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Abstract: A post-wall-structured tapered slot antenna (PWTSA) loaded with an embedded metamaterial-
based lens (metalens) is proposed and investigated for short-pulse applications. The proposed
embedded metalens consists of not only a metallic delay lens, but also an airy acceleration region
surrounding the lens, which is different from the conventional metalenses used in various tapered
slot antennas and can exhibit a small equivalent permittivity. Therefore, the embedded metalens has a
large usable range of permittivity and does not increase the size of the original prototype PWTSA. The
post-wall structure and metalens of the proposed antenna can help it achieve a comprehensive and
balanced performance, including a high fidelity, low cross-polarization, stable main-lobe direction
and gain enhancement. The simulated and measured results show that without any increase in
antenna size, the proposed antenna enhances the realized gain by 6.4 dB over the frequency range
from 9 to 26 GHz and achieves a stable radiation with the offset of the main-lobe direction being
confined to 2° up to 24.9 GHz. Furthermore, the cross-polarization levels are less than —20 dB and
the fidelity is kept high for the short-pulse radiation with the frequency spectrum up to 30 GHz.

Keywords: gain enhancement; metamaterial-based lens; post-wall structure; stable radiation; tapered
slot antenna

1. Introduction

Tapered slot antenna (TSA) is an end-fire travelling wave antenna with a low profile,
wide impedance bandwidth, moderate gain, symmetrical radiation patterns, and good
time-domain characteristics [1,2]. Therefore, it is widely used in short-pulse systems, broad-
band phased array antenna systems, and ultra-wideband communication systems [3-9].
However, in the upper region of the frequency band, the phase distribution of the elec-
tromagnetic (EM) field at the radiation aperture is not uniform due to the large physical
aperture of a conventional TSA. The uneven phase distribution results in the splitting and
shifting of the main radiation lobe and thus limits the actual gain bandwidth, radiation
stability, and short-pulse radiation capability [10-12].

Diverse approaches have been developed to improve the radiation directivity and
increase the gain of the TSA. One method is to load dielectric directors or a lens in front
of the antenna aperture in the end-fire direction, such as extending the antenna substrate
with various shapes or placing a gradient refractive index lens [13-21]. This method can be
used to improve the antenna gain by about 1-9.5 dB, especially at the higher frequencies,
with an enlarged configuration. Another approach widely utilized is to etch slits or slots
on the edges of the radiation patch to enhance the antenna gain by changing the surface
currents distribution, which achieves different gain improvement levels depending on
different slit design and is more effective at the lower frequencies [22-25]. For example,
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in [18], dual-scale slotted edges were applied to reduce diffraction interference to enhance
gain by a maximum of 3 dB at lower frequencies.

With the rapid development of metamaterials in the past decades, one effective ap-
proach that has been widely studied is to load anisotropic metasurfaces (MSs) or anisotropic
zero-index metamaterials (ZIM) in the radiation aperture region of the TSA to form a flat
focusing lens without additional increase in the antenna size [26-29]. However, the reso-
nant characteristic of the MSs/ZIM unit cells that is used to realize the gain enhancement
makes it difficult to apply effectively over an ultra-wide bandwidth. Besides, the gain
enhancement levels of this approach are usually around 1-4 dB. As reported in [26], the
anisotropic ZIM designed using meander-line resonator unit cells was embedded into
the Vivaldi antenna and realized a maximum gain enhancement of about 4 dB in the
frequency band of 9.5-10.5 GHz. In [28], a planar antipodal Vivaldi antenna array loaded
with anisotropic MSs was designed and the gain of the antenna array was improved from
8.5-11.2 dBi to 9.35-12 dBi in the frequency band of 24.75-28.35 GHz compared to the
unloaded antenna array.

