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Abstract - This paper presents an evolutionary
design process, fabrication, and verification of a sub-
strateloaded Vivaldi antenna (VA) design for the pulse-
type high-power microwave (HPM) solid-state T/R
module. The antenna design utilizes a substrate with
high permittivity to improve its power handling capacity
(PHC), a snowflake-like metasurface (SFL-MS) lens
on the front of the VA to enhance the directivity and
impedance characteristics in the middle and high fre-
quency bands, and rectangular slits on the radiating
brims of the VA for further broadening its bandwidth
and realized gain at low frequencies. After HPM mea-
surement, these functional methods are proven to be
effective for jointly contributing to optimizing antenna
performances. The proposed prototype shows an operat-
ing band of 2.28-6.54 GHz (voltage standing wave ratio
[VSWR] < 2) and the PHC values are over 8000 W in
this band. The measured realized gain and the maximum
gain enhancement can reach 6.56-8.15 dBi and 5.96 dBi.
The measured results are reasonable and agree well with
simulations.

Index Terms — High-power microwave, metasurface
lens, realize gain enhancement, Vivaldi antenna.

I. INTRODUCTION

High-power microwave (HPM) technology plays
an important role in terms of the electronic compo-
nent and system, its protective technology, weapon and
equipment, and biological effect. Different from the
vacuum-state HPM source, the solid-state HPM output
module, made of gallium nitride (GaN) material, has
advantages of light weight, parameterized flexibility, and
using a coaxial port to feed instead of a waveguide port.
Currently, the maximum stable power output from one
port on the solid-state HPM module is not more than
8000 W in the S- and C-band in practical engineering
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uses, so that hundreds of such solid-state HPM modules
can realize an equivalent effect like the vacuum-state
HPM system. As the element of the phased array, they
are tested for high directivity in a wide band in order to
realize wide-beam scanning.

For the virtues of stable realized gain in broadband
and compact structures, efforts have been made into
Vivaldi antennas (VAs) since it was proposed in the
1970s [1, 2]. However, VA loaded on the common
substrate (¢, = 2 —5) is seldom adopted in the HPM
system for its low power handling capacity (PHC),
usually 1000-3000 W in the air. One way to improve
the PHC of the VA is making the antenna all-metallic.
Researchers devote energy into all-metallic VA elements
[3, 4] and arrays [5—8]. Even though the allmetal antenna
satisfies the PHC demand of the HPM system, it is
obviously overweight compared to the substrate-loaded
antenna, especially when arranging arrays, which will
no doubt restrict the flexibility and mobility of the solid-
state HPM system on moving platforms.

Another solution is to adopt VAs on the dielec-
tric substrate with high permittivity, which evidently
decreases the value of maximum E-field distribution in
the operating band [9-11], and successfully enhances
the PHC of the antenna. The VA on the high permittivity
substrate will introduce a high radiation loss, however,
which will lead to lowering the radiation efficiency
and directivity of the VA. It is an important scientific
research direction to improve the realized gain and
directivity of the VA on the substrate.

A single-layered array consisting of two fourele-
ment VA is fabricated and verified for gain enhancement
in the microwave band [12]. Adding metasurface (MS)
to antennas is considered effective for gain enhance-
ment in the VA design. Designing an MS element with
various shapes and arrangements on the front of the
substrate between two radiating brims, an improving
gain can be obtained in the IoT/WLAN band [13], 5G
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mmWave application [14, 15], frequency point [16],
and UWB [17-20] in the microwave band. Based on
the MS design, introducing novel structures to the
VA can further help gain enhancement. Expanding the
front part of the substrate to rectangle [21], ellipse
[22, 23] or cone [24] can at most increase 4.8 dBi,
5.5 dBi, 2 dBi, and 6.35 dBi, respectively. Besides, ellip-
tical director [25, 26], spoof surface plasmon polariton
structure [27], and cascaded cavity-based substrate cut-
out technique [28] are also greatly helpful for gain-
enhancement of the VA.

