Our first goal is to analyze the effect of geometry
variation on VSWR, impedance and radiation pattern performance, that can be reference to design
antenna element which will be discussed in Section 2.

Antenna array can enlarge gain, reduce beam width, and cover certain beam scanning [18]. On the
other hand, arrays with uniform spacing suffer from mutual coupling [19], which for those with Coplanar
Vivaldi elements can be mitigated by employing corrugated and/or truncated slot structures [13]. An
example of large Vivaldi arrays are those with hundreds of elements thaff§lwve been used in astronomy
and telescope application. Array optimization, especially for those with a very large number of
elements [20,21], e.g., up to hundreds or thousands of them, requires very long computation time.
It also requires a high-grade computer to analyze large Vivaldi array with electromagnetic numerical
computation. In actual analysis, array optimization can be done by analytical methods so that the
computation process can be made more flexible with signal processing techniques and, hence, faster.
However, use of analytical method requires antenna element modelling,.

Most analytical methods for array antenna have been reported by focusing on commonly used
elements, such as isotropic [22], dipole [23], and microstrip [24]. Discussions of radiation pattern
analysis of linear tapered slot antenna and slot line have been reported in [25,26]. Nevertheless, the
computational radiation pattern which is employved using the moment method by developing basis
functions refgZ® in a more complex algorithm. For an antenna array, the total pattern can be obtained
analytically by multiplying E-field pattern of the element with the array factor. However, the
mathematical expression for radiation pattern of a Vivaldi element is presently not available for use in
Vivaldi array pattern analysis. Thus far, pattern analysis of a Vivaldi array must resort to c@#putational
electromagnetic algorithms. Therefore, it is necessary to develop analysis and modelling of the radiation
pattern of a Vivaldi antenna which is related to its geometry and working frequency.

Horn and Vivaldi antennas have similarities in the presence of tapered structure and directional
radiation pattern [27]. While horn is a volume antenna, Vivaldi antenna is planar. Both antennas have
electric fields thfpropagate between the sides of the tapered structure.

The second objective of this paper is to develop a novel radiation pattern model of Vivaldi element
using the same approach as used for horn antenna, to be discussed in Section 3. The use of such a
mathematical model can reduce computation time and make analytical calculations more flexible. We
evaluate the accuracy of the Coplanar Vivaldi element pattern model in Section 4 and the total array
pattern obtained by pattern multiplication in Section 5 through comparison with results from CST
simulation. Finally, Section 5 concludes this paper.

2. PARAMETER STU[% OF GEOMETRY

29
We start with the d€ffin of Vivaldi antenna element as shown in Fig. 1, in which FR4 substrate is used
with permittivity of 4.6, substrate thickness of 1.6 mm, and copper thickness of 0.035 mm. It is designed

-~
v

Figure 1. Dimension of a Vivaldi antenna [16], with R is opening slope/opening rate of tapered slot.
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with slope of tapered slot as follows [13]:
yret2 — yyeltn
Co = = Roy ke (1)
eftrz — eliry
where x and y denote coordinates in cartesian system; R is the slope of the tapered; (x1, y1) and (2, y2)
are the coordinates of the start and end of the tapered slot, respectively.

The Vivaldi antenna is designed to achieve a bandwidth of 133% based on VSWR (Voltage Standing
Wave Ratio) of less than 2 in the 2-10 GHz range. The next step is to vary one of the antenna’s
geometries and make the others fixed, without changing the shape of feed line andffifle type of substrate.
The detailed design parameters of Coplanar Vivaldi Element as shown in Fig. 1 are listed in Table 1.

Y2 — i1
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iy = Che <2y i
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Table 1. Geometry of antenna element based on Figure 1.

Parameter | Dimension (mm) | Parameter | Dimension (mm)
L 60 r 3
W 60 Wy 2.5
W, 30 Dy 3
L 42.5 xy 4
Ly 7.5 yr b
Wy 0.5 R 0.15

2.1. Antenna Width

Figure 2(a) shows the variation in VSWR due to variation of antenna width (W) by setting L = 60 mm,
W, = 30mm, R = 0.15. Figure 2(a) shows VSWR for W = 40mm, which at 2 GHz corresponds
to 0.267A and results in VSWR > 2. It happens because the antenna is designed with W < 0.5\
and indicates the occurrence of impedance mismatch between the radiator and free space so that the
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Figure 2. Effect of element width to (a) VSWR,
and (b) resistance and reactance performance
with L = 60 mm, W, = 30mm, R = 0.15.