Another gain improvement technique for TSA is to use loading metallic structures,
such as surface plasmon polaritons, metal patches or strips, and non-resonant artificial
material, in the end-fire direction of the antenna to improve the radiation directivity in a
quite broad band [30-38]. Typically, reference [30] reported a gain enhancement of 2 dB
in the band of 22-27.5 GHz for an antipodal TSA loaded with spoof surface plasmon
polaritons extending from the radiation aperture to the region beyond the antenna arms,
and thus the proposed antenna was quite large in length. In [31], an elliptical pseudo
element patch and irregularly spaced notches were added to the TSA and realized high
gains ranging from 4 dBi to a maximum of 16 dBi over a wideband of 2.5-57 GHz, with
an antenna length of 186 mm. In [32-34], metal patches or strips array were added in
the radiation direction as directors to improve the radiation of the TSA. Among them,
the largest gain increase realized by optimized strips array reported in [34] was with
a maximum gain increase of 3 dB from 4 to 6 GHz. In [35-37]; non-resonant artificial
materials were utilized to improve the radiation of the TSA in wide bandwidths. The
loading artificial materials were placed in front of the TSA arms with an extended antenna
length. Moreover, although the above-referred designs have enhanced gain in a wide
frequency band, all miss the effect of the improvement on the fidelity of ultra-wideband
short-pulse applications, one of the important performance indicators for TSA. In [38], the
improvement of radiation gain for antipodal TSA in short-pulse ground penetrating radar
systems was studied by loading non-resonant artificial material in the radiation aperture,
with the stable radiation ranging from 2 to 7 GHz and a peak gain increase of 1.7 dB.

The ZIM can achieve a very small equivalent dielectric permittivity, but their band-
width is narrow. Moreover, the aforementioned works focus mainly on gain/direction
enhancement or a few parameters and pay little attention to the performance in the time
domain, which is important to short-pulse applications of those wideband TSAs. For
diverse applications, it is desired to devise a loaded TSA with a comprehensive and
balanced performance.

In this paper, a post-wall-structured tapered slot antenna (PWTSA) with embedded
metamaterial-based lens (metalens) is proposed for short-pulse applications. The proposed
embedded metalens consists of not only a metallic delay lens, but also an airy acceleration
region surrounding the metallic delay lens, which is different from the conventional
metalenses used in various tapered slot antennas and can exhibit a small equivalent
dielectric permittivity. The metallic delay lens in the radiation aperture region of the
PWTSA is composed of a hyperbolic metal post array while the airy acceleration region is
formed by air hole arrays. Therefore, the embedded metalens has a large usable range of
permittivity and does not increase the size of the original prototype PWTSA. The post-wall
structure and metalens of the proposed antenna can help it achieve a comprehensive and
balanced performance, including a compact size, a high fidelity, a low cross-polarization,
stable main-lobe direction and gain enhancement. Without any increase in its prototype
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size, the proposed antenna enhances the realized gain by 6.4 dB over the frequency range
from 9 to 26 GHz and achieves a stable radiation with the offset of the main-lobe direction
less than 2° up to 24.9 GHz. Furthermore, the cross-polarization levels are less than —20 dB
and the fidelity is kept high for the short-pulse radiation with the frequency spectrum up
to 30 GHz.

This paper first describes the principles and the predicted physical parameters of the
metallic delay lens. Then, the simulation performance of a wideband PWTSA, the PWTSA
loaded with metallic delay lens, the PWTSA loaded with metalens including metallic delay
lens and airy acceleration region are compared and analyzed. After that, the fabricated
PWTSA loaded with metalens and the unloaded reference PWTSA are measured and
compared with the corresponding simulated models. Finally, the proposed design and the
antenna performance are summarized.

2. Principle and Design of Metallic Delay Lens
2.1. Tapered Slot Antenna Loaded with Lens

In order to keep the main radiation beam with no split and then obtain the maximum
gain for a TSA with a given radiation aperture, the phase distribution of the EM wave at the
radiation aperture should be close to uniform, since the phase difference would inevitably
produce destructive interference. Because of the focusing properties of the lens, it is an
effective way to place a lens in the radiation aperture region to straighten the wavefront.
Once the curvature of the wavefront at the radiation aperture is small enough, the phase
difference is negligible, and the optimal radiation performance can be realized [39].

As shown in Figure 1, a TSA with a length of L is etched on a substrate with a relative
permittivity of e, and a relative permeability of y,. To realize the phase adjustment, a
convex lens with the corresponding equivalent parameters of ¢, and y’, is designed and
placed in the radiation aperture region of the TSA.

Figure 1. The principle and configuration of the lens antenna.

