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ABSTRACT In this study, a novel ultra-wideband antipodal Vivaldi antenna with a Chebyshev tapering
profile and exponential slots is designed and measured. The dimensions of the proposed antenna are 95mm
x 100mm x 0.127mm and the relative dimensions are 0.285) x 0.3\ x 0.0004 )\ where )\ is the free space
wavelength at the lowest operating frequency at 0.9 GHz. Several array configurations are proposed and all
elementary array sources are combined in a mirror configuration, including the feeding part, to drastically
reduce cross-polarization. First, a planar array is created at a distance d = 150mm between elementary
sources. Then, from this primary source, an oblique array is created by inclining the two antennas at an
angle 6, which cancels the ambiguity lobes in the upper frequency band. Finally, the single antenna is bent
along a Vivaldi curvature, creating a mechanical tilt depending on the curvature parameters in H-plane. An
array is formed by two curved Vivaldi antennas and exhibits a tilting effect with better compactness than
the oblique array. For measurements, several foams with Vivaldi curvatures were created, allowing us to
shape the Vivaldi antennas along various array distances, resulting in various beam shapes depending on
the configuration used. The optimal distance d = 50mm provides a more stable radiation pattern across
frequencies and cancels out ambiguity lobes for distances > 2. These Vivaldi-shaped arrays are measured

and show good agreement with simulations.

INDEX TERMS array, beam shaping, miniaturization, ultra-wideband (UWB), Vivaldi antenna.

I. INTRODUCTION

N recent needs in wireless communication applications, a

common problematic is the need to shape the antenna’s
radiation pattern in order to meet the application specific
demand. Among these applications, we can cite MIMO tech-
nologies such as 5G, LTE & WLAN networks, as well as
ultra-wideband (UWB) communications, radar and medical
imaging. Depending on the application, the required radiation
pattern can be either directive, wide, or have dual or mul-
tiple beams to improve communication link between trans-
mit antenna and single or various receive antennas, [1]-[3].
Implementing and changing the radiation pattern depending
on the application or frequency of an antenna is complex
and often requires different types of antennas in the same
system to operate, thereby increasing the cost, dimensions
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and complexity of such system. In this study, we propose
a novel UWB antipodal Vivaldi antenna with a Chebyshev
tapering and exponential slots to improve its compactness.
Then, a dual Vivaldi antenna array arrangement is designed
along a Vivaldi shape, allowing to display pattern diversity
depending on the chosen spacing between elements in the
array. The paper is organized as follows: Section II describes
the antenna design and simulation, Section III discusses the
array conception with planar, oblique and Vivaldi shaped ar-
rays, Section IV shows the measurements results and Section
V provides the conclusion of this research work.

Il. ANTENNA DESIGN

The proposed UWB antenna design is based along the Vi-
valdi antenna, first conceptualized by Gibson in 1979 [4]
with microstrip line to slot coupling feed transition, and then
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improved by Gazit [5] with the antipodal Vivaldi antenna
(AVA), which extends the impedance bandwidth through a
wideband transition from microstrip line to tapered slot flare.

In order to improve the return loss parameter, a Chebyshev
tapering profile, inspired by [6], is added to the topology as
shown in Fig. 1 and is designed as follow:

The antenna is fed by an UWB microstrip balun with an
elliptical shape and is printed via a silver coating on a PET
substrate of relative permittivity 2.7, loss tangent of 0.002 and
thickness 0.127mm. In order to achieve a smooth transition
between the feed line and the exponential tapered slot, a
straight slot line from (x=-W; ; y=0) to (x=0; y=y1 ) is created,
where W is the width of the microstrip feed line. After this,
an exponential tapered curve is defined by eq. 1 :

x = Cef+ Cy (1)
while
o Xo — X1
G = eRz2 _ pR:1 2)

xpef2 — yyefa

Cy = 3)

eRz2 _ pRz1

where R is the opening rate of the exponential transition,
P1(x1,z1) and Py(x2,z2) are respectively the coordinate posi-
tions of the start and end points of the exponentially tapered
slot, as indicated by the red dots in Fig. 1. The exponential
opening rate R is one of the key parameters to optimize on
the Vivaldi antenna in order to influence the VSWR in the
low-frequency region [7].