Figure 3. E-fJld on the E-plane with various
element width at (a) 3GHz, (b) 5GHz and (c)
7GHz with L = 60mm, W; = 30mm, R = 0.15.
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maximum power transfer is not fulfilled. At 3 GHz, the element width of 40 mm corresponds to 0.4\,
60mm to 0.6X and 80 mm to 0.8\. The result shows that an element width of more than 0.5\ with
respect to its operating frequency results in VSWR < 2 and, therefore, can be considered in antenna
design as a reference to achieve the desired VSWR performance at the lowest frequency. Figure 2(b)
presents the performance of resistance (bottom curve) and reactance (upper curve) for varying element
width. Vivaldi antennas with an element width less than half wavelength demonstrate high resistance
at the lowfdnd frequency as shown in the lower curve of Figure 2(b). It also shows the fluctuation of
reactance as shown in the upper side of Figure 2(b).

Figure 3 shows the E-field patterns obtained by changing the element width at frequencies of 3, 5,
and 7GHz. At 3GHz (see Figure 3(a)), the Vivaldi antenna with element width of 40 mm or 0.4X has
the smallest E-field and VSWR > 2. The size also produces high resistance and reactance and influences
radiation pattern. Also at 3 GHz, the wider antennas yield higher E-fields for element width not more
than 1A. The figure also exhibits that the SLL performance ranges from best to worst for W = 80 mm,
60 mm and 40 mm, respectively. The E-field performance at 5GHz (see Figure 3(b)) is reached from
best to worst for W = 60mm (1)), W = 40mm (0.667\) and W = 80mm (1.33)), respectively.
Meanwhile at 7GHz, the E-field performance is obtained for W = 40mm (0.93Mf) W = 60 mm (1.4)\a)
and W = 80 mm (1.86), successively, from best to worst. An antenna with the element width of more
than 0.5\ but less than 1A has better E-field than others. Although an antenna has VSWR < 2, the
E-field at the high-end frequency depends on the width of antenna relative to its wavelength.

If the ant element width is more than 1), it will yvield a worse E-field than those with width
less than 1\. It can be seen in Figure 5 that at frequency 7GHz, antenna width of 85 mm (1.85))
yields more side lobes. Higher frequencies causes higher side lobe levels (SLL). From the description
above it can be concluded that the antenna with element width less than 0.5\ will yield VSWR more
than two, suffer from fluctuation of resistance and reactance, show a decrease in E-field and increase in
the SLL (at low-end frequencies). Moreover, if an antenna is designed with element width more than
1A, although it has VSWR less than 2, it degrades the E-field performance especially at the high-end
frequency band, which causes high side lobe. Thus, it is necessary to design antenna by considering the
element width relative to its desired operating frequency.
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Figure 4. Effect of of element length to (a) Figure 5. E-fllld on the E-plane with various
VSWR, resistance and reactance performance element length 8 (a) 3 GHz, (b) 5GHz and (c)
W = 60mm, W; =30mm, R = 0.15. 7GHz W = 60mm, W, = 30mm, £ = 0.15.
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2.2. Length of the Tapered Slot

VSWRs and impedance performances with various lengths of tapered slot (L;) are shown in Figure 4,
taken for W = 60mm, W, = 30mm, R = 0.15. The VSWR at the low-end frequency (2 GHz) descends
with the decreasing length, ie., at L; = 100mm (0.67)\), L; = 70mm (0.47)) and L; = 50 mm (0.33)\)
consecutively, reveals that longer size of tapered slot vields higher resistance, but the reactance alternates
insignificantly. If the length of tapered slot is extended, but the opening rate is fixed, and the tapered
slot opening mouth is small, it will increase VSWR. References [14, 15] explain that with smaller flare
angle, which is related to the slope of the tapered slot, longer tapered slot yields higher resistance and
reactance at the low-end frequency. However, we simulate elements with the same value of R = 0.15 so
that when the tapered slot is longer, VSWR becomes worse.

The effect of the length of tapered slot on the E field performance is depicted in Figure 5. At
3 GHz, a Vivaldi antenna with L; = 50mm (0.5)) has higher E-field than that for L; = 100 mm (1)
and 70 mm (0.7A). It also shows that increasing E-field appears for the length of tapered slot (L) in
factor 0.5A. It can be seen that tapered slot that has L; = 0.5\ and 1\ has better £-field compared to
Ly = 0.7\