In order to realize an ideal plane wavefront at the radiation aperture, the phase of
the EM wave at any point on the aperture surface should be the same. Taking a wave
path of FP for example, if the wavefront of the EM wave becomes flat in the E-plane when
passing through the convex lens, the wave phase at point P(x, y) must be equal to that
at point B(x, 0), according to the conclusions in [39-41]. Therefore, if  and p’ denote the
propagation constants in the substrate and the lens, respectively, it can be obtained that:

B\ (f+x)?+y2=pf+px 1)

Dividing the above equation by Sy, the propagation constant in free space, then (1)
can be written as:
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where 1 and n’ denote the refractive index of the substrate and the lens, respectively. By
simplifying the above equation, we can obtain:

2
M_L_l

a2 2
n
a= n’{n ®)
_ n'—n
b n'+n

It can be found from (3) that the outline of the lens is a hyperbola, with the center of
the hyperbola at point M(—a, 0) and the focus of the hyperbola at source point F(—f, 0).
Moreover, the asymptotic line of the hyperbola can be expressed as:

y="(x+a) @

Therefore, for a convex lens with a length of d, as shown in Figure 1, the width of the
convex lens should satisfy the following conditions:

h<2 (’2)2—1.<d+w£“> )

As a result, when a convex lens with the refractive index of n’ and an outline of
hyperbola described as (3) and (5) is placed at a distance of f from the source point, the
E-plane wavefront of the EM wave radiated from the source point becomes flat after
passing through the convex lens. It should be noted that n’ must be larger than n when the
convex lens is designed to straighten the wavefront at the radiation aperture.

2.2. Metallic Delay Lens

Many small metallic objects distributed regularly in a lighter medium can form an
artificial medium with a larger refractive index, in which the passing EM wave is slowed
down and the wave phase is altered, and therefore this artificial medium is called a metallic
delay lens [42]. According to the molecular theory of Kock described in [42], the small
metallic object of the metallic delay lens under the action of an external field can be
viewed as a polarized particle, which is similar to the molecular polarization process of the
ordinary medium. Therefore, the equivalent refractive index of the metallic delay lens can
be calculated in the same way as that of the ordinary medium.

Multiple small metallic posts are uniformly placed into a medium with the relative
permittivity and permeability of €, i, to form a metallic delay lens, with the post radius
of R;; and the center spacing of dis;;, as shown in Figure 2a. Similar to the derivation of
equivalent permittivity and polarization characteristic of the ordinary medium, the small
metallic post under an external electric field can be viewed as an equivalent dipole, and
the relative permittivity €, of the metallic delay lens can be written as

Nxe
€0

dr=g+ (6)
where N is the number of small metallic posts per unit volume and y, is the electric
polarization coefficient of the equivalent electric dipole.

When the magnetic field acts on the small metallic posts, the induced current on
the surface of the metallic post is equivalent to a magnetic dipole. Therefore, the relative
permeability y, can be obtained in the same analysis as:

N
]47/ = Ur+ X (7)
Ho
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where Y, is the magnetic polarization coefficient of the equivalent magnetic dipole.
The equivalent refractive index n’ of the metallic delay lens can be determined by the
equivalent relative permittivity and permeability as:

N, N
o)

Therefore, it is necessary to determine ), and x; to obtain the equivalent refractive
index 1’ of the metallic delay lens.

To load in the radiation aperture of a TSA, the metallic delay lens should be constructed
with a quasi-2D metal post array etched in the antenna substrate. Considering that the
height of the substrate is relatively small, the metallic posts with the same height can be
viewed as metallic disks for which the calculation formulas of the equivalent electric and
magnetic polarization coefficient have been given in references as follows [39-42]:

Xe = 3 €08m || cross section of post
N ©)
Xm = —SpoRu® <H Lcross section of post>
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Figure 2. Structural representation and equivalent parameters of the metallic delay lens. (a) Front view and side view of the
metal post array, and (b) equivalent refractive index calculated from equation and by full-wave simulation.

