International Journal of Scientific & Engineering Research, Volume 7, Issue 5, May-2016

ISSN 2229-5518

1169

A Novel UWB Vivaldi Antenna Array for
Radar Applications
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Abstract— This paper presents a novel four elements ultra wideband (UWB) antipodal Vivaldi antenna (AVA) array design for radar and
microwave imaging applications. Initially, the radiation ares of the AVA is designed based on an elliptical curve shape. Next, the substrate
end is shaped as a triangular shape and a negative index metamaterial (NIM) has been incorporated into the AVA aperture to act as a
director. A gain enhancement of 2 dB is obtained for the proposed element compared to conventional one. The proposed antenna element
is fabricated and measured. There is a good consistency between the simulated and measured return loss. In addition, four UWB Vivaldi
antennas with substrate end shaping are placed along the z-axis in a linear antenna array configuration. The four NIM structures of the four
antennas are placed together to form a sheet which is perpendicular to the four antenna substrates. A gain enhancement of about 6 dBi is
obtained compared to the proposed single element through the whole UWB frequency range. The proposed antenna array bandwidth
extends from 3 GHz to 16 GHz. The proposed antenna array is fabricated, measured, and good agreement is obtained between simulated

and measured reflection coeffcients.

Index Terms— Ultra-Wideband, Vivaldi Antenna, Linear Antenna Array, Radar Applications.

1 INTRODUCTION

THE Federal Communication Committee (FCC) has ap-
proved the frequency band between 3.1 to 10.6 GHz for

ultra wideband (UWB) applications in 2002 [1]. There are
great attentions from the academic and industrial communi-
ties to this UWB radio system which is 7.5 GHz wide. Design-
ing a UWB antenna with stable endfire radiation patterns and
high gain remains a challenge still. This kind of antennas finds
lots of applications like radar, remote sensing, microwave im-
aging, and UWB communication systems. Planar antennas are
preferred because of the merits of lightweight, low profile, and
cost effective [2]. Tapered slot antenna (TSA) is a good candi-
date to achieve wide impedance bandwidth, stable radiation
pattern, and high gain characteristics [3]. However, the antip-
odal Vivaldi antenna (AVA) provides more compact size and
lower reflections from the feeding structure than TSA [4]. It is
worthy to note that balanced antipodal Vivaldi antenna (BA-
VA) is a compact and versatile design that was introduced by
Langley et al. [5]. The unique characteristics of the Vivaldi an-
tenna enabled it to be used in many applications where UWB
and end fire radiation pattern is required like high range radar
systems [6], detection of on-body concealed weapons [7], see
through wall applications [8], and imaging of tissues for the
detection of cancerous cells [9]. For these applications, the an-
tenna should achieve wide impedance bandwidth, narrow half
power beamwidth, and high gain. Different antennas in [10],
[11], [12], [13], [14], [15], [16], [17], [18] are presented to fulfill
these requirements.

In this paper, the shape of the radiation flares is designed
in the form of elliptical curves. The basic design has been ex-
plained analytically and the equations governing the elliptical
curves has been presented. Next, a negative index metamate-
rial (NIM) has been incorporated into the AVA aperture to act
as a director. The proposed element signicantly improves the
antenna radiation pattern and gain. In addition, this element is
used in a four element UWB antenna array that operates from
3—16 GHz with more than 12 dBi maximum gain. The paper
is organized as follows. Section 2 describes the configuration

of the proposed antenna element. Section 3 is devoted to the 4-
element array. The paper is concluded in Section 4.

2 PROPOSED ANTENNA ELEMENT

2.1 Antipodal Vivaldi Antenna Design

The antenna is designed on a low cost FR4 substrate with die-
lectric constant &=4.3, thickness h=1.5 mm, and loss tangent
6=0.025. The antenna geometry is shown in Fig. 1. The pro-
posed antenna includes three parts: microstrip line feed sec-
tion, transition section and radiating section. Transition section
is the most critical part in the antenna design since it is a gra-
dient structure and acts as a balun. This section is formed by
intersecting two identical half ellipses with the top and bottom
metals besides an offset distance from the beginning of the
feed line. The shape of the radiation are is designed in the
form of elliptical curve. This taper line is a quarter elliptical arc
of different major/ minor axis ratio to form a smooth transition
to reduce reflection. As a consequence, this elliptical configu-
ration provides a good broadband characteristics and it is one
of the optimum curvatures [19].