However, escalation of L; with R = 0.15 while W remains small will vield worse E-field. At 5 GHz,
by setting L; = 50mm = 0.83\, it vields an E-field higher than it does with L; = T0mm = 1.16\ and
Ly, = 100 mm = 1.667A. It shows that a longer tapered slot vields a smaller E-field. At 7 GHz, antennas
with L, = 1 m (2.33)\), L; = 50mm (1.17)\) and L, = 70mm (1.63)\) produce poor radiation
pattern. The longer the tapered slot (> 1\) with the high value of R but small value of W yields a
smaller E-field. A high value of R with a long taffred slot has a gradual slope in the beginning and
the middle of the slot but with a drastic change at the end of tapered slot opening. This influences
resonance at high frequency and yields high SLL, which is shown in Figure 5(c) and can be explained
as follows. An antenna with a higher operating frequency has shorter wavelength than those at lower
frequencies. For the same length of tapered slot (L;) at high frequency, the antenna has more longer
tapered slot relative to its wavelength than at lower frequency.
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Figure 6. Effect of opening mouth of tapered Figure 7. uﬁeld on the E-plane with varioff§)
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2.3. Opening Width of the Tapered Slot

The effects of the tapered slot opening size (W;) on VSWR, resistance, and reactance performance
are presented in Figure 6 with L, = 50mm, W = 60mm and R = 0.15. At 2GHz, VSWR decreases
toward unity when the opening size is increased from W, = 15mm =~ 0.1\, W, = 35mm =~ 0.23), to
Wy = 60mm = 0.4\, The literature [10,11] explained that the smaller aperture height profits the wider
low end of frequency, which is in contrast to our result that smaller opening of tapered slot increases
the VSWR. That difference happens because our antenna is designed with high opening rate R. For
resonance at the low-end frequency, the antenna should be designed with tapered slot opening of wider
mouth, while antennas with small R can be designed with small W,. Figure 7 shows that at 3 GHz
variation in W, only slightly affects the resulting FE-field, while at 5GHz, a significant increase of E
Field is observed for W; = 15mm (0.25A), W; = 35mm (0.583X) and Wy = 60mm (1A) in ascending
order. At 7GHz the same phenomenon happens for Wy, = 15mm (0.35A), W, = 35mm (0.7A) and
Wy = 60mm (1.4)\) in ascending order. Although the antenna exhibits Sy; below —10dB at 2-10 GHz,
the performance of E-field is diverse for different values of W;. For R = 0.15, and W = 60 mm, enlarged
tapered slot mouth opening vields an increase in E-fields.

2.4. Opening Rate of the Tapered Slot

The effect of opening rate R on VSWR, resistance, and reactance can be seen in Figure 8 by setting
L = 60mm, W = 60mm, and W; = 30mm. Figure 8(a) shows that smaller R yields worse VSWR
for tapered slot length of 60mm ~ 0.6\ at 3GHz, and W, = 30 mm. Decreasing VSWR value at low
frequencies with the variation of R is obtained for R = 0.01, R = 0.09 and R = 0.19 respectively. At
2 GHz, increasing R, enlarges resistance as shown in the lower side of Figure 8(b). At 3 GHz, antenna
with smaller R produces higher fluctuation of reactance than those with larger R as shown in the upper
side of Figure 8(b).

The effect of modification of R on the performance of E-field at several frequencies is shown in
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slot (a) VSWR and (b) resistance and reactance opening rate R at frequency (ai 3GHz, (b) 5GHz

with L, = 50mm, W = 60mm and W, = 30mm.  and (¢) 7GHz with L, = 50mm, W = 60mm and
Wy = 30mm.
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Figure 9. At 3 GHz, the performances of E field are obtained for R = 0.01, R = 0.19 and R = 0.09,
in ascending order. At 5 GHz, the antennas with R = 0.09 and R = 0.01 have similar I fields while
the one with R = 0.19 results in the lowest E field. At 7GHz the E-field performance is achiffled for
R=0.19, R=0.09 and R = 0.001, in the ascending order. At lower frequency, variation in the opening
rate of the tapered slot vields different characteristics of the main lobe, side lobe and back lobe. At
high frequency, increasing R vields decreasing E field performance.

2.5. Variation of Geometry to the E-Field Performance

Figure 10 depicts the effect of changes in geometry on the maximum FE-field performance at frequency
3, 5 and 7 GHz. Figure 10(a) shows the maximum E-field performance with various element width by
setting L = 60mm, W, = 30mm and R = 0.15. It shows that the increase of element width yields
escalation of E Field performance at 3 GHz. On the other hand, at 5 GHz, E-field increases and peaks
at around W = 55mm =~ 0.92\ (5 GHz), and then declines. At 7GHz, E Field tends to decrease with
increasing antenna width because it has element width of more than 1A.