In this paper, we present the design, iteration, fab-
rication, and experimental verification of an HPM VA
using a PCB substrate with high permittivity. The pro-
posed antenna design can cover a voltage standing wave
ratio (VSWR) below 2 in a band of 2.28-6.54 GHz,
where PHC values are over 8000 W and a gain enhance-
ment of 0.66-5.96 dBi is obtained, showing its practical
potential in the pulse-type HPM system. The evolution
process of the proposed antenna can be concluded as
follows:

Step 1. The conventional VA is loaded on the substrate
with high permittivity to improve the PHC so that the
antenna can be applied in the HPM system.

Step 2. In order to further offset the gain loss, a
snowflake-like (SFL) unit cell is proposed, and an
expansion of the substrate is added on the opening of
the exponential curve. Proposed unit cells are designed
in numbers and arrangement as a snowflake-like meta-
surface (SFL-MS) lens embedded on the expanded sub-
strate as an MS lens, which focalizes the electromagnet-
ics to improve the directivity and radiation efficiency.

Step 3. Adding rectangular slits on two brims of the VA,
which mitigates the diffracted current, thus broadening
the operating band of the VA and further compensating
its realized gain in the low-frequency band.

II. ANTENNA DESIGN

A. Ant I and Ant I1

The evolution process of the proposed design in this
paper is shown in Fig. 1, where the original antenna,
Ant I, is a VA on an FR-4 substrate (&, = 4.3, tanc =
0.025). The exponential function of the VA is y = ae"™)
+ b. A gradient microstrip line and a sector balun are
employed to improve the impedance match. According
to the calculating method of PHC at a certain frequency
point:

max

E.i \?
PHC = Py, * (EW) ; (N

where input power P, is 0.5 W, breakdown E-field
intensity E,;, in the air is 3*10° V/m, and E, is
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the maximum E-field distribution of the target antenna.
From equation (1), it is evident that lowering the value of
E,.ax 1s helpful to increase PHC. The polarization ability
of electric charge in the E-field is proportional to the
permittivity. In other words, the higher the permittiv-
ity, the lower the intensity of the E-field distribution.
Though the PHC of the antenna on a substrate with high
permittivity is greatly improved, the radiation efficiency
will be much limited, which leads to a discount effect
in the HPM application. After comprehensive consid-
eration among the PHC, realized gain, and fabricated
cost, in this design, a substrate named TP-1020 (g =
10.2,tan o = 0.0015) of thickness 1.35 mm is employed
to substitute the previous one as Ant II. Not only is the
PHC promotion of the Ant II taken into consideration,
but acceptable realized gain and fabricated cost are
obtained at the same time.

—Ant I

.
—
.
/
=
/
=
=
“

Fig. 1. Evolution process of the antenna design.

It is presented as simulated PHC between the VA on
the FR-4 and TP-1020 substrate in Fig. 2 (a). The PHC
of the VA on the FR-4 substrate is 20-50% of that on the
TP-1020 substrate. Enhancing the PHC of the VA, the
substrate with high permittivity also brings loss to the
antenna radiation. Simulated VSWR and realized gain
are shown in Figs. 2 (b) and (c), where a deterioration of
impedance match and a decrease of 0.6—1.6 dBi realized
gain are observed.

B. Snowflake-like unit

MS lens constraints electromagnetics and extends
its path on the aperture of the VA design. The extension
of the propagating path in the MS lens change the
electromagnetic phase of the VA, making full use of
energy, so that the beam radiates more concentratedly in
the end-fire direction. The aim is to realize a transition
from a spherical wave compensated by units on different
positions (x,,Vy,z,) in MS lens to the plane wave:

86 (x.3) = ko(y/ (=3 + =y + 2t dp). (@)

where ky is wave number in free space and df is focal
distance.
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Fig. 2. Comparison of simulated results between Ant I
and Ant II (a) PHC, (b) VSWR, and (c) realized gain.