By substituting (9) and N into (8), the equivalent refractive index of the metallic delay
lens can be calculated by:

, 16 [ Ry \° 8/ Ry \°
"= w (”a(m))(“:&(m)) 10

As indicated by (10), the equivalent refractive index of the metallic delay lens etched in
a certain substrate is determined by the ratio of the radius to the center spacing of the posts.
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Full-wave simulation has been carried out in CST to verify the theoretical equations.
Corresponding to the antenna design, the metal post array with a height of 0.508 mm is
etched into the medium of a Rogers 4003C laminate (relative permittivity and permeability
of &, = 3.55 and y; = 1). The metal post array with 10 x 7 x 50 elements is modeled and
simulated in CST, and a plane wave with the electric field parallel to the cross section of the
posts is adopted as the source, as shown in Figure 2a. The equivalent refractive index n’
then can be retrieved from the simulated results of the operating wavelength of the artificial
medium. Figure 2b shows the calculated results of n’ varying with different radius-spacing
ratio from (10) and from full-wave simulation at 10 GHz. It can be seen clearly that the
theoretical results agree well with the simulated results for the metal post array with the
radius-spacing ratio below 0.42. The discrepancy for the cases with a larger radius-spacing
ratio can be attributed to the non-ignorable interaction between adjacent posts. As pointed
out in [39,41], a certain impact on the polarization coefficient will appear when the spacing
between adjacent metallic objects is relatively small, because there is significant interaction
between adjacent objects.

2.3. Time-Domain Performance of Metallic Delay Lens

As the proposed metallic delay lens is loaded in the TSA that is widely utilized in
short-pulse applications, the investigation of the time-domain performance is necessary
and is of importance. Fidelity is a widely used time-domain parameter to describe the
characteristic of short-pulse networks and antennas by measuring the distortion between
the input and output signals. The definition of the fidelity can be written as [43,44]:

maxf Sin(t)Sout (t — T)dt

\/f m dt\/f Sout

where s;,(t) denotes the input or reference signal and s,,¢(t) denotes the output or the
monitoring signal. The fidelity F is the maximum integration by varying transmission time
delay T between s;, (t) and sou¢(t).

To demonstrate the time-domain performance of the metal post array, the same model
described in section B is simulated again and a differential Gaussian pulse with a spectrum
of 2.8-30 GHz is adopted as the excitation signals for the plane wave source. According to
the results shown in Figure 2b, the radius-spacing ratio is chosen as 0.36 and the radius of
the posts is set to 0.5 mm in the simulation model.

The electric field signals at discrete points located on the central axis (the dotted line
is shown in Figure 2a) of the metal post array are monitored to study the pulse fidelity,
and the signal at the reference point being 10 mm away from the feed surface is chosen as
the reference signal. As shown in Figure 3a, after 25 mm transmission from the reference
point in the metallic delay lens, the monitoring signal S2 has a similar differential Gaussian
main pulse to the reference signal S1, and the pulse waveform distortion is small. Figure 3b
shows the fidelity between the reference signal and the monitoring signal at different
positions from the reference point. It can be seen that the fidelity decreases with the
increase of the transmission distance, and the pulse fidelity of the signals is 96% after a
25 mm transmission. The good time-domain performance of the metallic delay lens can be
expected, because the equivalent refractive index of the lens is frequency-independent in
theory, according to (10), and thus the propagation constant in the lens is linear with respect
to the frequencies, which satisfies the distortionless conditions of the wave phase. Therefore,
the proposed metallic delay lens will have a negligible effect on the short-pulse antennas.

(11)
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Figure 3. Time-domain performance of the transmission signals in the metallic delay lens. (a) Com-
parison between reference signal and monitoring signal, and (b) fidelity for monitoring signals
varying with different distance away from the reference point.

3. Design of PWTSA with Metamaterial-Based Lens
3.1. Tapered Slot Antenna Loaded with Lens

To evaluate the effect of the metallic delay lens on the gain and radiation improvement
for tapered slot antennas operating in short-pulse applications, a TSA with an ultra-wide
bandwidth should be designed as a basic reference antenna. A post-wall-structured tapered
slot antenna, with two metalized via arrays aligned at the inner slot edges, presents a large
bandwidth due to the large variation range of the characteristic impedance of the post-wall
structures [5]. For the profile of the slot line, a Gaussian-tapered type has demonstrated
better gain uniformity across the center of the passband [6,45], which is a proper candidate
for studying the gain enhancement. Therefore, a post-wall-structured tapered slot antenna
with the inner and outer profiles tapering on the basis of a Gaussian function is designed,
as shown in Figure 4a.

Coaxial
Connector y

x Copper e
o y
L

Substrate

(a)

Figure 4. Cont.
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Figure 4. Configuration and radiation performance of the conventional PWTSA. (a) Geometric
diagram and physical parameters, and (b) simulated |S5q; | and realized gain (Lcon =9, Weon = 0.2,
Lin = 80, Win = 25, Lout = 30, Wout = 28.7, Wy, = 60, Rpw = 0.15, dispy = 0.8, unit: mm).