Following [6], a Chebyshev tapering profile, represented
by the blue curves in Fig. 1, is defined by eq. (4) to widen the
bandwidth with a better impedance matching at low frequen-
cies. The length of this curve is normalized with the variable
L., then rotated by an angle § = —27.65°.

24 2
=N(—)"—N(— 4
X =N =N () )
With N the opening rate of the Chebyshev function, and 0 <
z< L.
w
Le=\[(5 = W)?+3 5)
Finally, to improve the return loss in the low frequency
band, exponential slots (ES) are added to the edges of the
antenna in Fig. 2, [8]. These slots allow the surface current
to pass through a longer distance around the antenna, hence
enhancing the return loss at lower frequencies, as shown in
Fig. 3a. These slots are also following a Vivaldi curve, eq.

), (7):

x = C3e* + Cy (6)
x = C5e"* + Cg )
with
X4 — X
Cy= 278 (8)

eR2za _ pR2z3

TABLE 1. Geometrical dimensions of the proposed antenna

Parameters | Value (mm)
Wy 0.325
L 95
w 100
X1 0
21 50
X2 41.8375
Z2 84
X3 5
Z3 30
X4 49.8375
24 60.35
X5 9
Z5 30
X6 49.8375
Z6 60
R, 48.4
R, 15
X3 ERZ4 — X4 eRzz:;
Ci= — o "ok ©)
Cs= o (10)

eR3ze — pR3z5

X5€R3ZG _ XGeRszs
Cg = BT (11)

The optimal parameters of geometrical dimensions of the
Chebyshev AVA given by parametric studies to improve the
impedance bandwidth are listed in Table 1. The optimal pa-
rameters for R is 0.16, Rs is 0.2, R3 is 0.09 and N is 70.

The simulated return loss of these antennas are depicted on
Fig. 4. The AVA Chebyshev antenna shows a good VSWR <
2.2 starting from 1.1 GHz and up to 35 GHz, whereas the
AVA Chebyshev with exponential slots shows a VSWR < 2.8
starting from 0.9 GHz and up to 35 GHz. By comparing both
antennas at the same VSWR, VSWR < 2.8 is achieved at 1
GHz for the AVA Chebyshev and 0.9 GHz for the AVA Cheby-
shev ES, showing a dimension improvement by reducing the
length and width by 10%. We can note that VSWR < 1.9 is
achieved for the AVA Chebyshev at 1.12 GHz, whereas the
Chebyshev ES can achieve the same VSWR at 0.98 GHz.
Howeyver, a rise of return loss is observed with a maximum
at 3 GHz in both cases, with a VSWR = 2.2 for the AVA
Chebyshev case, and VSWR = 2.8 for the Chebyshev ES
case. The relative dimensions of the AVA Chebyshev ES
towards A\g are 0.285Xg X 0.3Ag (L x W), where \q is the
free space wavelength at the lowest operating frequency, here
0.9 GHz.

Ill. ARRAY CONCEPTION

A. PLANAR AND OBLIQUE ARRAY

In order to improve the directivity of the antenna, an array
in the H-plane is created by adding a second Vivaldi antenna

VOLUME 11, 2023
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FIGURE 1. Geometry of the Chebyshev AVA
z
- v
Y X

L

FIGURE 2. Geometry of the Chebyshev AVA with exponential slots

at a distance d = Al% at 1 GHz (i.e. d = 150mm), (Fig.
5a). The second antenna is a mirrored version of the first
one along the x axis, allowing the orthogonal components of
the E-field (corresponding to the cross polarization) to cancel
each other at broadside [9], (Fig. 5b). In this particular case,
it is crucial that the Co-polarization of the E-field of both
antennas are emitted in the same direction, which requires
that the "top face" of each antenna are facing each other. This
configuration permits to lower the Cross-polarization level at
broadside by an average of 30dB over the entire bandwidth,
while the Co-polarization stay at the same level in both case,
Fig. 6.

However, the array factor of the combined radiation pattern
contributes to significant grating lobes at higher frequencies
because the distance becomes 2\ at 3 GHz and 3¢ at 6 GHz.
To mitigate the grating lobe level at high frequencies, it is
possible to orient the elements at an oblique angle o [10], as
determined by eq. 12. An illustration of such an oblique array,
with a maximum distance of d = 150mm corresponding to an
angle of o = 52.1°, is presented in Fig. 7.

