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Design and improvement of an antipodal Vivaldi antenna
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Abstract ; In this paper, a novel antipodal Vivaldi antenna ( AVA) is presented. The radiation flares were modified
by a new composite compound exponential curve. A novel director containing two hybrid elliptical metal patches
was adopted to improve the radiation parameters ( gain, beam tilts and cross-polarization). The measurement re-
sults show that the proposed antenna operates from 1 GHz to more than 40 GHz with peak gain >0 dBi in the range
of 1 ~40 GHz and >12 dBi over the 15 ~40 GHz range. The squinted beam of E-plane is less than 3° from 3 to
40 GHz and less than 2° from 20 to 40 GHz.
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Introduction

Antennas, especially wideband antenna, play an
extreme role in the microwave and millimeter-wave cir-
cuits and systems. Various wideband antennas have been
proposed in recent years, including stacked patch anten-
na''' | leaky lens antenna'?’ | and ridged horn anten-
na’'. Among the reported designs, the Vivaldi anten-
na'*! is one of the highest potential antennas due to its
excellent radiation performances including high gain,
simple structure and good directivity.

To broaden the operation bandwidth of Vivaldi an-
tenna, the antipodal Vivaldi antenna, which has two ra-
diant surfaces, was proposed by Gazit. E in 1988'°.
This type of antennas has many outstanding performances
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such as good directivity, high gain and low cross-polari-
zation level. In the recent reported literatures, various
methods have been proposed to improve the radiation
characteristics, reduce the size and extend the imped-
ance bandwidth'®"*!. In Ref. [6] , the author presented
a novel approach to improving the impedance matching at
low frequencies by Chebyshev tapering. However, the
antenna gain is relatively low. In Refs. [79], the die-
lectric lens was adopted to enhance the radiation parame-
ters of Vivaldi antenna. In Ref. [10], the directivity
and gain of the proposed AVA has been improved based
on introducing a metal patch in the flare aperture. Never-
theless, no obvious improvements were got on the anten-
na gain at high frequencies ( > 25 GHz). In Ref.
[11], the SIW technology was used to achieve a Vivaldi
antenna with wide operational bandwidth. In addition,
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the corrugation at the flares was widely used to improve
the performance of Vivaldi antenna such as gain' ™. A
reconfigurable wideband Vivaldi antenna was presented
in Ref. [15]. Moreover, the ring slot pairs was adopted
to generate narrowband multiples.

In this paper, a novel broadband AVA with a new
flare shape and a novel director is presented. At first,
the inner edges of the radiation flares were defined by a
new composite exponential curve. As a result, the anten-
na gain in high frequencies and low frequencies can be
improved by changing different parameters of the compos-
ite exponential curve, respectively. In addition, the out-
er edges of the tapered radiation flares were modified by
Chebyshev curve to achieve a wide impedance band-
width. By using a novel director in front of the antennas
aperture, the beam-tilting in E-plane and antenna gain
have been improved significantly. The proposed director
containing two parasitic compounded elliptical patches
and a half-elliptic substrate can produce strong radiation
in the endfire direction. The simulated and measured re-
sults show that the antenna can simultaneously obtain a
very wide operating bandwidth and excellent radiation
characteristics that have both high gain and good directi-
vity.

1 Antenna analysis and design

Vivaldi antenna is one of the tapered slot antennas,
which has an endfire characteristic. From the radiation
mechanism of Vivaldi antenna, the antipodal Vivaldi an-
tenna operales as a resonant antenna at low frequencies
and a traveling wave radiator at high frequencies while
radiates at different points along the inner edges of the
flares. The maximum and lowest operation frequencies
are defined by the aperture width ( distance between the
two opposite flares) at the start of the flares and the
mouth of the flares, respectively. In other words, its
work band is unlimited in theory. However, different is-
sues occur degrading its radiation performances such as
gain reduction, side lobes, beam tilts, and pattern dis-
tortion. All of these will severely restrict its applications
in high frequencies. The flare shape of the conventional
AVA is almost defined by Eq. (1) as follows;

x = ae™ +b , (1)
where parameters a and b are determined by the dimen-
sions of the antenna. The Vivaldi antenna operates as a
resonant antenna at low frequencies. Therefore, to en-
sure the flare width wide enough (A/2) to radiate at 1
GHz, the flare becomes too great. Besides, the gain of
AVA is very sensitive to the gradient of the exponential
curve. However, Eq. (1) only has one changeable pa-
rameter (pa ). In this case, a new exponential curve
should be adopted to overcome this defect.