The core idea of the equivalent medium theory is
to simplify MS into a plate of uniform material and
isotropic properties. What we ultimately aim to find are
the equivalent constitutive parameters that describe this
virtual thin plate. According to the transmission theory,
equivalent impedance z, refractive index n, dielectric
constant, and permeability can be calculated with Sy
and S»1:

(14811)2 55

o (1=811)> =53, )
A —[Im(In(e™ o)) 4+ 2mm — iRe(In(e™09))], (4)
kod
g=", 5)
Z
U=n-z (6)

According to the theory of MS lens described in
Fig. 3, the principle of the EM wave propagating through
two interfaces can be expressed as:

Nva -sin(Bya) = Nuys - sin(Oys), @)

where 17 and O represent refractive index and angle,
respectively. According to equation (7), Ny4 and Oy4 are
constant values. To enhance the realized gain for the
antenna, the radiated beam should be as accumulated
as possible, which means 65 is bigger than 6y,4, and
thus 7Mus of the MS lens design should be minimized
as much as possible. It is very suitable to add an MS
lens into the Ant II model, for there is huge potential
in creating a huge refractive difference between the TP-
1020 substrate and the MS lens. Therefore, an MS lens
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with a low refractive index is expected to be constructed
to enhance the realized gain of the VA. First of all, a MS
lens consisting of SFL unit cells is proposed with a com-
bination of a rectangular strip and its two copies rotating
+60° by its geometric center, respectively. Next, the
proposed SFL unit cell is set with boundary conditions
to extract the electromagnetic parameters of the MHL
unit. According to the overall proposed antenna model,
the electromagnetic wave propagates along the y axis,
which is set to an open boundary. The perfect electrical
boundary and the perfect magnetic boundary are set
perpendicular to the x and z directions, respectively.
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Fig. 3. Schematic diagram of electromagnetic wave

propagation at the interface between the air and SFL-MS
lens.

According to the relevant theory, the cell size
should be no more than 1/10A. As is simulated in
Figs. 4 (a) and (b), there are absent sharp resonances
for S-parameter and extracted parameter curves existing
over the target frequency range, which reveals that
the proposed SFLMS is not resonant in this frequency
range. The transmission coefficient is close to 0, which
indicates that radiation losses caused by the proposed
SFL-MS can be ignored. The equivalent impedance z,
refractive index n, epsilon_r, and mu_r are 0.7, 2.46,
3.48, and 1.65 over the non-resonant frequency band,
which is much smaller than that of the imprinted sub-
strate. Such a difference in relative permittivity between
the substrate and MS lens is expected to enhance the
realized gain of the antenna over a wide band.

C. Ant 111

The MS lens proposed in this paper is inverted
trapezoidal including 10 rows of SFL units, where equal
units in quantity are arranged in two adjacent rows: 10
units are put in the top two rows, and there are two units
cut when every two rows descend. In the bottom two
rows, there are four SFL units on the extra substrate. The
substrate is expanded on the opening of two exponential
curves, and the MS is added on it. Considering the
influence of the position of the lens on the antenna size
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Fig. 4. Simulated results of SFL-MS unit (a) reflection
and transmission and (b) extracted properties.

and radiation characteristic, the model with optimum
results is regarded as Ant II1. In order to reduce the size
and weight of the expanded substrate, two curves of its
brim are exponential. In Fig. 5 (a), the impedance match
of Ant III is improved, and its VSWR below 2 covers
3.5-6.68 GHz. Comparisons of realized gain between
Ant II and Ant III are shown in Figs. 5 (a) and (b).
Loading the SFL-MS lens, an increase of realized gain
of 0.67-3.78 dBi is obtained, which demonstrates its
satisfying directional effect.
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Fig. 5. Comparison of simulated results between Ant II
and Ant I1I (a) VSWR and (b) realized gain.

D. Ant IV

The surface currents on the VA brims satisfy the
following equation:

1[s(D)] = Le @ O/Pl sin{bo[s(l) —s(h)]},  (8)

where g and p represent the curvature and amplitude
correction factor, and e~ 5()/P] denotes the attenuation
term proportional to the frequency. Symbols s(/) and
s(h) are the length and height of the tapered slot, respec-
tively. When the frequency decreases, unwanted currents
on the VA leave more on the exponential tapered end,
which will diffract along the outer brim of the VA and
thus decrease the realized gain in the lower frequency.
Ant 1V, the proposed antenna, is based on Ant I,
where rectangular slits are loaded slantwise on the outer
brim of the VA to mitigate the excrescent currents and
influence the radiation of the antenna. The configuration
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of the final antenna design and its detailed parameters
are presented in Fig. 6.

i W ifeed
P, Seed

(b)