E-field (V/m)
E-field (V/m)

40 50 60 70 80 50 60 70 80 90 100

Element Width (mm) Element Length (mm)
(a) (b)

E-field (V/m)
=

E-field (V/m)
%

6 ! ! |
20 40 60 0 0.05 0.1 0.15 0.2
Opening width of tapered slot (mm) Opening rate of tapered slot (mm)

(©) (d)

Figure 10. E-field performance on the E-plane with variation: (a) The width of element, (b) the
length of tapered slot, (¢) the opening width of tapered slot and (d) the opening rate.

Figure 10(b) reveals the impact of varying tapered slot length (L;) to the E field at W = 60 mm,
W; = 30mm and R = 0.15. It can be observed that the F field varies unequally at different frequencies.
At 3GHz, with L, > 50 mm (0.5A) the element experiences decreasing E field until L; = 80 mm (0.8A),
after which it goes up. At 5 GHz, the E field decreases down to L, = T0mm (1.16A), goes up again
and peaks at L; = 80mm (1.33)\) then decreases again. At 7GHz, variations of L, with W = 60 mm,
W, = 30mm and R = 0.15 result in the smallest E field in comparison to the other frequencies. It
happens because at TGHz L, > 1A for all values of LfEnsidered in this study. Lengthening the
tapered slot results in the reduction of E field, especially at the high end of frequency band of interest
if it is consistently more than 1\ at that particular frequency. At low frequencies the antenna resonates
when it has a tapered length of some certain value around multiples of 0.5\ at its working frequency.
Figure 10(¢) explores variation of the tapered slot width to the E-field. It shows consistent E-field for
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W, varying from 15mm to 60mm at 3GHz. At 5GHz and 7GHz, E-field increases with increasing
width offghe tapered slot by setting L = 60mm, W = 60mm and R = 0.15. The high value of R
in small mouth opening W; of the tapered slot causes the slope from the beginning of the slot to the
middle to change only a little. Furthermordgfhe slope will change drastically at the opening end of the
tapered slot. It affects the E-fields at high frequency. Figure 10(d) represents the effect of the slope of
tapered slot to E-field performance by setting L = 60mm, W = 60mm and W, = 30mm. At 3GHz,
the greater R value, the greater the E field up to R = 0.1 after which the E-field comes down slowly.
However, at 5 GHz and 7GHz the greater R, the smaller E field. By setting W, with fixed value, the
greater R vields the smaller flare angle and throat in the beginning of the slot, and it governs E-field
performance at high frequency.

3. ANTENNA PATTERN MODELLING

Results of study on Vivaldi antenna geometry and performance in Section 2 indicate that the radiation
pattern depends on the antenna geometry parameters. In this section, we use the derivation of E-field
of a horn antenna to find an approximation of the far field electric field modelling of Vivaldi antenna
taking into account the geometry parameters. Figure 11(a) describes the spherical coordinate system
with variables f, ¢ and r which is used for reference to an observation point in the Cartesian coordinate
system in Figure 11(b). These systems are used herein to explain the Vivaldi element modelling. Horn
and Vivaldi antennf} have the same feature of directional radiation pattern as shown in Figures 11(g)
and (h), where the electric field propagates between tapered slots toward the mouth opening of tapered
slot. The E field from a radiator can be derived by electric and magnetic potential vectors from electric
and magnetic source curr%[??’]. A wave can propagate in z, y and z direction with wave number k as:

a kcosfsing, k,=ksinfsing, k,=kcosé (2)
Figure 11(b) desbes the far field of an antenna, which can be observed with phase and magnitude:
RZ=r — rcosy for phase variation, R = r for amplitude variation (3)

where R is the distance of chargefensity at any point to the observation point. The observation is
considered to be in the far field if R = 2D?/\, with D denoting the largest dimension of antenna and
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Figure 11. (a) Reference spherical coordinate, (b) reference rectangular coordinate, (¢) horn antenna
coordinate, (d) Vivaldi antenna coordinate, (¢) 2D E-field of horn antenna, (f) 2D E-field of Vivaldi
antenna, (g) 3D radiation pattern of horn antenna and (h) 3D radiation pattern of Vivaldi antenna.
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A the wavelength. Ethe far field, the radial distance R is parallel to the observation point rB vields
phase variation with ¥ being thea1gle between r and 1" see Figure 11(c)). The unprimed (z, y, z or
r, 0, ¢) indicate the observatifd point and the prime (', y', 2" or ', #', @) locates the electric and
magnetic source in the space. In the far field the radial component is negligible, but component # and
¢ is very dominant. To find the electric field, we extend the horn antenna feature to the Vivaldi having
a tapered slot with linear slope. We suppose Vivaldi antenna in Figure 11(d) when designed with linear
tapered slot has the same difference in path of travel as horn antenna in Figure 11(c). The difference
in path is due to difference traveling wave referred by [27]:

'2
6(y/) = (y—) . PL= pecosie (4)
”

Electromagnetic field in antenna is radiated by electric source Jg ea:l magnetic source M, that is
propagated in all directions which combine with each other [} form the electric and magnetic fields. To
find the electric field, firstly we must find vector magnetic potential A and vector electric potential F
due to electric density J and magnetic density M is given by surface integral:

H e JHE 1 ﬂ-e_jh- / —jkr' costp g
A=—— | T, s’ = N, N= - [ Je /%, 5
4 R “ dmr o€ @ )
5 5
ST BV SN P T M, e k7 cas gy
= _E/ SR ds' = ———L, o —/ <€ ds (6)
5 5
. eI kT
By = —jw[Ag +nFy] = ~2o—— (L, + nNy) (7)

dar
where p is the permeability, and £ is the permittivity or dielectric constant. We change the field
representations from 1'ecta.ngula.réo spherical coordinate system:

Np = — / (Jo cosfcosp + J, cosfsing — J. sinf) Ikr’ cos g (8)
8
L, = / (=M, sin ¢ + My, cos @) ik’ cos v g ! 9)
s

For Vivaldi antenna, the electric and magnetic fields satisfy the following conditions: E; = E; = H.;, =0.
In Vivaldi Qtenna, Electric field occupies the yz plane with maximum amplitude in y axis and
propagates along the z axis as shown in Figure 11(d).

e
E,;, (y’, z') >~ [, cos (Ez’) exp (_j(gyTl)) (10)
Coron o Br T, ky”?
o, (y,z) _—?cos (az)exp (—j (2.01)) (11)

) e () cos (T ky?
‘HZ ('?’ 'y) = -?El (kan) cos (a.z ) exXp (_J (2,01)) (12)

Ey is a constant, and those with a prime represent the fields in the aperture. Parameter a is a constant
denoting the aperture dimension of horn antenna as shown in Figures 11(c) and (e), while in Vivaldi
antenna the value of a varies with its operating frequency as in Figures 11(d) aifff 11(f). The E field
of a horn antenna is in the xy plane, whereas that of a Vivaldi antenna is in the yz plane as shown in
Figures 11(c) and (d). The electric and magnetic current densities can be expressed as:
E T il 2
—?1 cos ((—z;) e J(ky ) a/2<a’ <a/2 (13)
L
il g2 00

M, = E cos (Ez') I (B20m) 0 <y <y (14)
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Jy = J. = My = 0. The electric field in a Vivaldi antenna propagates in the z axis with wavelength that
depends on its operating frequency as shown in Figure 11(f). It governs the value of a in Equation (13),
whereas the horn antenna has a constant value of a according to its geometry as shown in Figures 11(c)
and (e). We take the value of b1 in Equation (14) to be the mouth opening of tapered slot which is
similar to the horn antenna. To find E-field, firstly we find Ly and Ny by substituting the electric
current density and magnetic current density from Equation (13) taéquation (8).

B , ' ey . '
Ng — / (_?1 cos (ng) e—_}k(ﬁ(y 1 cos f sin @) ejk('y sin fsin ¢p+z" cos ) (15)

the completion of the integral equation of the Equation (15) is as follows:

ka
cos (?cosﬂ) o e
2 ) ka 2 a2\ TPJ( v/ )(F(tl‘ﬁz)) (16)
(—cosﬂ) - (_)

2 2

where F(11,%2) is the Fresnel ey tion defined as:

F(t1,t2) = [C(ta = t1)] = j(S(t2) = (t1))] (17)
C' is the real part, and S is the imaginary part of the Fresnel integral, while t; and ts are defined [27]:

t =s {—0.5 - 0.5 (%) (b—/\‘ sinﬁ')] , ta=+s {—0.5 —0.5 (%) (b—/\lsinﬁ)] (18)

where s = ﬁ. The solution to integral equation (18) is:

—T

Ny = —&cosﬂsinqé(
n

a2 b2
Ly = Eysing / cos (;z') ik cosb g, / e‘jk(‘ﬂy{ne@"k{y{f‘i“GSi“"&)dy (19)
L
—a/2 —b/2
ka
ra coS = cosf pr i ( ﬁ:_l)
@ = —Elsin@(—T) 21|'T€ * F(ﬂl,ﬂg) (20)

(Fe0) - ()

by substituting Equations (15) and (18) into Equation (6), we obtain:

ka
cos (7 cos 9) J,(a-?m )
€\ F (ty,ty) (21)