Figure 4a gives the front view and side view of the basic unloaded PWTSA with a
planar size of 89 mm x 60 mm, and the Rogers 4003C laminate with a thickness of 0.508 mm
and a relative permittivity of 3.55 is chosen as the substrate. The slot lines of the PWTSA are
formed by two radiating copper patches printed on both sides of the substrate. Two arrays
of metallic vias aligning along the slot edges are applied to connect the patches on opposite
substrate surfaces to form the post-wall-structured slot which presents low characteristic
impedance and thus can be fed by a coaxial connector directly. The post-wall-structured
slot includes two parts, a constant width slot segment and a tapered slot segment. The
inner tapered profile and the outer profile of the radiating patches are both defined by
Gaussian functions as follows:

(x-L;,)?
YGin = Wiy - om0t (12)
4.8 = Loy)®
YGout = Wout - € 1202

where Wi, Liy,, Wout, and Loy denote the maximum amplitudes and the corresponding
lengths of the inner and outer Gaussian profile curves, respectively.

Figure 4b shows the simulated |S11 | and realized gain in the end-fire direction of the
conventional PWTSA, with the optimized dimensions listed in the caption of Figure 4. As
shown in Figure 4b, the PWTSA presents a wide —10 dB impedance bandwidth from 2.8 to
30 GHz and a maximum realized gain of 11.7 dBi at 12.1 GHz. The gain decreases at higher
frequencies due to the splitting and shifting of the main lobe, placing severe restriction on
the operating frequency range of this antenna.

3.2. PWTSA Loaded with Metallic Delay Lens

As discussed in Section 2, loading appropriate metallic delay lens in the radiation
aperture region of a conventional PWTSA results in radiation improvement, because the
phase plane of the passing EM waves is altered to be a uniform distribution. As illustrated
in Figure 5a, the PWTSA designed in Figure 4 is loaded with a metallic delay lens composed
of a hyperbolic metal post array, to pursue the radiation improvement with no increase
to the antenna size, which makes it possible to improve the antenna performance while
maintaining the compact feature. The length and width of the metallic delay lens are
denoted by L,, and W,, respectively. The posts are etched through the substrate with a
post radius of R, and center spacing between adjacent posts of dis,;,. According to the
comparison shown in Figure 2b, the radius-spacing ratio of the posts is chosen as 0.36 and
then the equivalent refractive index of the metallic delay lens can be calculated as n’ = 1.97.
As a result, when the radius of the posts is set to R, = 0.5 mm, the center spacing can be
worked out to be dis;; = 1.4 mm.
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Based on the optimized dimensions of the unloaded PWTSA listed in Figure 4, the
length and width of the metallic delay lens can be determined by substituting the related
parameter values into (3) and (5) as follows:

n\? Ly — L
<x/l=) —1-(L,+2 2 1
Wy < <n> (m+n,/n+1) 13)

To study the loading effect of the metallic delay lens with different dimensions,
simulations with lengths and widths of {(20, 25), (25, 30), (30, 32), (35, 34), (35, 48)} (unit:
mm) were carried out and the results show that the radiation improvement is not the best
for cases with too large or too small a lens size. The |S;1 | and realized gain of three typical
cases are compared in Figure 5b. It can be found from Figure 5b that the PWTSAs loaded
with metallic delay lens with different dimensions all show a higher realized gain than
the unloaded PWTSA in the high frequency band, and the group with L;; = 25 mm and
W, = 30 mm achieves the best result. It can also be found that the S-parameters change
slightly with the variation of the metallic delay lens sizes, since the loading structure placed
in the radiation aperture region has little influence on the input impedance of the antenna.

Substrate Copper

Coaxial
Connector

Realized Gain (dBi)

I —o— Lm=25mm; Wm=30mm
% T —&— Lm=35mm; Wm=48mm
-0 T T T T T T T T
5 10 15 20 25 30

Frequency (GHz)
(b)

Figure 5. Configuration and radiation performance of the PWTSA loaded with metallic delay lens.
(a) Geometric diagram and physical parameters, and (b) simulated |S51; | and realized gain with
different lens dimensions.