Fig. 6. Configuration of the proposed antenna (a) front
view (b) back view. g = 34 mm, psy = 2 mm, wiepg =
15.5mm, [y = 2.32 mm, wyr = 0.41 mm, dx;r = 2.4 mm,
dysr = 2.3 mm,Agy = 36°, [ = 13.6 mm,wy,, = 1.4
mm, dg,; = 4.3 mm,hy,y = 24.7 mm,w;; = 0.8 mm,
iy = 1.3 mm, reqyipy = 2.9 mm, peayiry = 5.7 mm, wyy, =
53 mim, lsub = 101.6 mm, Pfeed = 5.9 mm, rpaiun —
4.9 mim, lhfeed =6 mim, ltfeed =8.3 mm, Whfeed = 0.9 mim,
Wivfeed = 2.2 mm, Wovfeed = 0.3 mm, dfigre = =97, bﬂare =
91rﬂare = O.27,alens = —86,[716"5 = —38,}”13,,‘9 =0.1.

With rectangular slits, simulated E-field distribu-
tions of Ant IV at 3 GHz are presented in Fig. 7 (a),
which are accumulated on rectangular slits and the top
of the substrate. Introducing slits on the brims, surface
currents on the brims are excited, and paths that currents
pass are extended so that the effective size of the antenna
design is enlarged and a bandwidth increase is realized
in low frequencies. The worthiness of rectangular slits
could be visualized by comparison of simulated VSWR
and realized gain between Ant III and Ant IV presented
in Figs. 7 (b) and (c), where impedance match and
radiation of Ant IV are much improved in the low
operating band. Simulated VSWR below 2 covers 2.57—
6.72 GHz, and an expansion of 0.93 GHz of Ant IV is
obtained in the low frequency band, which shows the
ideal miniaturized effect of rectangular slits. Simulated
realized gain reaches 6.61-8.84 dBi in this band. At
3 GHz, the simulated realized gain of Ant IV increases
6.4 dBi and 7 dBi compared to that of Ant Il and Ant I,
respectively. In the high band, however, the realized gain
of Ant IV decreases a little due to the coupling between
the snowlike MS and rectangular slits. Figure 7 (d)
shows simulated PHC between Ant I and Ant IV. The
minimum simulated PHC in the operating band of Ant IV
is 8.3 MW, which is much bigger than simulated value
of Ant I, demonstrating its value in applying to the HPM
system.

Simulated radiation patterns of evolutionary VA at
different frequency points are listed in Figs. 8 (a)—(d).
Owing to the loading of rectangular slits and MS, it
can be seen that the E-plane obtains a more significant
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effect of beam narrowing than the H-plane. In the low-
frequency band, the realized gain of Ant IV is obviously
bigger than that of Ant Il and Ant III, and its main
lobe radiates along the axis. For the asymmetry of
antenna feeding, a slight deviation of the main lobe will
occur at middle and high frequencies. With frequencies
increasing, there is a significant growth in the magnitude
of the back lobe. In the E-plane, the 3 dB beamwidth
of Ant II, Ant III, and Ant IV covers 56.6°,148.6°, and
61.5° at 3 GHz; the 3 dB beamwidth of Ant II, Ant III,
and Ant IV covers 143°,76.6°, and 66.6° at 4 GHz; the
3 dB beamwidth of Ant II, Ant III, and Ant IV covers
104.8°,48°, and 81.4° at 5 GHz; the 3 dB beamwidth of
Ant II, Ant 111, and Ant IV covers 98.5°,57.7°, and 56.8°
at 6 GHz. Considering the H-plane, the 3 dB beamwidth
of Ant I, Ant III, and Ant IV covers 150.8°,148.6°, and
75.5° at 3 GHz; the 3 dB beamwidth of Ant II, Ant II1,
and Ant IV covers 86.2°, 77.6°, and 81° at 4 GHz; the
3 dB beamwidth of Ant II, Ant III, and Ant IV covers
76.3°,57.7°, and 78.1° at 5 GHz; the 3 dB beamwidth
of Ant II, Ant III, and Ant IV cover 66.6° at 6 GHz.
As for sidelobe characteristic, considering the symmetry
and relative stability in the H-plane, only sidelobes in the
E-plane are discussed. The sidelobe levels of Ant II, Ant
111, and Ant IV reach —0.6 dB, —2.3 dB, and —19.3 dB at
3 GHz; sidelobe levels of Ant II, Ant III, and Ant IV reach
—3.3 dB, —5.3 dB, and —9.3 dB at 4 GHz; sidelobe
levels of Ant II, Ant III, and Ant IV reach —3.4 dB,
—3.2 dB, and —5.9 dB at 5 GHz; sidelobe levels of Ant
II, Ant 111, and Ant IV reach —2.5 dB, —7 dB, and —7 dB
at 6 GHz.