(5e1) -G

From Equation (21), there is a part that greatly influences the shape of the main lobe and side
lobe. If we separate the factors in Eq. (21) as given in Eqgs. (22) and (23), different component patterns
result as shown in Figure 12.

ja/Thkpy Eye— ik

Ey =
v 3r

(cosf + 1) sing

ka
L —cosf 12
B o jikr cos ( cos ) (e
ML = APk 1), ML2 =sin¢ . ML3 = eJ< = )(22)

o (Zﬁcosﬂ)z - (g)z

SL = F(t1,ts) (23)

Figure 12 displays M L1, M L2, M L3 and SL patterns. As can be seen, multiplication of M L1, ML2,
ML3 greatly contributes to the main lobe, while SL predisposes the side lobe level. The magnitude
result of multiplication all parts of Equations (22) and (23) results in the pattern is shown in Figure 12(e).
But if the multiplication result of M L1, M L2 and M L3, is added with SL, it will result the absolute




Progress In Electromagnetics Research B, Vol. 84, 2019 89

0.4 . - : . .
0 i 1
£
T‘é -0.5 0.5 0sr 1
=
z - 0 1
= -0.6
-1.5 - . . 0.5 [ I I 1
-180 90 0 9 180 2180 90 0 90 180 180 90 0 90 180
) 6" 0(")
(a) (b) (c)
0.15
- 0.1 .|
£ 0.1
2
= 0
= 0.05 051
=
-0.1
0 0
80 90 0 90 180 80 90 0 90 180 180 90 0 9% 180
0(°) 8 () 8 ()
(d) (e) (f)

Figure 12. Components of Vivaldi element pattern model: Components of Vivaldi element pattern
model: (a) ML1, (b) ML2, (¢) ML3, (d) SL, (e) magnitude of multiplication of all components, (f)
Magnitude of ML elements plus SL.

pe?ern in Figure 12(f). At 3GHz, if we change the factor # in k, into 56, ML3 in Eq. %) shows
a better performance of E-field. The slope of the tapered slot is change@@}drastically at the end of
the opening mouth of the tapered slot and it vields different phase at the low end of frequency. The
resonance at 3 GHz can be shown in upper side of Figure 11(f). However, at 5 GHz, we have to replace
theta in k, with 29. The slope at the beginning and the middle of the tapered slot impacts the resonance
at high-end frequencies expressed in lower side of Figure 11(f).

Based on the above results, we approximate the modelling E-field of Vivaldi Antenna as:

L
. T jkr cos (— cos 9) N
K+ Ko _iEavrkpie (cos B41) 2 2 eJ( - ) +Ksx F(ty,t2) | | (24)
8r (ka coc;ﬂ) (?T)Q
2 2
1 b1 .
t1 = \/E * —K4 - Ks ; x E x sm(KﬁH) (25)
d o 1 bl M g
to =sx | Ky—Kg| =) x [ — ] xsin (Kgf) (26)
s

Ey

Il

Ao
where 7 = 1m, £ = 1V/m, \, = \j—u_- = —f‘t_ﬁ a = 05\, by =W, pp = Ly, K1 = (2.5 - 0.1f),

=

2
Ky = (f+0.3W-0.9), K3 = (2f4+0.25W), s = ﬁ, Ky = (2-0.3f), K5 = (0.9—(0.001W?2—0.1W)-0.13f),
Ky =0.9.

Equation (24) is suitable for antenna with dimensions shown in Figure 1. Combination of constants
in front of ML1, ML2, ML3, and SL greatly affects the shape of the E field. In the model evaluation
in the next section, we examined F-field of Vivaldi antenna at 3 and 5 GHz only, with the width of
element relative to its wavelength more than 0.5\ and less than 1.
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Figure 13. FE field in decibel scale on the E-plane at: (&)Y = 6cm, f = 3GHz, (b) W = Tcm,
f=3GCGHz, (¢) W =8cm, f=3GHz and (d) W = 4em, f = 5GHz, (e) W = 5cm, f = 5GHz, (f)
W =6¢cm, f=5GHz.