)2
L

o = sin

(12)
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FIGURE 3. Comparison of surface current distribution of the AVA
Chebyshev and AVA Chebyshev ES at frequencies (a) 1 GHz; (b) 6 GHz
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FIGURE 4. Simulated return loss of the AVA Chebyshev with (black dots)
and without (red line) exponential slots

The mitigation of grating lobes is obtained via the tapered
slot of the Vivaldi antenna : in theory, electromagnetic waves
at lower frequencies are emitted primarily through the end
of the exponential aperture, while those at higher frequencies
predominantly radiate from the slot’s beginning (see Fig.
8b). Introducing an oblique angle results in varying distances
within the array for low and high frequencies, allowing to
improve the directivity at low frequencies while reducing
the grating lobe level at high frequencies. By progressively
increasing this angle, the separation between the two antennas
linearly expands, enhancing the directivity across both low
and high frequencies [10].

The oblique configuration of the array also induces a tilt
in the radiation pattern within the H-plane, tilt of the same
value as the angle a.. At high values of angle, this tilt will
decreases the array’s directivity because the radiation patterns
of both antennas are not pointing in the same direction, hence

3
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FIGURE 5. (a) H-plane planar array with mirrored AVA at d=150mm; (b)
E-field direction of the mirrored AVA array
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FIGURE 6. Comparison between Co & Cross polarization level of the
conventional & mirrored planar array with d = 150mm at broadside

reducing the array factor. Since the radiation pattern in H-
plane is quasi-omnidirectional due to the dipole-type nature
of Vivaldi antenna at low frequencies, there will always be
an array factor as shown in Fig. 9a at 1 GHz. However, the
reduction in directivity becomes effective when the radiation
pattern of the individual antenna becomes directive and tilted
at higher frequencies (e.g. 6 GHz, Fig. 9b).

B. CURVED ARRAY IN VIVALDI SHAPE

In order to improve the mechanical beam tilt and the com-
pactness of the oblique array, an array formed by two Vivaldi
antennas bent along a Vivaldi curvature, eq. (1), was designed.
As this array aims to optimize the effect of the array spacing
along the antenna on the radiation pattern, several Vivaldi cur-
vatures were created to realize different distances d : 50mm
; 100mm and 150mm. All Vivaldi curvatures have the same
opening rate R = 0.06.

1) Single antenna curved

In the first place, the AVA Chebyshev ES is bent alone along
various Vivaldi curvatures to observe the different effects
taking place, Fig. 10. The different cases d = 50mm, d =
100mm and d = 150mm referred to in this section correspond
to the same distances used in the array case. First, the return
loss is the same as the planar antenna. This can be explained

4

FIGURE 7. H-plane oblique array with mirrored AVA at d=150mm
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Main
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FIGURE 8. E-field distribution of the AVA Chebyshev ES at frequencies of
(a) 1 GHz; (b) 6 GHz

by the nature of the Vivaldi antenna which is a travelling
wave antenna. While bending the antenna, surface current
can still follow the antenna profile, thus creating a radiating
field in the exponential tapering area. In the same way as the
oblique case, the radiating field will also follow the applied
bending, hence creating a tilting effect which can be seen on
the radiation pattern in H-plane.

By comparing the Vivaldi and oblique curvatures on an
antenna alone, we observe an enhancement of the tilt angle
with the Vivaldi configuration, which can be seen in the
d = 100mm & d = 150mm cases at 6 GHz in Fig. 11. For
the d = 150mm case, the oblique configuration exhibits a tilt
angle of 52.1°, whereas the Vivaldi configuration achieves a
tilt angle of 69.9°, therefore increasing the beam tilt angle by
approximately 18° while maintaining the same compactness.
Table 2 shows a comparison of tilt angles between the Vivaldi
and oblique arrangements, depending on the maximum dis-
tances between radiators. We can see that the Vivaldi curve
always demonstrates a greater tilting effect, and that there
is an ~ 2 factor on distance to achieve the same tilt angle
between the d = 50mm Vivaldi case and the d = 100mm
oblique case.

