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ABSTRACT In this paper, a wideband, miniaturized, and high gain double-slot Vivaldi antenna is proposed.
First, a corner cutting technique is adopted to broaden the frequency band. Second, a pair of defected ground
slots is added to the edges of the antenna to extend the low-end frequency limitation from 2.27 to 1.15 GHz,
which provides a great design freedom. Third, a novel unit cell of an index-near-zero metasurface is
proposed in our design. The unit cell is a two-stub-loaded split-ring resonator, which has a compact size,
a wide frequency band, and a good reflection coefficient. The gain of the double-slot Vivaldi antenna is
improved over a wide frequency band by the inclusion of the index-near-zero metasurface in the aperture,
without changing the overall dimensions or compromising the whole frequency band performance of the
antenna. Finally, to verify the design method, an ultra-wideband double-slot Vivaldi antenna with defected
ground slots and metasurface was fabricated and measured. The circuit has an overall size of 0.76 Ag x
0.41 Ag x 0.005 Ag. The modified antenna exhibits a measured gain of 0.7-14 dBi over the frequency band

of 1.13-12 GHz.

INDEX TERMS Defected ground slot, high gain, index-near-zero, metasurface, Vivaldi antenna.

I. INTRODUCTION

A tapered slot antenna with exponential profile, namely
Vivaldi antenna, was first introduced by Gibson in 1979 [1].
It is attractive because of its features of wide bandwidth, low
profile, easy fabrication, and low cost. It is widely used in
many applications, such as early-stage cancer detection [2],
through-wall multiple targets detection [3], microwave inter-
ferometric radiometry [4], and concealed weapon detec-
tion [5]. Nowadays, extension of impedance bandwidth,
size reduction, and radiation characteristics improvement
of Vivaldi antennas simultaneously are still challenging in
practical applications. Stripline right-angle bend with slant-
wise corner cut [6], a stepped connection structure [7],
and a tapered transition [8] were employed to improve
impedance bandwidth. In order to ensure that the standing
wave energy of Vivaldi antenna can be effectively radiated
from the slot, the aperture width is suggested to be no less

than a half-wavelength of the operated lowest frequency in
free space when Vivaldi antenna designed [1], especially
very long in the tapering direction [9]. Thus, various tech-
niques have been developed to miniaturize Vivaldi antennas
by using bending feed line structure [10], loading struc-
tures [11], or applying tapered slot edges [12].

However, these structures have low gains and more detailed
comparison is shown in Section III. In recent articles, several
researchers have proposed methods to enhance the gain of
Vivaldi antennas, including the use of dielectric lens [13],
higher dielectric constant slab [14], and parasitic patch [15]
in the flared aperture section to guide energy in the endfire
direction. Whereas, all these methods improve the perfor-
mance at the expense of fabrication complexity or a large size.
Therefore, it is still a great challenge to optimize the design
and performance of a Vivaldi antenna to achieve high gain
with a relatively small size.
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Recently, the application of metamaterial structure to
antenna design has been investigated widely along with the
development of metamaterials [16]. In contrast to previous
index-near-zero metamaterial, antenna in which the metama-
terial was used to enhance antenna bandwidth [17], index-
near-zero metamaterial could also be employed to achieve
high directive emission of electromagnetic (EM) waves [18].
Some effective Vivaldi antenna structures with metamate-
rials were reported recently in [19] and [20]. In addition,
a double-slot Vivaldi antenna (DSVA) was proposed [21],
whose gain is higher than a conventional Vivaldi antenna
with same size. However, the related researches or theoretical
analysis in DSVA with metamaterial are rarely reported and
analyzed [22].

In this paper, a miniaturized DSVA with high gain is
proposed. The broadening of bandwidth miniaturization of
size and improvement of gain are investigated and realized.
A step-by-step design procedure is described in detail, which
includes: 1) broadening antenna bandwidth by using a cor-
ner cutting technique [23], [24] to improve the impedance
matching of a T-junction power divider; 2) extending the low-
end frequency limitation by etching a pair of defected ground
slots on the radiation surface of the DSVA; 3) enhancing
the gain of the DSVA by adding a novel compact index-
near-zero metasurface (MS) — a planar metamaterial. Finally,
the modified DSVA is fabricated and measured to verify the
proposed design.