4., RESULT AND DISCUSSION

4,1, Vivaldi Antenna Element Modelling Result

Figure 13 shows comparison of modelling, simulation, and measurement results in decibel scale of (£p)
as given in Eq. (24). Figures 13(a)-(¢) show agreement between simulation and modelling for element
widths 6 cm, 7em, and 8cm at 3 GHz and so do Figures 13(d)—(f) for element widths 4 cm, 5cm, and
6 cm at 5 GHz. There are more side lobes at 5 GHz than at 3 GHz. The wider the element is, the smaller
the side lobe level is, as shown in Figures 13(a) and (¢). The Fresnel equation in Eq. (24), which depends
on tp and tg, greatly influences the shape of the side lobe. By adjusting the constants K4, K5, and K
in Egs. (25)—(26), the number and level of side lobes can be controlled, with ¢; and . Figure 13 also
demonstrates that increasing frequency will increase the level of the main lobe, which can be controlled
by adjusting K3 in Eq. (24). Figure 13(d) shows the asymmetry of side lobe from simulation, which is
caused by the asymmetrical feeding structure, whereas the approximation model shows a symmetrical
pattern because it is modeled with ¢, = t5. When it is required to model asymmetrical side lobe, t; and
to should be designed with non identical constants.

We use the value of Mean Square Error (MSE) to measure the accuracy of a model with our
simulation results. The smallest MSE is obtained for antenna element with W = 7cm, and f = 3GHz
is 0.053775, while the largest MSE is obtained for W = 4cm, and f = 5GHz is 0.41352. Figure 14
presents the results of the S7; measurement using a Vector Network Analyzer and radiation pattern
measurement with a spectrum analyzer.

Tabhle 2 tabulates the performance of the antenna in gain, beam width, first side lobe level, and
back lobe observed from Figure 13. The table indicates that increasing the width of element decreases
the peak of side lobe level. It can be shown that for element width of 6 cm, the modelling result yields
SLL of —5.53 dB, but for element width of 8 cm the modelling yields SLL of —6.1 dB. Table 2 shows that
there are slight differences in beamwidth, first SLL, and back lobe among all elements, but agreement
between modelling and simulation results is maintained.
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Figure 14. (a) 511 measurement and (b) radiation pattern measurement.

Table 2. Comparison of modelling and simulation result.

frequency f=3GHz
Parsmeter W =6cm = 0.6A W =Tem = 0.7\ W = 8cm = 0.8\
Result in Modelling | Simulation | Modelling | Simulation | Modelling | Simulation
MainLobe (dBV/m) 19.15 19.5 19.55 19.8 19.94 19.9
3dB BW (Deg) 62 65.4 62 63.5 62 61.1
Ist SLL (dB) —5.53 —4.2 —5.93 -4.8 -6.1 -5.1
Backlobe (dB) 13.44 15.23 13.49 14.97 13.78 14.82
frequency 5 GHz
Parsmeter dem = 0.67A Sem = 0.83\ 6em = 1A
Result in Modelling | Simulation | Modelling | Simulation | Modelling | Simulation
Main Lobe (dBV/m) 19.68 19.3 19.98 20.1 20.27 20.5
3dB BW (Deg) 68 68.6 58 58 60 53.3
1st SLL (dB) =6.75 —4.3 —6.44 =5.6 —6.82 —6.1
Baclobe (dB) 12.5 14.9 12.53 14.5 12.62 14.31

4.2, Variation Variable of Vivaldi Antenna Modelling

Coefficients a, p;, K14 in Eqgs. (24), (25), and (26) can influence the I field performance. Figure 15
shows the differences in performance of E-field when a is varied for an antenna with fixed dimensions,
in this case L = 6 cm, W = 6em at the frequency of 3 GHz. Coeflicient @ influences the elevation of
main lobe, SLL, and beamwidth. In general, the larger the value of a is, the higher the main lobe is,
and the smaller the beamwidth is. The main lobe for a = 0.8A,, which is the largest examined herein
for 3 GHz frequency, is larger than those for others. It is also shown that while the beam width is the
smallest, there are [i changes in back lobe level. In addition, the higher the value of @ is, the shallower
the null of the first side lobe level i} shown in Figure 15. Coefficient p; is related with phase variation
in each frequency and responsible for the main lobe and side lobe performance. The greater the value
of p; is, the higher the level of main lobe is, and the greater the number of side lobes is as shown in
Figure 16. Comparison between p; = 0.25 and p; = 14.25 shows that higher values of p; vield more
side lobes. Changes in value of coefficient K; in Eq. (24) shift the overall curve upwards as shown in
Figure 17. Higher values of K lead to higher levels of the main lobe, side lobe level, back lobe, and first
null. The higher the value of K5 is in Eq. (24), the significantly higher the level of main lobe, side lobe,
and first null are, but there is no change in the back lobe level and beamwidth, as shown in Figure 18.
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Figure 19 and Figure 20 present the impact of changes in the values of K3 and K4 on Equations (24)
and (25), respectively. Incremental values of K3 and K4 can increase main lobe, side lobe, and back
lobe. The higher values of K3 and Kj result in the shallower null of the first and second side lobe
levels of E-field performance. Yefation in the Fresnel function is shown in Figures 20-22. Parameter ¢,
greatly influences the side lobe on the right side, so does t» on the left side. The number of side lobes can
be changed by varying the constant K'5. Enlarging the value of K5 will reduce heamwidth and increase
the number of side lobes, but maintain the level of main lobe and back lobe. Increasing the number of
side lobes can be done by enhancing the value of K5 in the bracketted part of {1 and t» in Eqgs. (25)
and (26), respectively. Figure 22 shows the different phases of side lobe and different nulls of side lobe
by maintaining the level of main lobe. Reducing the value of Ky can extend the beamwidth of the
side lobe. Based on Eqs. (24)—(26) and the results in Figures 15-22, another model of Vivaldi antenna
element can be developed according to its feeding shape, radiator shape, and operating frequency.
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Figure 21. Modelling result of E-field on the [Efgure 22. Modelling result of E-field on the
E-plane with variation of parameter K. E-plane with variation of parameter Kg.