A comparison among Ant I, Ant 111, and Ant IV with
respect to bandwidth, realized gain, 3 dB beamwidth,
sidelobe, and PHC are listed in Table 1. The observed
frequency points are 3 GHz, 4 GHz, 5 GHz, and 6 GHz.

Table 1: Comparison among four evolution phases

Ant Bandwidth Realized PHC (kW)
Phase (GHz) Gain (dBi)

Ant I 3.26-8+ 2.2/5.5/6.8/7.2 1.3/2.4/2.7/2.2
Ant I1 4.31-5.39 2.2/4.4/5.9/5.8 8.3/13.2/14.4/9.3
Ant 11 3.5-6.68 2.3/5.52/7.1/8.2 | 8.5/15.2/14.2/11.9
Ant1V | 2.57-6.72 8.7/7.5/6.6/8.1 12.1/10.5/13.5/11

III. FABRICATION AND VERIFICATION

To wvalidate simulated results of the proposed
antenna, a prototype of the antenna model is fabri-
cated as shown in Figs. 9 (a)—(c). An SMA-KE probe
is employed for feeding, whose inner conductor and
two pillars are connected with the microstrip balun on
the back and the metal part on the front, respectively.
The substrate and the feeding probe are clamped well
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due to the space between the inner conductor and two
pillars. Compared to the all-metal HPM antenna, it
takes advantage of the lightweight characteristic of the
subloaded antenna. Weighed on the electronic scale, the
proposed antenna is 19.4 g, which will greatly promote
the movability of the HPM system. The antenna design
is measured and verified in the anechoic chamber.

Fig. 9. Fabrication of the proposed antenna: (a) proto-
type, (b) on the electronic scale, and (c) experimental
verification in the anechoic chamber.

Simulated and measured VSWR results of the pro-
posed antenna are exhibited in Fig. 10 (a). The measured
VSWR below 2 and 2.5 covers 2.28-6.54 GHz and 2.21—
7.17 GHz. In the band of 6.54-6.75 GHz, however, mea-
sured VSWR values are over 2. Simulated and measured
realized gain results of the proposed antenna are shown
in Fig. 10 (b), which are in accordance with each other.
The measured realized gain can reach 6.56-8.15 dBi
in the operating band. At middle frequencies, measured
realized gain results are greater than simulated results.
The black dotted line represents the simulated realized
gain of Ant Il and serves as a reference value for gain-
enhancement calculation. Simulated and measured gain-
enhancements are the blue dashed sequential line and
blue discrete stars, which are attained by the deviation
calculation between the proposed and the reference

3.
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=
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Fig. 10. Simulated and measured results of the proposed
antenna (a) VSWR and (b) realized gain.
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Fig. 11. Simulated and measured E-plane and H-plane
radiation patterns of the proposed antenna: (a) 3 GHz,
(b) 4 GHz, (¢) 5 GHz, and (d) 6 GHz.

antenna, among which a 0.66-5.96 dBi realized gain-
enhancement is obtained in the operating band, and the
maximum value is at 3 GHz.

Simulated and measured E-plane and H-plane radi-
ation patterns of the proposed antenna at different
frequency points match well, as shown in Figs. 11 (a)-
(d). It is observed that, due to the loading of the SFL-MS,
the E-plane obtains an evident effect of beam narrowing