Il. DESIGN AND ANALYSIS OF THE DSVAs

The DSVA of T-junction power divider with corner cutting
(named Ant I) design follows the concept described in [21],
which is shown in Fig. 1(a). The DSVA makes the aper-
ture field distribution at the end of the antenna more uni-
form, thus the gain of the proposed antenna is higher than
that of a conventional Vivaldi antenna with the same size.

Corner cutting

(a) (b) (©

FIGURE 1. Configurations of (a) Ant I: T-junction power divider with
corner cutting, (b) Ant II: Ant I with a pair of defected ground slots,

and (c) Ant 111: Ant Il with the proposed MS. The geometrical dimensions
areLqg =60,Lp =120,Ly =25,L, =13, L3 = 18.995, [, = 10.15, l.g =35,
Lm =97 mm, Wq = 40, Wy, = 80, Rp =3.5,Rs =4, ’1 =2.7, Iz =16,

Iq =27, wy =2.78, w, = 0.77, w3 = 0.5, g = 0.3 (all in mm).
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The Ant I contains two metal layers: tapered slot and
microstrip power divider are printed on the top and bot-
tom layer, respectively. A Wang Ling F4ABM?265 substrate,
whose thickness, permittivity and loss tangent are 1 mm,
2.65, and < 0.001, respectively, is used as the middle layer.
The exponentially tapered slot profiles E, and Ep can be
described by [1]:

E,:y=205W,—gx exp(%) D
Ep:y=+05W, — g x exp(XIn((WbL; Wa/8)y o

The overall size of Ant I'is 130 mm x 80 mm x 1 mm.

In order to improve the impedance matching of DSVA,
corner cutting is added to the microstrip power divider.
A T-junction power divider with corner cutting can be equiv-
alent to a two-port network. A good matching network to
eliminate the reflected power can be obtained through design-
ing suitable corner cutting. To study the characteristics of
impedance matching, the input impedance is obtained by
simulating with variable /; and w;. In Fig. 2, it can be seen
that the optimized input impedance matching characteristics
of Ant I can be obtained by choosing appropriate /; and wy.
Its S11 is presented in Fig. 3, where a good impedance
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FIGURE 2. Input impedance of Ant I as a function of (a) /; and (b) w;.
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matching can be observed in a wide frequency band
of 2.27-12 GHz.

A. MINIATURIZED DSVA DESIGN

Vivaldi antenna at the frequencies that lower than the low
cut-off frequency have edge diffraction and cannot
work. To further achieve miniaturization, the increas-
ing edge diffraction path through adding circular-shape-
patch [11], [25], and many slots [12], [13] was used to reduce
the low cut-off frequency of Vivaldi antenna. In this section,
a pair of defected ground slots are etched on the radiation
surface of Ant I and Ant II is presented in Fig. 1(b). The S1;
of Ant II is also demonstrated in Fig. 3. It has a fractional
bandwidth of 165% from 1.15 up to 12 GHz. To further
understand the effectiveness of the defected ground slots
on extending the low frequency band end, surface current
distributions of Ant I and Ant II at 1.15 GHz are shown
in Fig. 4. Ant I has relatively intense current in region “R;”
at the edges of radiators while Ant II has intense current in
region “Rj.” The effective electrical length of the current
path on Ant II is increased, result in extending the low
frequency band end from 2.27 GHz to 1.15 GHz.
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FIGURE 3. Comparison of simulated S;; for Ant I, Ant Il, and Ant IIL.
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FIGURE 4. Surface current distributions of (a) Ant 1 and (b) Ant Il at
1.15 GHz.

Numerical studies on the defected ground slots positions
(Ig) and dimensions (/; and w3) have been performed and
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FIGURE 5. Simulated S;; of Ant Il with variables (a) /4, (b) ; and (c) ws.

shown in Fig. 5. It is found that /; and w3 mainly affects
the lower frequency band and the upper frequency band. The
influence of /5 on the whole frequency band is not obvious.
Thus, the defected ground slots can be adopted to reduce the
low cut-off frequency.