LH

—— X
offset d L

Figure 1: Antipodal Vivaldi antenna geometry.

Theoretically, Vivaldi antenna has infinite bandwidth [20] and
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generally the bandwidth of the Vivaldi antenna is proportional
to its length and aperture. Therefore, the size of the antenna
increases when UWB performance is required. The lower fre-
quency limit depends on the length of antenna and the effec-
tive dielectric constant e.«. Lower frequency limit is calculated
from [21]:

frin =[C/ 2(LH) ([ )] 1)
e =[(e, +D/2]+[(e, 1)/ 2][1+(@2h/ LH)] ™ )

where h is the substrate height and LH is the antenna length.
The structural parameters are listed in Table 1, and have al-
ready been optimized. Extensive parametric studies are car-
ried out using Computer Simulation Technology Microwave
Studio (CST MWS) to study the effect of different parameters
on the antenna performance to select the proper dimensions of
the major and minor axes of the intersecting ellipses. The di-
mensions of the antenna are 60 x 45 x 1.5 mm?®. As shown in
Fig. 1, the shape of the radiation flare is designed in the form
of elliptical curve. This taper line is a quarter elliptical arc and
the two curves are denoted: Esl and Es2. In the equations de-
scribing the two curves, u and v represent the major and mi-
nor axes respectively. Using the structural parameters in Table
1, the two elliptical curves can be described by the equations:
Eq:

y =[~vy/1—-[x — (offset + d /2)? /u?]+(2b+C —a)

,(offset+d/2sx§LH) 3)
Es.:

y =[—VA/1—[x — (offset +d /2)]* /u?] + (a)
,(offset+d/2£stH) 4)

TABLE 1: STRUCTURAL PARAMETERS OF THE PROPOSED AVA.

B 16 mm LH 60 mm

C 4 mm L LH-offset-d

D 43,5097 mm a (b+c-w)/2
offset 6.53 mm u LH-(offset+d/2)

4 15.0794 mm v b+c-a

Fig. 2a shows the effect of length d on the proposed anten-
na bandwidth performance. An enhancement of 8 dB is ob-
tained as d changes from 48.5 mm to 43.5 mm at 6 GHz. Also,
an enhancement of 2 dB is obtained at 10 GHz. As a result, d is
chosen to be 43.5 mm. The offset length is chosen to be 6.53
mm in order to achieve wide impedance bandwidth with good
return loss as shown in Fig. 2b. When the antenna aperture
width w gets smaller, the antenna has a better return loss in
low frequency, but from the point of view of the antenna gain,
it gets worse as shown in Fig. 2c. Therefore, when the width w
increases, the gain is enhanced and the resonance point is
shifted to high frequency because the current path becomes
shorter as illustrated in Fig. 3.
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Fig. 2 (a) Simulated return loss of antenna with different d, (b) different
offset at d = 43.5 mm. (c), different w at d = 43.5 mm and offset=6.5 mm.
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Fig. 3 (a) Current distribution at w=10mm, (b) w =15mm.
2.2 Substrate End Shaping

Normally antipodal Vivaldi antennas suffer from low axial
gains and tilted beams. The technique proposed in [18] has
been applied here to correct both problems. This technique is
based on the substrate end shaping. It is a simple geometrical
medication that extends the substrate beyond its length to an
appropriate length. This extended length acts as a lens and can
be considered as an integral part of the antenna in order to be
easy to fabricate. A triangular end shaping is considered since
it produced the highest improvement in gain throughout the
entire frequency band of operation. This triangle is equilateral
and extends for a distance of half the antenna length which is
30 mm. There is an enhancement of 2 dB when substrate end
shaping is applied, and this can be illustrated in Fig. 4.
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Fig. 4 Effect of the substrate end shaping on the realized gain.