Although it is easy to estimate the tilt angle produced by
the oblique antenna, which will theoretically be the same
as the applied oblique angle, it is difficult to predict the tilt
angle produced by the curved case. Indeed, one could say that
the tilting angle would be correlated to the end point of the

VOLUME 11, 2023



Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

Page 7 of 12

IEEE Access

180

(a)

FIGURE 9. Normalized simulated H-plane Co-polar (blue dots) of the AVA
planar array d=150mm & Co-polar (red line) of the oblique array
d=150mm at (a) 1 GHz; (b) 6 GHz

(@ (b)
FIGURE 10. H-plane Vivaldi curved alone at (a) d=50mm; (b) d=150mm

antenna. By calculating the tangent line, eq. (13) to that point,
i.e. Yo = Ymax—m, and then calculate the angle by eq. (14),
we found no correlation between the theoretical 6,,,,_, and
the average tilt angle value 6;, retrieved from simulation as
shown in table 3. However, by calculating the theoretical tilt
angle at a closer point of the antenna’s curvature y,,_», we
found a good correlation between theoretical and simulated
tilt angle value, showing that with a specific curvature like the
Vivaldi’s, the antenna does not radiate from its end point but at
a closer point, as illustrated in Fig. 12. By doing a percentage
of Zugv—m tO Zmax—m for each Vivaldi curvatures, we can see
that the theoretical radiating point is located approximately
at 80.2% of z,4¢—m in z axis. It is important to note that this
tilt angle is varying along frequency, but becomes stable at
higher frequency.

z=f"(yo) * (y — yo) +£(y0) (13)

TABLE 2. Comparison of tilt angle for the oblique and Vivaldi curvature
various distances

Distance (mm) | Arrangement | Tilt angle (°)
Oblique 15,2

50 Vivaldi 30,4
Oblique 31,7

100 Vivaldi 51,3
Oblique 52,1

150 Vivaldi 69,9

VOLUME 11, 2023

()

FIGURE 11. Normalized H-plane radiation pattern of the antenna alone
with an oblique (red line) and Vivaldi (blue dots) arrangements at 6 GHz
(a) d=100m; (b) d=150mm

TABLE 3. Comparison of theoretical and simulated tilt angles and
associated z values for the Vivaldi curvature at various distances

Distance emuxfrh Zmax—th esim (O) Zav—th
(mm) ) (mm) (mm)
50 56,5 87,22 30,4 71,6
100 71,9 70,5 51,3 55,7
150 78,5 47,3 69,9 37,5
+b
Oueo = tan™ 120" (14)
20
with
by = z0 —f'(y0) * Yo (15)
f(yO) = Clviv * eRZ + C2viv (16)
f'(v0) = Cruiy % Rz & (17

2) Curved array

In the same way as the planar and oblique arrays, a mirrored
version of the curved antenna is made to create the Vivaldi
curved arrays arrangement. Three curved arrays with dis-
tances at the end point of the antenna d : 50mm (Fig. 13a);
100mm and 150mm (Fig. 13b) are designed and simulated.
These distances are chosen to maximize the array factor at low

frequencies for high values of d (d = 150mm corresponding
A

to 5 at 1 GHz) or for higher frequencies (d = 50mm
corresponding to % at 3 GHz). The excitation of this array

is carried out as follows : we aim to minimize the distance
between antennas in order to optimize the array factor in the
high-frequency radiation zone, thus, we selected a stripline
feed for the array. To achieve this, we positioned two antennas
so that their ’top face’ copper lines touch at the base, forming
an array with an excitation similar to a balanced antipodal Vi-
valdi antenna [11], Fig. 14. As the excitation type transitions
from microstrip to stripline, it is necessary to adjust the width
of the feed line to achieve a 50¢2 impedance matching, by
reducing the width from wf = 0.325mm to wf = 0.14mm. To
ensure accurate software simulation, the excitation is planar
over 6mm before bending the antennas.

The directivity of the oblique array at d = 150mm is
compared to the Vivaldi curved array at various distances in

5
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FIGURE 12. End point (red) and average (green) tilt angles and associated
tangent lines for Vivaldi 100mm

(@) (®)
FIGURE 13. H-plane Vivaldi curved array at (a) d=50mm; (b) d=150mm

Fig. 15. At 1GHz both d = 100mm and d = 150mm Vivaldi
curved array configurations have a similar value of directivity,
but the d = 50mm case has less directivity. This is due to
the quasi-omnidirectionnal radiation pattern of the Vivaldi
antenna in H-plane, so the tilting phenomenon has nearly no
effect which means that the array factor is predominant on
the directivity level. Between 1 and 2 GHz, the d = 150mm
setup exhibits the highest directivity of the three Vivaldi cases,
followed by d = 100mm and finally d = 50mm, while the
oblique d = 150mm has the most directivity until 1.5 GHz.
However, we can see a fall of directivity after 2.5 GHz for
the oblique case, which is caused by the tilting phenomenon
appearing at 3 GHz.