The gain of Ant II versus the operating frequency is shown
in Fig. 6. Within the frequency range of 1.15-12 GHz,
the minimum gain is 1.11 dBi at 1.15 GHz and the maximum
gain is 14.46 dBi at 10.5 GHz. Whereas the gain of Ant [ is
3.62-14.2 dBi in the frequency band of 2.27-12 GHz. The
gain of Ant I at low frequency band of 1.15-2.27 GHz is
significantly lower than that of Ant II, which further verify
that Ant II can achieve miniaturization compared to Ant I.
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FIGURE 6. Comparison of simulated gains for Ant I, Ant II, and Ant IIl.

B. DSVA WITH HIGH GAIN DESIGN

Fig. 7 presents the E-field distributions of Ant Il at 1.15 GHz,
5 GHz, 8 GHz, and 12 GHz. It is noted that the aperture
field distribution of Ant II at low frequency is nonuniform,
which leads to the gain decreases. According to the litera-
ture [19], [20], an MS can be used to increase the gain of
directional antennas. To design a high gain Vivaldi antenna
based on MS, the first step is to find a proper element that is
non-resonant at the desired frequency band. As is shown in
Fig. 8(a), the proposed unit cell of MS is a two-stub-loaded
split-ring resonator (SRR) printed on a same FABM265 sub-
strate as the one used in the Vivaldi antenna design. This
structure can be easily integrated within a planar Vivaldi
antenna due to its compact design.

FIGURE 7. Comparison of E-field distributions for Ant Il (upper) and
Ant 11l (lower) at 1.15 GHz, 5 GHz, 8 GHz, and 12 GHz. (a black solid line
rectangle is given in each graph at 8 GHz and 12 GHz)

The characterizations of the entire MS can be reduced to
that of a single unit cell as a result of the periodicity, as shown
in Fig. 8(b). The unit cell is excited by a plane wave, and
four sides of the structure are set as perfect electric conduc-
tor (PEC) and perfect magnetic conductor (PMC) boundary
conditions, respectively. The electric polarization of the EM
wave is along the y-axis. The transmission characteristics of
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FIGURE 8. (a) Configuration of the proposed metasurface element and
(b) its simulation model at y-polarization. The geometrical dimensions
are Ly =Ly =2, L3 =0.6,Lpys =1, p =4, wy = 0.2 (all in mm). The
buff planes in (b) represent perfect electric conductor (PEC) and the deep
orange planes represent perfect magnetic conductor (PMC).
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FIGURE 9. (a) The S parameters, and (b) retrieved permittivity of the
proposed MS at x-polarization and y-polarization.

the designed MS are demonstrated in Fig. 9(a). As shown in
this figure, the Sy; is better than —10 dB over the frequency
range of 1-12 GHz, which ensures that most of the radiation
power of the Vivaldi antenna can be transmitted through
the MS within the wide frequency band. The extracted real
part of the permittivity (gy) of the proposed MS are shown
in Fig. 9(b), according to the formulas provided in [26].
It is shown that the zero index point is observed in the
frequency band. Besides, the electric polarization of the EM
wave along the x-axis are also given and the characteristic

VOLUME 6, 2018



S. Zhu et al.: Miniaturized and High Gain Double-Slot Vivaldi Antenna

IEEE Access

TABLE 1. Comparison between the proposed metasurface and others.

I T
antenna (GHz) e e

[19] 1-15 NA 0.017 x 0.012
[20] 57-66 -10dB ~-5dB 0.293x 0.24

[27] 2-12 —20dB~-6dB  0.035x0.033

This work 1-12 -54dB~-35dB  0.009 x 0.009

A, is the guided wavelength at the lowest frequency of the resonant band.

is used for comparison. The extracted real part of permit-
tivity (ey) is always bigger than zero in the frequency band
of 1-12 GHz, which is not suitable for designing to improve
antenna gain. Thus, the y-polarization of the MS is chosen in
the antenna design. Table 1 compares the proposed MS with
other reported metamaterials, which were used in Vivaldi
antenna designs to improve the directivity. It demonstrates
the superiority of the S1; and unit size of the proposed MS.
One is that S1; of the proposed metasurface is better, which
is added to slot of the Vivaldi antenna and has little influence
on the original radiation of the Vivaldi antenna. The other is
that the unit size the proposed metasurface is smaller, thus
more unit cell structures can be added in the same amount of
space, which improve design freedom and accuracy. There-
fore, the proposed MS has significant advantage in designing
the Vivaldi antenna with low loss.