2.3 Negative Index Metamaterial Structure

Metamaterial is a manmade composite structure made of
dielectrics metals. It implies that it is not a homogenous mate-
rial, rather inhomogeneous artificial. Metallic or dielectric
structures in metamaterials are typically much smaller than
the wavelength. So, at a wavelength scale, one can assume an
effectively homogenous material but with very different phys-
ical properties. So, material could be divided as, first a positive
¢ and p material, this kind of materials is called double posi-
tive materials or natural dielectric materials. If an electromag-
netic wave propagates in such a material, you will see a prop-
agating wave with some loss or attenuation. Second, a nega-
tive ¢ and a positive p such as metals, thus metals are also
called epsilon negative materials. If electromagnetic wave
propagates in a metal, it experiences huge attenuation that is
why when metals are discussed, the skin depth effect is dis-
cussed too. Actually the waves will attenuate a lot into the
metamaterials.

In 1960s, materials having simultaneously negative p and
negative ¢ are theoretically proposed and they produce a nega-
tive refraction index. This materials are called a left handed
material [22]. In 1996, negative epsilon material could be ob-
tained by arranging the metal wires in a simple cubic lattice.
But the problem still remained how a negative p could be ob-
tained. In 2000 by smith, the question was answered where a
structure consisting of periodic array of split ring resonators
and continuous wires that produced the negative permeability
and negative permittivity is proposed [23], [24].

Fig. 5 shows a NIM structure unit cell. It is constructed of
two self complementary archimedean rectangular spiral
shapes. The NIM unit cell with dimensions of 10x10 mm?
(AxB) is designed on an identical substrate material that is
used for the AVA design. The NIM is excited with an electric
field along the y-direction and a magnetic field along x-
direction as illustrated in Fig. 6. The resonant frequency of
NIM cell is controlled by the gap between spirals [14], [15].
The incorporation of NIM in addition to the substrate end
shaping did not signicantly affect the return loss (Sy) of the
antenna.

Different techniques are available for incorporating NIM in-
to AVA. In this paper, single layer of NIM is inserted perpen-
dicularly to the substrate i.e. between the two arms of the an-
tenna. The final structure of the NIM incorporated AVA with
substrate end shaping is shown in Fig. 7. A further increment
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of extended length beyond three NIM cells is not desirable for
practical applications, in addition to the simplicity of fabrica-
tion.

Z@——Y

ke——E _
I

B IEC

B

Fig. 5 NIM unit cell. Fig. 6 NIM configuration.

Fig. 7 The proposed NIM incorporated AVA with substrate end shaping.

2.4 Proposed Antenna Radiation Pattern

The simulated and measured radiation patterns of the antenna
are shown in Figs. 8—10. From these figures, it is found that
the proposed antenna exhibits good unidirectional radiation
patterns in the elevation and azimuth planes. Over the operat-
ing frequency band, the main lobes of the radiation patterns
are fixed in the end fire direction (x-axis direction).
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Fig. 8 Normalized radiation pattern of the antenna at 3.2 GHz.
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Fig. 10 Normalized radiation pattern of the antenna at 9.7 GHz.
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2.5 Fabrication and Measurement of The Proposed
Antenna Element

The bandwidth of the proposed antenna extends from 2.8 to
16 GHz. The fabricated antenna is shown in Fig. 11. Fig. 12
presents the simulated and measured return loss of proposed
antenna. There is a good agreement between the two results.
The difference between simulated and measured S; may come
from the connection loss between the printed circuit board and
SMA connector, and the unstability of the FR4 substrate pa-
rameters at 12 GHz.

Fig. 11 Photograph of the fabricated antenna.
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Fig. 12 Return loss performance of the proposed antenna.