than the H-plane both on the simulation and measure-
ment. In the E-plane, the measured 3 dB beamwidth of
the proposed antenna cover 61°,59.6°,75°, and 51.9°
at 3 GHz,4 GHz,5 GHz, and 6 GHz, respectively. In
the H-plane, the measured 3 dB beamwidth of the
proposed antenna cover 68.4°,99.7°, 87.5°, and 62°
at 3 GHz,4 GHz,5 GHz, and 6 GHz, respectively.
The measured sidelobe levels in the E-plane of pro-
posed antenna reach —10.7 dB at 3 GHz,—11.7 dB at
4 GHz,—8.4 dB at 5 GHz, and —7.6 dB at 6 GHz. In
the H-plane, the simulated and measured sidelobe levels
reach —10.5 dB at 3 GHz,—10.1 dB at 4 GHz,—0.4 dB
at 5 GHz, and —6.7 dB at 6 GHz. Considering the
dielectric loss and impedance mismatch brought by the
substrate and weld craft, as well as machining and
assembly tolerance, the deviation between the simu-
lation and measurement is reasonable and the results
are convincing enough to prove the performance of the
proposed antenna.

As shown in Figs. 12 (a)—(c), an experiment was
conducted to verify the ability in the HPM application
of the proposed antenna. Specifically, a pulse-type HPM
source, which outputs a pulse of 5000 W at 6 GHz, is
included in the experience. Two proposed designs are
of the proposed antenna. Specifically, a pulse-type HPM
source, which outputs a pulse of 5000 W at 6 GHz, is
included in the experiment. A proposed design and a
horn antenna are involved as transmitting and receiving
antennas, respectively. In the receiving terminal, a power
meter is employed to monitor waveform variation. The
average and peak power are 18.34 dBm and 19.92 dBm

(b)

Power Meter

Ceyear | zeammmamt
AL # Fg et 5
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Fig. 12. Proposed antenna under high-power pulse-type:
(a) diagram of the experiment, (b) 0 min, and (c) 5 min.

in 0 min. In 5 min they are 18.36 dBm and 19.87 dBm,
respectively. There were no unexpected sounds, sparks,
or smoke during the test. After the experiment, the
outlook of the proposed antenna remained basically
unchanged except for a high temperature on the surface,
which may lead to metal falling off and further influence
the lifetime of the proposed antenna.

IV. COMPARISON AND DISCUSSION

To better understand the proposed work in
this paper, an investigation into relative public

Table 2: Investigation of VA designs for gainenhancement techniques

Ref. I Oper. Band (GHz) Gain-Enh Method Max Enh-Gain (dBi)
[11] 2.2 3.5-7/26.5-40 Dual-Function Taper Slot 2
[12] 2.5 2.4/5.2/5.8 MS 2.4
[13] 2.2 24.25-29.5 MS 3.16
[14] 2.2 5.4-18 MS 3.2
[17] 2.2 1-6 MS Lens 4.8
[18] 4.4 1.27-9.4 MS 2
[19] 2.2 0.45-10 MS Layer 6
[21] 3.55 1.5-55 MS Lens 55
[22] 3.48 22.5-45 MS Lens 6
[23] 3.55 10.2-41.75 MS Lens 4
[24] 10.2 3-9 MS/SSPP 3.75
[25] 3 1-28 Director/MS 4.5
[26] 3.55 15-27 MS/SSPP 2
[27] 2.2 0.45-10 MS/CCSC 3
This Work 10.2 2.28-6.54 Slits/MS 5.96

The values of Max Enh-Gain (Maximum Enhanced-Gain) are approximate according to the data given by listed

Refs.



gain-enhanced VA design referring to operating band,
sub, and gainenhanced method is listed in Table 2.
Depending on the application, each antenna design has
its positive and negative aspects. The proposed antenna
obtains a satisfying maximum enhanced-gain 5.96 dBi
benefit from the SFL-MS and slits with a relatively
narrow operating band compared to the ultra-wideband
characteristic of other VA designs for its PHC demand.

V. CONCLUSION

An HPM VA based on the substrate is proposed and
verified in this paper. A substrate with high permittivity
is employed to improve PHC so that the proposed
antenna can sustain the energy released by the HPM
source. An SFL-MS lens and rectangular slits are studied
and added to the antenna design, which compensates for
the radiation loss caused by the loading of the substrate
and improves the directivity and impedance match. The
prototype is fabricated and measured in a microwave
anechoic chamber, whose results are acceptable and in
reasonable agreement with simulated results, demon-
strating its satisfying prospects in the solid-state HPM
system.
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