In order to improve the gain in a wide frequency band,
the aforementioned two-stub-loaded SRRs are added to the
slot of Ant II. It is no longer necessary to place the MS at
a reasonable distance from Antenna [22], and hence a low
profile and high gain Ant IT with MS (Ant III) can be achieved
in this case, as demonstrated in Fig. 1(c). Fig. 3 shows the S1;
of Ant III, which is less than —10 dB from 1.11 to 12 GHz.
It demonstrates that the proposed MS does not deteriorate
the impedance bandwidth of Ant II as expected. The gain of
Ant III versus frequency is shown in Fig. 6, with the gain of
Ant IT as a reference. Ant III can achieve an obviously larger
gain at frequencies below 6 GHz. And the gain of Ant III
is maximum increased by 2.28 dB at 3.5 GHz compared
to Ant II.

Subwavelength structure that unit cell is smaller than the
wavelength has some characteristics such as refractive index
manipulation [28]. The phenomenon of gain enhancement
caused by the designed MS can be interpreted by the refrac-
tive law. The extracted real and imaginary parts of the refrac-
tive index (n) of the designed MS are shown in Fig. 10,
according to the formulas provided in [26]. It is demonstrates
that the zero index point is observed in the frequency band
and the region of |re(n)] < 1 is located in a wide frequency
range at the oblique incidence, where 6 is the angle between
the incident wave and the x-axis, as shown in Fig. 8(a). Thus,
the proposed MS has the performance of converging the EM
wave in a wide frequency band.
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FIGURE 10. The retrieved refractive index of the proposed MS at different
incident angles. ¢ represents the angle between the incident wave and
the x-axis.
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FIGURE 11. Wave incident on the interface of the MS and air (purple
refracted ray: re(n) < 0, green refracted ray: re(n) > 0, n is the refractive
index of the MS).

In order to verify the convergence performance,
Fig. 11 shows the propagation of an EM wave with an oblique
incident angle. The boundary plane is the x = 0 plane and the
incident plane is the xy-plane. The incident electric field E*,
reflected electric field E7, and transmitted electric field E* are
defined as

El = E(i)e_jkl(xcosai-i-ycosﬂi) )
E' — E(r)e*jkl(xcosar+ycosﬁr+zc05 " @
E' — E(‘)e—jkz(x 08 ar+y cos Bi+z cos 1) 5

where k; and k are the propagation constants of the MS
and air, respectively. «j, Bi, ¥; are the angles between the
incident wave and the x-, y-, z-axes, respectively. oy, By, ¥; are
the angles between the reflected wave and the x-, y-, z-axes,
respectively. o, By, 1, are the angles between the transmitted
wave and the x-, y-, z-axes, respectively. El , EB, E}) are the
amplitudes of the incident, reflected, and transmitted elec-
tric fields, respectively. The relationship among the incident
electric field, reflected electric field, and transmitted electric
field can be found according to the boundary condition theory
that the tangential components of electric fields must be
continuous:
[ EjekiycosBi 4t =iki(yeos etz cos yr)]
t

:[E(t)e—jkz(ycosﬁl+zcosm]t )
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Equation (6) can be applied to any x and y variables, thus,
0 = kycosyr = kp cos (7)
ki cos Bi = ki cos B = kp cos fB (8)
According to (7), it can be found
cosyy =cosy=0 ®
which means that
Vi =n=n/2 (10)

Both the reflected ray and the transmitted ray are located on
the xy-plane. In addition, according to Fig. 11 it can be seen
that:

7T

ﬂi=3

From (8) and (11) we can get the Snell’s Refraction Law

b 4 T
-0, ,3r=5—9’ ﬂt=3—9t (11

sin 6/ sin@ = ky /ky = re(n)/re(ny) (12)

where n and nj are the refraction index of the MS and air,
respectively.