3.3. PWTSA Loaded with Metamaterial-Based Lens

As given in the previous sections, the radiation aperture size of the PWTSA is
2Wi, + Weon = 50.2 mm and the width of the metallic delay lens is Wy, = 30 mm; there
is a little area between the edges of the slot and the metallic delay lens, which can be
further exploited.

The metallic delay lens placed symmetrically around the central axis of the tapered
slot results in a reduction of the phase velocity of the passing EM waves due to the larger
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equivalent refractive index. In contrast, an air-hole array etched through the substrate can
increase the phase velocity due to the smaller equivalent refractive index. Therefore, the
proposed metallic delay lens cooperates with an airy acceleration region consisting of an
air-hole array placed near the slot edges can produce a more uniform phase distribution
with more obvious radiation improvement. The combination of the metallic delay lens
and the airy acceleration region is relevantly termed as a metamaterial-based lens. The
configuration of the PWTSA loaded with the metalens is shown in Figure 6. The radius of
the air holes is set to R,;, = 0.5 mm and the center spacing between adjacent air holes is set
to dis,; = 1.5 mm, based on the optimized simulation results.

Coaxial
Connector

Substrate Copper dis a;>]|<—/R |

w3 -
fi
":ﬁ;:::::.

L»x Copper 0o

Figure 6. Configuration of the PWTSA loaded with metalens (L =25, Wm =30, Rm = 0.5, dis;m = 1.4,
R,ir = 0.5, dis,jr = 1.5, unit: mm).

To study the loading effects of the metalens on the radiation performance, the conven-
tional unloaded PWTSA, the PWTSA loaded with the metallic delay lens, and the PWTSA
loaded with the metalens are simulated and compared. For convenience of comparison,
the three antennas are labeled as CA, MA, and MLA, respectively. The dimensions of the
three PWTSAs are the same, as discussed and listed in previous sections.

Figure 7 gives the comparison of |51 | and the radiation efficiency between the three
PWTSAs. As shown in Figure 7, the impedance bandwidths for 15111 < —10 dB are all
from 2.8 to 30 GHz for the three antennas. This means that the loading structures, whether
metallic delay lens or metalens, have little effects on the impedance matching when they
are placed in the radiation aperture of the PWTSA. Similarly, the radiation efficiency of the
three antennas varies very little over the entire operating frequency band, which are all
greater than 92%.

=
(=
(=]

e
o
v

S,/ (dB)
o

= =
] O

o . . o .
Radiation Efficiency

T T T T T ' T T 0.75

10 15 20 25 30
Frequency (GHz)

|
]
(e

Figure 7. Comparison of |S;; | and radiation efficiency between the three PWTSAs.

From the discussion given in previous sections, the phase adjustment by the metallic
delay lens and the airy acceleration region is more effective in the high frequency band
because the phase difference in the aperture surface is larger in this band. It can be
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verified by comparing the radiation performance between the three antennas shown in
Figures 8 and 9.

12
% i
£ 84
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S 4 —a—CA
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U T T T T T T T T T T
5 10 15 20 25 30
Frequency (GHz)

Figure 8. Comparison of realized gain in the end-fire direction between the three PWTSAs.
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Figure 9. The offset of the main lobe direction from the end-fire direction for the three PWTSAs.

As shown in Figure 8, the realized gains in the end-fire direction of the MA and
MLA are improved significantly in the high frequency band with a wider gain bandwidth
compared to the unloaded CA. Due to the loading of the metallic delay lens, the realized
gain of the MA is increased by about 0.5-5.14 dB from 9 to 24.7 GHz, and the realized gain
of the MLA is increased by 0.5-6.4 dB from 9 to 26 GHz, due to the cooperation of the
metallic delay lens and the airy acceleration region.

Figure 9 gives the offset between the main lobe direction and the end-fire direction
for the three PWTSAs. It can be found that the offset of the CA increases to 15° in the
frequency band above 18 GHz, which indicates the shifting and splitting of the main lobe
in the high frequency band. After loading a metallic delay lens in the MA, the position
of the offset jump is delayed from 18 to 23.9 GHz. Moreover, based on the loading of the
metallic delay lens and the airy acceleration region, the position of the offset jump for the
MLA is further pushed with the offset being confined to 2° until 24.9 GHz, which indicates
that the loaded metalens can improve the radiation stability of the PWTSA dramatically.