3 PROPOSED 4-ELEMENT ARRAY
3.1 Array Configuration

In order to obtain better range resolution in a radar system, a
wide bandwidth is required. Also, for two adjacent targets at
the same range, they must be separated by at least one beam-
width to be distinguished as two objects. Bilgic and Yegin in
[25] achieved 13.5° half power beamwidth but covers only the
frequency band from 8.75 to 12.25 GHz. In this paper, four
UWB Vivaldi antennas with substrate end shaping are placed
along the z-axis in a linear array configuration as shown in
Fig. 13. The Dolph-Tschebysche distribution with a side lobe
level (SLL) of -20 dB has been chosen for this design. Accord-
ingly, the four excitation coefficients are (0.576—1—1—0.576).
The four NIM structures of the four antennas are assembled
together to form a large sheet which is perpendicular to the
four substrates. This structure is proposed due to high gain
features.

For narrow band antenna arrays, the element spacing
should be less than one wavelength (X) to avoid the grating
lobes. Moreover, it should be greater than half wavelength
(M 2) to minimize the fading correlation and mutual coupling
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between elements. This spacing is not obvious in ultra-
wideband antenna arrays to avoid the grating lobes in the
whole UWB frequency span since they operate at very large
frequency bandwidth [26].

Fig. 13 Array Configuration.

3.2 Element Spacing

Many trials are carried out to choose properly the distance
between elements which is the most important parameter that
affects mutual coupling. Of course, a large distance results in
less mutual coupling effects, and consequently a better isola-
tion between array elements can be achieved, while the SLL
will be deteriorated. There is always a trade-off between half
power beamwidth (HPBW) and SLL [27]. Table 2 lists different
values of the element spacing, HPBW and SLL in both the ele-
vation and azimuth planes at 10 GHz.

TABLE 2 HPBW AND SLL FOR DIFFERENT ELEMENT SPACING AT 10

GHz.
Element Elevation plane (XY- Azimuth plane (XZ-
Spacing plane) plane)
HPBW SLL HPBW SLL
22 mm 50.90 -5.2dB 19.1° -20dB
25 mm 54.1° -4.1dB 170 -21.8 dB
30 mm 57.20 -4 dB 14.1° -20.3dB

3.3 Realized Gain

Figure 14 shows the antenna gain for single element and ar-
ray structures for the UWB frequency range. In the frequency
bands between 3 GHz and 9 GHz, the array gain is about 5 dBi
more than the single element gain and exceeds 6 dBi beyond 9
GHz. If the element spacing is increased from (A/ 2) until (A),
the array gain is increased. This spacing shouldn't exceed one
wavelength to avoid the grating lobes. The azimuth plane ra-
diation pattern comparison between a single element and a 4-
element antenna array is shown in Fig. 15.
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Fig. 14 Array and single element antenna gain at 25 mm element spacing.
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Fig. 15 Azimuth radiation pattern at 10 GHz and 25 mm element spacing.

3.4 Fabrication and Measurement of The Proposed
Four Element Antenna Array

The fabricated four element antenna array is shown in Fig. 16.
Fig. 17 presents the simulated and measured return loss (S.) of
proposed array. The two results are below -10 dB across the
entire frequency band of operation.

Fig. 16 Photograph of the fabricated antenna array.
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Fig. 17 Return loss of the antenna array.

4 CONCLUSION

This paper presents a UWB AVA with radiation flares in the
form of elliptical curves. The antenna dimensions are 60 x 45
x 1.5 mm? with a triangular shape extension and a NIM per-
pendicular to the substrate. The proposed element is capable
of achieving an input impedance bandwidth from 2.8 GHz to
16 GHz experimentally. Then, four identical antenna elements
were employed to introduce a linear array. The excitation coef-
ficients were calculated according to the Dolph-Tschebysche
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distribution. A prototype of the proposed single and four el-
ements antenna array were fabricated and measured over the
UWB frequency range. Good agreement was obtained be-
tween measured and simulated reflection coefficients. The
antenna array gain was increased by about 6 dBi compared to
that was obtained with the proposed single element. The pro-
posed antenna array is suitable for radar and microwave im-
aging applications where a directional UWB antenna is re-
quired.
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