To illustrate how this property can help control the propa-
gation of a wave, an incident wave on the interface with an
oblique angle is considered. Equation (12) implies that with
an index-near-zero and |re(n)] < 1 the ray in the air will
be refracted in a direction very close to the normal. Then,
all the refracted rays will be in almost the same direction
as demonstrated in Fig. 11. Thus the gain will be increased,
as shown in Fig. 6. The E-field distributions of Ant III at
1.15 GHz, 5 GHz, 8 GHz, and 12 GHz are presented in Fig. 7.
It can be clearly seen that the aperture field distributions
of Ant III are more uniform than that of Ant II at lower
frequencies (1.15 GHz and 5 GHz), which contributes to the
gain improvement of Ant III. At higher frequencies (8 GHz
and 12 GHz), the aperture fields of Ant II are already close to
a plane-like wavefront, and the phase delays of metasurface
at higher frequencies are small. Thus, the effect of phase
compensation at higher frequencies is weak after adding the
metasurface. However, the proposed MS introduces more
metal losses at higher frequencies. Though the aperture field
distributions of Ant III are more uniform than that of Ant II
at higher frequencies, metal loss introduced by the proposed
MS will contributes to gain decrease. As a result, the gain of
Ant III is approximate to that of Ant II at higher frequencies,
as shown in Fig. 6. Thus, the number of MS 2 x 8 is used in
the final antenna design.

Furthermore, the phase distribution mechanism can also
be used to analyze the gain improvement. Recent investi-
gation revealed that aperture electric fields of directional
antennas have nonuniform phase distribution, which reduces
the effective radiation and results in a lower peak directiv-
ity [29]. Therefore, metamaterial, which has a phase delay
when an EM wave transmits through it, can be designed as
a phase compensator to reduce the nonuniformity of phase
distribution.
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FIGURE 12. Path diagram of MS converts a spherical wavefront into a
plane-like wavefront. 6, represent the angle between the radiation
direction of the proposed Ant Il and the x-axis.
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FIGURE 13. Phase delays of the designed MS versus incident angle at
1.15 GHz, 5 GHz, 8 GHz, and 12 GHz.

Fig. 12 illustrates that how a MS converts the spherical
wavefront radiated by a Vivaldi antenna into a plane-like
wavefront. The rays pass through the edge will incur more
delay than those pass through the center of a Vivaldi antenna.
Thus, the nearly uniform phase distribution can be obtained
by adding more delay in the center of a Vivaldi antenna. The
phase at the aperture plane of Ant III is denoted by ¢, and the
desired out-plane phase from MS is denoted by ®,,. Thus,

P =91+ 911+ 912 (13)
@y = on+ 01+ o2 (14)

where ¢, and ;> represent the phase delays of MS unit
cell. In order to convert the spherical wavefront radiated by a
Vivaldi antenna into a plane-like wavefront, the phase at the
reference plane should be equal:

Oy =Py=------ = ®, (15)

that is

O1+e11+912 = @2+@21+@ =00 = ¢n+ On1 + V2
(16)

In this work, we consider the phase delay value of the
proposed MS in different incident angles. Fig. 13 shows
the phase delay information at 1.15 GHz, 5 GHz, 8§ GHz,

VOLUME 6, 2018
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o

FIGURE 14. Fabricated prototypes of the proposed Ant Il (left) top view
and (right) bottom view.

and 12 GHz versus incident angle. As the incident angle
increases—the position of the MS is closer to the edge of
Vivaldi antenna—the phase delay decreases, which satisfy the
center of a Vivaldi antenna needs more phase delay and the
edge needs less phase delay. Thus, the phase distributions of
Ant III are more uniform than those of Ant II at 1.15, 5, 8,
and 12 GHz, as shown in Fig. 7.

Ill. MEASURED RESULTS AND DISCUSSION

In order to verify the proposed approach, the designed Ant III
was fabricated, as shown in Fig. 14. The circuit was measured
using a Keysight ENA E5071C Network Analyzer in an ane-
choic environment. The measured S1; of the designed Ant III
is illustrated in Fig. 15 and compared with the simulated data.
S11 of Ant III is better than —10 dB over the frequency band
of 1.13-12 GHz. It is slightly worse at 2.06-2.27 GHz but
still better than —9.3 dB. In the operating frequency band
of 1.13—12 GHz, the measured gain of the designed Ant III
varies in the range of 0.7-14 dBi, as shown in Fig. 16. The
main reason for the difference between the measurement and
the simulation is that the radiation surface of the fabricated
antenna has slight wear and bend.