From 4 GHz, both Vivaldi curved arrays d = 100mm and
d = 150mm plus the oblique d = 150mm case have a similar
behavior. Focusing on the d = 150mm Vivaldi curved array
it can be noted that it always has a lower directivity than
the oblique despite having the same distance, which can be
explained by three phenomena taking place. First, the Vivaldi
curved array has a theoretically smaller array factor effect
than the oblique array due to the lower spacing in the high
frequency region of the antenna, i.e. around the middle of the
exponential travelling slot, as shown in Fig. 8b. Secondly, the
act of curving the antenna slightly decreases the directivity
of the antenna itself because the E-field components are not
perfectly aligned on a similar axis as the oblique case. Last but
not least, as shown previously in Table. 2, the tilt is improved
in the Vivaldi case compared to the oblique one, resulting to a
decrease of the array factor, limiting the directivity. Focusing
now on the d = 100mm case, even though the array is
smaller than the oblique case by 50mm, the tilt values of

6
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FIGURE 15. Directivity comparison of the Vivaldi curved array at various
distances and the oblique array at d=150mm

both arrays are approximately the same (51.3° for the Vivaldi
d = 100mm & 52.1° for the oblique d = 150mm) as shown in
Table. 2. However, it still has less directivity than the oblique
case due to the first two phenomenons explained above for
the d = 150mm Vivaldi curved array, that is a lower spacing
in the high frequency region and the curvature of the antenna
limiting its inherent directivity. Finally, the d = 50mm Vi-
valdi curved array achieves the highest directivity between all
cases from 3.5 GHz since the tilt is insufficient to significantly
decrease the array factor.

To obtain an improved tilting effect in the low frequency
region, it is possible to use a 3dB/90° splitter. By creating a
90° phase shift between ports at 1 GHz, the omnidirectional
radiation patterns are combined and form a radiation pattern
tilted electronically towards £ 90°. As the array factor and
tilting effect is dependent on the distance \; between anten-
nas, the tilt is well defined in the d = 150mm case at 1 GHz
(d = 0.5\16n.), whereas the d = 50mm case presents a
tilting effect but with a small array factor (d = 0.17A16n2),
Fig. 16a. At frequencies higher than 1 GHz, the electrical tilt
is less impactful in the d = 150mm case due to the electrical
distance between antennas (d150mm = 3AeécH:) and also by
the mechanical tilting of the antennas caused by the Vivaldi
curvature. However, the distance d = 50mm, corresponding
to d = 1)\gGHz, exhibits a ~ 30° tilt at 6 GHz in Fig. 16b, due
to the shorter distance d and the fact that the mechanical tilt
induced by the Vivaldi curvature is lower.

VOLUME 11, 2023
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(b)

FIGURE 16. Normalized H-plane radiation pattern of the Vivaldi curved
array arrangements with in-phase excitation (red line) and 90° phase shift
(blue dots) at respectively 1 GHz and 6 GHz, (a) d=50mm; (b) d=150mm

IV. RESULTS AND DISCUSSION

To assess the effectiveness of the proposed array, two Vivaldi
antennas were fabricated and assembled with a stripline ex-
citation, as depicted in Fig. 17a. The PET substrate has been
made very thin (0.128mm thickness) to be easily bendable. To
achieve the desired Vivaldi curvature, Styren foams were cut
into various Vivaldi shapes at different distances (d = 50mm
; 100mm & 150mm) using a heated wire technique, Fig. 17b.
Heated wire technique is one of the most efficient and quick
ways to process foam materials with high accuracy, allow-
ing to match the Vivaldi curvature of the simulation’s. To
maintain this configuration during measurements, the antenna
is pressed with the top part of the foam with nylon screws.
An illustration of the array bent along the d = 100mm
configuration is represented in Fig. 17c.