1.1 The modified AVA (MAVA)

As shown in Fig. 1 (a), the modified antipodal
Vivaldi antenna ( MAVA) mainly consists of two parts.
The first section is the tapered balun fed structure modi-
fied by a quarter of an ellipse. The second part is the ra-
diation flare constructed by two curves, including the in-
ner and outer edges defined by curves separately.

In this work, the inner edges of the radiation flares
are defined by a new composite exponential curve as fol-

Fig.1 (a) Structure of the MAVA, (b) the proposed new
exponential curve
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where a and b are described by Eq. (4).

o = Wa + wts m = e(pafpll)(v\‘*l(lr)(lanili[{l(?\)*‘us) tpa - la
2(m —n)
o an -1 (Y
b =— (wis +an),n = "7 (%MS)

, (4
where ¢ is a blending coefficient, s is the value of y at
the intersection point (1), la, wa and wis are defined in
Fig. 1 (a). The new exponential curve (B) shown in
Fig. 1 (b) is defined by the combination of curve A and
curve C.

In order to reduce some undesired radiation, the
sharp edges that cause wave diffraction should be avoi-
ded. Moreover, the widened end structure could reduce
the size thereby reducing the low operating frequency. As
mentioned in Ref. [6], the Chebyshev tapered loading
can yield an extremely large impedance bandwidth.
Therefore, the outer edges of the radiation flares (E,)
were modified by a Chebyshev tapered curve as follows:

Ey:x = N((y/le)* = (y/le)?) , (5)

where

Le = /(wa/2 —wis)? - la’ , (6)
where N and Lc were discussed in Ref. [6], W, , wis,
wa are defined in Fig. 1(a).

Figures 2(a) and 2(b) show the results of paramet-
ric study on s and pb to explain the function of the new
composite exponential curve, respectively. By increasing
the parameter s, gain improvement in high frequencies
and reduction in low frequency band were observed. Be-
sides, an increase of parameter pb will result in a gain
enhancement in high frequencies ( > 25 GHz) and a
gain reduction in low frequency band (5 ~ 15 GHz).
Therefore, the antenna gain at high frequencies and low
frequencies could be improved by changing different pa-
rameters of the composite exponential curve, respective-
ly. Even though the proposed MAVA could operate in a
very wide frequency band with improved gain characteris-
tic, the antenna gain is relatively low, especially at mid-
dle-high frequencies.
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Fig.2 (a) Gain of MAVA with different s, (b) gain of
MAVA with different pa and pb

B2 (a) AfF s T MAVA ¥425, (b) R[] pa Fl pb T
MAVA #4325

1.2 The modified AVA with a director (MAVA-D)

As shown in Fig. 2, the antenna gain of MAVA de-
grades severely as the frequency increases. In this work,
a metal director was used to improve the radiation char-
acteristic as shown in Fig. 3(a). As discussed in Ref.
[10], the metal director located at the antenna aperture
is expected to have three different effects. At first, it
could direct most of the energy towards the aperture cen-
ter to improve the beam-tilting over upper working fre-
quencies. Meanwhile, it can broaden the working band-
width. The last and most important effect is to enhance
the field coupling between the flares thereby increasing
the antenna gain.

As shown in Fig. 3 (b), the antenna gain for MA-
VA-D has been improved significantly at middle-high fre-
quencies ( Ku-band). The parameter del was found to
have significant impact on the gain performance with the
gain increasing nearly 5 dB as del increases from 45 to
75 mm at middle-high frequency ( > 20 GHz ).
However, further increase in del causes the gain to de-
crease. Besides, a bigger increase of parameter del will
result in a very long antenna extension.