-20-

S,, (dB)

-304--

-40 —
12 3 4 5 6 7 8 9
Frequency (GHz)

10 11 12

FIGURE 15. Comparison of simulated and measured S;; for the proposed
Ant Il
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proposed Ant IIl.

TABLE 2. Comparison of the proposed Ant Il to other Vivaldi antenna
literatures.

Ref, gggii‘g Size Max gain (dB)
No. (GHz) (g X R he) Simulated | Measured
[7] 3151 | 0.79x0.67 x 0.013 8.5 8.2
8] 550 1.36 x 0.74 x 0.013 14 N.M
[10] 212 0.61 x 0.55 x 0.009 N.M 12.4
[11] | 132217 | 0.56 x 0.54 x 0.005 N.M 9.3
2] | 2414 | 1.16x0.92x0.019 N.M 10
[13] | 3440 | 1.51x0.67x0.009 15 N.M
[15] 527 3.28 x 1.54 x 0.036 122 N.M
:::; 1.13-12 | 0.76 x 0.41 x 0.005 142 14

N.M states the not mentioned, A, is the guided wavelength at the lowest
frequency of the resonant band.

To clearly illustrate the performance of the proposed
antenna, simulated and measured normalized radiation pat-
terns of Ant III at 1.15 GHz, 5 GHz, 8 GHz and 12 GHz
are plotted in Fig. 17. As can be observed, the half-power
beamwidth is wider with lower directivity at low frequencies,
while at the high frequencies, the half-power beamwidth
is narrower with higher directivity. Additionally, the cross-
polarizations of Ant III in the E-plane and H-plane are also
shown in Fig. 17. The measured cross-polarizations of Ant III
behave well and maintained as —27 dB at 1.15 GHz, -25 dB
at 5 GHz, —20 dB at 8 GHz, and —18 dB at 12 GHz in both
E- and H-planes at the axial direction. A further proof to
demonstrate the higher gain is given by adding the radiation
patterns of Ant II, as shown in Fig. 18. As it can be observed,
the simulated half-power beamwidth of Ant II is 103.2° at
1.15 GHz, 45.1° at 5 GHz, 27.4° at 8 GHz, 22.6° at 12 GHz
in E-plane, and 219.1° at 1.15 GHz, 87.3° at 5 GHz, 48.8° at
8 GHz, 41.8° at 12 GHz in H-plane. For Ant III, the simulated
half-power beamwidth is 103.2° at 1.15 GHz, 45.1° at 5 GHz,
32.4° at 8 GHz, 22.6° at 12 GHz in E-plane, and 219.1° at
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FIGURE 18. Simulated E- and H-plane radiation patterns of Ant Il at (a) 1.15 GHz, (b) 5 GHz, (c) 8 GHz and (d) 12 GHz.

1.15 GHz, 87.3° at 5 GHz, 56.7° at 8 GHz, 41.8° at 12 GHz has presented in this paper. A pair of defected ground slots
in H-plane. The half-power beamwidth of Ant Il is wider than are developed to extend the low cut-off frequency from
that of Ant III. 2.27 GHz to 1.15 GHz. In order to improve the gain in the

Table 3 compares the proposed Ant III with other Vivaldi wide frequency band, an MS is inserted into the slot of the
antennas mentioned in Section I. As can be seen from proposed DSVA. The designed MS consists of 2 x 8 two-stub-
Table 3 that the proposed Ant III offer comparable and even loaded SRR elements along the x- and y-directions, respec-

better performance in terms of dimension and gain. tively. As expected, the proposed antenna has a high gain
of 2.27-11.9 dB from 1.11 to 6 GHz in comparison with the
IV. CONCLUSION antenna without MS, whose gain is from 1.11 to 11.42 dBi

A miniaturized DSVA with a fractional bandwidth of 169% in the range of 1.15-6 GHz. In the higher frequency band
from 1.15 to 12 GHz and a directional radiation pattern of 9—12 GHz, the proposed MS introduces conductor loss and
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it contributes to a gain decrease of 0.06—-0.32 dBi compare to
that without MS. Finally, the proposed antenna has been fab-
ricated and measured to verify the proposed design method.
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