5. APPLICATION TO ARRAY PATTERN MULTIPLICATION

The total array pattern of a Uniform Linear Array (ULA) can be obtained by multiplication of the
element pattern and array factor. Figures 23-24 compare the total array patterns between modelling
and simulation result. The modelling result is obtained from multiplication of the Vivaldi element model
found from Equations (24)—(26) and the factor array.

ol = EI? x AF (27)
where AP, is total array pattern, Ej the element pattern, and AF the array factor of the antenna

N

AF = anew“ (28)
n=1

Wy = ane’®™ (29)

Wy = kd,sinf + 3 (30)

kE=2w/\ (31)

3 = —kd, sinfy (32)

where w, is the complex weight for element, N the number of elements, v the progressive phase of the
n-th element, d the element separation, and 3, the phase excitation difference.

We simulate antenna array with four elements with 1cm spacing between elements. Figures 23
and 24 are obtained for such an array with antenna element width of 6cm at 3 GHz and 5 GHz,
successively. From the figure we observe that between —50 and 50 degrees there is significant agreement
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Figure 25. FE-field pattern on the E-plane for different widths: (a) Element pattern, (b) array factor
with d = W, (c) total array pattern (linear scale), (d) total array pattern (dB scale), with N = 4 and
no spacing between element.

between total arrays patterns from modelling and simulation. There is only a slight difference in side
lobe levels and nulls. From the figure we can see that the results for main lobe, first side lobe, and first
null are in general agreement between simulation and model, which sufficiently justifies the usefulness
of modelling approach for array pattern analysis. Furthermore, the total array pattern from the model
can be developed for higher number of elements, even up to a thousand elements, with significantly
reduced computation time compared to simulation based on numerical electromagnetic computation.
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Figures 25(a) and (b) shows the impact of different element widths to the total linear array pattern.
In the same frequency, increasing element width can enlarge mainlohe of total array pattern which can
be observed in Figure 25(c) for element width of 6em and 8em. Antennas with element width of 4 cm
at 5 GHz have higher main lobe of total array pattern than element width 6 cm at 3 GHz for the same
number of elements. It results from antenna with element width 4 cm has higher gain than antenna
with element width 6 cm.

Overall, using the approximation model of the Vivaldi element pattern, one can flexibly achieve
array pattern analysis involving arbitrary number of elements and various forms of array, while at the
same time saving the computation time. The only difference from the numerical result of electromagnetic
computation approach is the absence of mutual coupling impact, which means that the modelling
approach approximates the simulation result when mutual coupling between elements is negligible, i.e.,
when element spacing is sufficiently large.

6. CONCLUSIONS

We have analyzed the impact of variation in various paramef§}s of a Vivaldi antenna, including the
element width, the length of tapered slot, the mouth opening of tapered slot, and the opening rate of
tapered slot, on such performance indicators as VSWR, resistance, reactance, and radiation pattern.
VSWR, impedance, and E-field performances for various geometries can be used as a reference to design
a Vivaldi antenna element. Although Vivaldi antenna can be designed with VSWR less than 2 in ultra-
wideband frequency, it vields a different performance of radiation pattern in each operating frequency.
Following the afffflysis, we have also found an approximation model of electric field of a Vivaldi antenna
element having element width of more than 0.5\ and less than 1A at 3 GHz and 5 GHz. The modelling
result can be used further to analyze the pattern of a total array with §lfying number of elements and
various array forms by pattern multiplication. This method §#luces the computation time and increases
flexibility in design and evaluation of Vivaldi antenna array with a large number of elements as long as
the effect of mutual coupling is negligible.
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