1.3 The modified AVA with a modified director
(MAVA-MD)

Even though the gain was enhanced by the metal di-
rector, the improvement on the gain is limited to the fre-
quency band up to 25 GHz with relatively low gain. In
this work, to further improve the antenna gain in a higher
frequency band (Ka-band) , a modified director was pro-

Fig.3 (a) Structure of the MAVA-D, (b) Gain of
MAVA-D with different del

3 (a) MAVA-D By4549181, (b) “RIA] del T MA-
VA-D fy# i

posed as shown in Fig. 5. Compared with the traditional
director reported in Ref. [ 10], this novel director has
some distinct advantages. At first, two metal patches lo-
cated at the top and bottom layers, respectively, were a-
dopted to produce a strong field coupling between the
flares. Moreover, the single elliptical metal patch was re-
placed by a hybrid elliptical patch constructed by a large
elliptical patch and a small one. Therefore, the field
coupling near the start of the flare, which radiates at high
frequencies, could also be enhanced. Finally, the sub-
strate was modified by a half elliptic so that the gain of
the antenna could be further improved.

Fig.4 The electric field distribution for MAVA, MAVA-D
and MAVA-MD
&4 MAVA, MAVA-D Hl MAVA-MD {834 i
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In order to give a deeper understanding about the
effects of the novel director, the electric field distribution
for MAVA, MAVA-D and MAVA-MD at 12, 24 and 36
GHz are compared in Fig. 4. It can be seen that strong
field coupling to the elliptical metal patch concentrate at
the aperture centre with suppression of that at other di-
rections. Clearly, the radiation of MAVA-D is more fo-
cused in the endfire direction compared with the MAVA.
Besides, the tilted beam can be further compensated in

the MAVA-MD.

Fig.5 (a) Photograph of the fabricated antenna, (b) di-
mensions of the MAVA-MD
5 (a) REWMILE, (b) MAVA-D IS HUR &l

2 Results and discussion

As shown in Fig. 5 (a), a prototype of the proposed

Table 1 Squinting beam and E-plane cross-polarization

®1 BREEME @R XEL

MAVA-MD was fabricated on Rogers RT5880, which has
a relative permittivity 2. 2 and the thickness of the sub-
strate is 0. 787 mm. The antenna was simulated and opti-
mized using commercial software CST Microwave Studio
TM. The final dimensions of the fabricated antenna are
(see Fig. 5(b)): wy, =3 mm, [, =16 mm, w, =6.26
mm, [, =45 mm, a, =30 mm, a, =10 mm, b, =7.5
mm, b, =4 mm, d =24 mm, [, =5 mm, s =40 mm, ¢

=2, pa=0.065, pb=0.05, N =50.

Fig.6 The measured and simulated S11 of the fabrica-
ted MAVA-MD
K6 hnT.i MAVA-MD fyil i Fi {5 5 S11

The S11 was measured with Agilent Network Analy-
zer N5225A. As can be seen from the Fig. 6, the return
loss is less than 10 dB from 4 GHz to 40 GHz. The dis-
crepancies between simulation and measurement may be
due to unexpected fabrication and assembly errors. In
addition, the connection loss between the printed circuit
board and SMA connector, and the unstable substrate pa-
rameters may also deteriorate S11, which is not included
in the simulations.

Within the frequency range of 4 to 40 GHz, a quan-
titative comparison of the beam-tilting and cross-polariza-
tion in boresight direction of E-plane are contained in
Table 1. For MAVA, the squinted beam of E-plane >
10° at middle-high frequencies ( >20 GHz) and >22°
from 32 to 40 GHz, while the MAVA-D has a maximum
of 6° beam squinting in these frequencies. Moreover, the
proposed MAVA-MD can further improve the beam tili-
ing, which shows that it has better resistance on beam

MAVA MAVA-D MAVA-MD
Frequency/GHz Squinting beam/ (°) cross-polarization/dB Squinting beam/ (°) cross-polarization/dB Squinting beam/ (°) cross-polarization/dB

4 -16 -16 -6 -23 -3 -28
8 -7 -15 -5 -20 -3 -27
12 -4 -17 -4 -22 -3 -29
16 10 -18 6 -23 3 -28
20 29 -20 5 -30 2 -36
24 26 -14 6 -26 2 -32
28 48 -16 5 -24 1 -33
32 42 -15 4 -25 1 -30
36 38 -13 4 -20 1 -28
40 35 -10 4 -16 1 -24
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tilting at upper frequency band than MAVA and MAVA-
D. Furthermore, the proposed MAVA-MD has a better
cross-polarization compared with the MAVA and MAVA-
D.