The measurement of the return loss parameter of the an-
tenna is performed using a PNA N5222B with a frequency
range of 10 MHz to 26.5 GHz. A very good agreement
between both simulated and measured return loss is shown
in Fig. 18. The measured return loss of the antenna, bent
along a Vivaldi curvature at a distance of d = 50mm is
also presented, showing results very similar to those of the
planar antenna. This demonstrates that bending the antenna
has minimal impact on its return loss.

The radiation patterns of three Vivaldi curved array ar-
rangements d = 50mm, d = 100mm and d = 150mm have
been measured over frequency and compared to the simulated
radiation patterns in Fig. 19, and show a good agreement
between simulation and measure. These measurements were
performed using MVG StarLab 600 MHz - 18 GHz through
near-field to far-field post-processing, Fig. 20. The different

VOLUME 11, 2023
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FIGURE 17. a) Fabricated Vivaldi array; b) Foams with Vivaldi shapes; c)
Array bent along the d=100mm Vivaldi curvature
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FIGURE 18. Simulated and measured return loss of the AVA Chebyshev ES

effects of the Vivaldi curvature over distance and frequency
can be seen, starting with the directivity enhancement at
1.5 GHz as the distance increases, Fig. 19a. At 3 GHz, the
Vivaldi curvature creates different types of radiation pattern
depending on the distance chosen, as shown in Fig. 19b. The
tilting effect starts taking place for the d = 150mm case
where we can see a formation of two symmetrical patterns
towards both sides, whereas d = 100mm is still directive.
At 6 GHz, the radiation pattern of d = 100mm is wider
than previous frequencies, due to the tilting effect which is
not high enough to induce two symmetrical patterns like the
d = 150mm case, Fig. 19c. Focusing on the d = 50mm case,
we can see that we managed to obtain a large and quasi-stable
radiation pattern for all frequencies. The cross polarisation of
the measures is higher than in simulation due to reflections
on the RF connector and cable in the anechoid chamber.
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FIGURE 19. Normalized simulated and measured H-plane radiation patterns of the Vivaldi curved array at various distances d at (a) 1.5 GHz; (b) 3 GHz; (c)

6 GHz

The directivity of the Vivaldi curved array at various dis-
tances is also measured and compared to the simulation,
where we can see a good agreement for all cases in Fig. 21.

Finally, a measure in the MVG Starlab with a 3dB/90°
splitter working from 0.5 to 7 GHz has been performed on the
Vivaldi curved array at distance d = 150mm. At 1 GHz, the
radiation pattern is electronically tilted by +60°, but does not
form the typical cardioid shape as seen in simulation, which
is assumed to be due to reflection of EM waves on the splitter
in the anechoid chamber, Fig. 22a. At 6 GHz, both radiation
patterns are similar due to the high value of mechanical tilt

8

produced by the Vivaldi curvature, Fig. 22b.

V. CONCLUSION

In this study, a Vivaldi antenna with a Chebyshev tapering
and exponential slots was proposed for beamforming applica-
tions. The Chebyshev profile and the exponential slots allows
an enhancement of the impedance in the lowest operating
frequency with compact dimensions of 95mm x 100mm. This
antenna is curved along a Vivaldi curvature, which creates a
mechanical beam tilt. An array arrangement of two antennas
along a Vivaldi curvature was created, which allowed to
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FIGURE 20. Vivaldi curved array at distance d=100mm in the MVG Starlab

Directivity [dBi]
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- T |m—— Sim d=100mm =#=—Measure d=100mm
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10" 10!
Frequency [GHz]

FIGURE 21. Simulated and measured directivity of Vivaldi curved array at
various distances

increase the directivity of the Vivaldi curved array at low
frequency and to beamform the radiation pattern with differ-
ent shapes in the upper frequency band, depending on the
distances chosen. A comparison is performed and showed
that the Vivaldi shape array has a better compactness for
the same tilt angle than an oblique arrangement array. A
3dB/90° splitter is also used to significantly tilt the radiation
pattern of this array in low frequencies. A good agreement is
met between simulated and measured radiation patterns and
directivity.
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(a) (b)

FIGURE 22. Normalized H-plane simulated (red dots) and measured (blue
line) radiation patterns with 3dB/90° splitter of the Vivaldi d = 150mm
array at a) 1 GHz; b) 6 GHz
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