The measured and simulated E-plane and H-plane
radiation patterns at4, 6, 10, 15, 20, 25, 30, 35 GHz
are shown in Figs. 7-8, respectively. Due to the pro-
posed modified director acting as a guiding structure, the
proposed antenna has symmetric radiation patterns and
good endfire characteristic with the main lobe directing in
the axial direction (Y-direction in Fig. 5 (b)).

The measured and simulated gain of the proposed

antenna is shown in Fig. 9. Obviously, the gain of the
MAVA-MD has been improved greatly. The peak gain of

MAVA-MD > 12 dBi for frequencies more than 15 GHz
and > 14 dBi over the frequency range of 15 to 40 GHz.
Compared with the MAVA | the modified antipodal Vival-
di antenna with a director (MAVA-D) has a better gain
characteristic with the gain change increasing nearly 5.5
dB in middle-high frequencies ( >20 GHz). Besides,
the antenna gain has been further increased about 6dB
owing to the modified director.

As shown in Fig. 10, the proposed MAVA-MD has
more firm resistance on beam tilts compared with MAVA.
In addition, the MAVA-MD has lower back-lobe and side
lobe in comparison with MAVA and MAVA-D.

Table 2 lists out the comparison in terms of size,
operation bandwidth, relative permittivity, and gain be-

Fig.7 The measured (solid line) and simulated ( dashed line) radiation patterns of E-plane

K7 E i (Segk) Ay B (L) J7 1 4

Fig.8 The measured (solid line) and simulated ( dashed line) radiation patterns of H-plane

8 H I ( 524k) Al (k) J7 1 18]
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Fig.9 The gain for the MAVA, MAVA-D and MAVA-MD
K9 MAVA,MAVA-D F1 MAVA-MD 4 25X} [t

Fig. 10  The simulated radiation patterns of H-plane for the
MAVA, MAVA-D and MAVA-MD
K10 MAVA,MAVA-D fil MAVA-MD f{y H [fi{j EL45 51 7
In] [#]
tween the proposed antenna and antennas from litera-
tures. Clearly, the proposed antenna has some distinct
advantages such as a very wide operation bandwidth and
a high gain with similar size.

Table 2 Comparison of the proposed antenna with literatures
F2 XTHRGSHMICEPAIEREITE

Relative  0.B. W.

f. imensi 3 Freq. /GHz—Gain/dBi
Re Dimensions/ mm pemittivity  /GHz req. /GHz—Gain/dBi
10-6.2
6 97 %95 x1.6 4.4 1-35 '
[6] XX 2055.8,354.3
[7] 100x 140x0.8  3.38  2-18 10-9, 18—12.2
(8] 70 x 140 x3 22 1.5-15  10-11.2, 1513.5
[9] 50x 166x3.15 255 3.0-18  3.5-2, 18512
1011, 20
[10] 66 x 140 1.5 2,94 2.0-32 e
10.2, 305
[11] 120x 160x1.6  3.45  2-18 N.M
[12]  52x 145x0.508 2.2 3.1-10.6  5-9.4,11-I2
[13] 190 x 42 x0.8 3.3 2-18 21,1813
[14]  78.76x 91x0.508  3.38 3-16 395.2, 16510.5
[15] 92 x 106 x1.6 4.7 1.5-5 N M
This work 1010.7
"B 96,52 x 140 x0.787 2.2 1-40 '

(MAVA-MD) 25—15.6,40—12.7

*0.B.W.’ states the operating bandwidth; ‘N. M’ represents "not mentioned"

3 Conclusion

In this paper, a novel antipodal Vivaldi antenna is

presented with good radiation characteristics operating
from 1 GHz to over 40 GHz ( SMA connector and meas-
urement limit). A new radiation flare shape combining
two exponential curves was used to improve the gain
characteristic. Moreover, the radiation flares were modi-
fied by a Chebyshev curve to achieve an extremely large
impedance bandwidth. The antenna gain has been signif-
icantly enhanced by adopting a novel director. The pro-
posed antenna exhibits satisfactory radiation characteris-
tics such as low cross-polarization level, high gain of 12
~15 dBi (10 ~40 GHz) , stable radiation patterns and a
wide operation bandwidth that make this antenna suitable
for applications in phased array, microwave and millime-
ter-wave systems, and target RCS imaging, etc.
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