The contours of the electric field at 20 GHz in the E-plane for the unloaded reference
CA and the MLA with a metalens are illustrated in Figure 10a,b, respectively. It can be seen
that the electric field of the MLA shows a flatter wavefront than that of the unloaded CA,
which means that the loading structures play an effective role in the gain enhancement of
the PWTSA.



Electronics 2021, 10, 2845

12 of 17

(b)

Figure 10. The electric field distribution at 20 GHz for the PWTSAs. (a) CA unloaded, and (b) MLA
loaded with the metalens.

4. Design of PWTSA with Metamaterial-Based Lens

Based on the simulated results discussed above, a prototype PWTSA loaded with a
metalens composed of metallic delay lens and an airy acceleration region is designed and
fabricated, as shown in Figure 11a. For comparison, the unloaded PWTSA with the same
dimensions is also fabricated and is depicted in Figure 11b. The reflection coefficient of
the fabricated antennas was measured using an Agilent network analyzer N5224A. As
shown in Figure 12, the measured and the simulated S-parameters both show that the
loaded PWTSA and the unloaded reference PWTSA have a similar —10 dB impedance
bandwidth which is from 2.8 to 30 GHz. It indicates that the loading structures bring no
additional reflection.

R

(b)

Figure 11. Photographs of the fabricated PWTSAs. (a) PWTSA loaded with metalens, and (b) unloaded reference PWTSA.
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The realized gain of the proposed loaded PWTSA and the unloaded reference PWTSA
were measured and compared with the simulated ones, as shown in Figure 13. Based on
the simulated results, the realized gain of the PWTSA was improved in the range from 9
to 26 GHz with a maximum enhancement of 6.4 dB at 20.9 GHz by loading the metalens,
while the measured results of the loaded PWTSA showed an enhancement of 0.5-6.2 dB
from 7.32 to 24 GHz with a maximum quantity of 6.2 dB at 20.4 GHz. Therefore, the
improvement of the gain provided by the loading metalens for the PWTSA in the high
frequency band is dramatical, though the enhancement and the corresponding frequency
band given by simulation and measurement are slightly different in specific values. In
addition, there is a mismatch between the simulated results and the measured results in the
high frequency band, mainly due to the loss of the SMA connector and antenna installation
in measurements. These effects for the measured results are especially obvious at high
frequencies, above 10 GHz.
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Figure 13. Simulated and measured realized gain of the PWTSAs with and without the metalens.

Figure 14 shows the cross-polarization levels of the loaded PWTSA and the unloaded
reference PWTSA based on the simulation and the measurement. It can be seen from the
measured results that the cross-polarization levels of the loaded PWTSA are below —20 dB
across the band of 2.8 to 25.9 GHz, which is lower than that of the unloaded one, especially
in the high frequency band. It means that the loading of the metalens is not deleterious to
the cross-polarization level when enhancing the gain of the PWTSA.
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Figure 14. Simulated and measured cross-polarization levels of the PWTSAs with and without

the metalens.

The normalized radiation patterns of the proposed loaded PWTSA obtained in mea-
surement and simulation are found in good agreement, as shown in Figure 15. To verify the
loading effect of the metalens, the simulated radiation patterns of the unloaded reference
PWTSA is also shown in Figure 15. It can be found from Figure 15a that the radiation
patterns of the two PWTSAs are almost the same at 10 GHz both in the E-plane and the
H-plane. Along with the increase of the frequency, the 3 dB main lobe width in the E-plane
is narrowed and the side lobe level (SLL) is decreased slightly for the loaded PWTSA,
while the main lobe of the unloaded PWTSA is shifted and broadened with large SLLs, as
shown in Figure 15b,c. The detailed comparison of the radiation patterns between the two
PWTSAs is shown in Table 1, which demonstrates the gain enhancement and the preferable
radiation stability performance by the loading of the metalens for the PWTSA.

0- 330 —gre. 30 E-Plane g 330 30 H-plane
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Figure 15. Cont.
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To investigate the time-domain performance of the proposed antenna, two identical
loaded PWTSAs were placed 0.5 m apart along the end-fire direction and the transmission
signal under the co-polarization condition were measured by using a vector network
analyzer. For comparison, the same setup and measurement were made for the unloaded
reference PWTSAs. A Gaussian pulse with a spectrum from DC to 30 GHz was utilized as
the excitation. Figure 16 gives the measured transmission signals of the loaded antenna
system and the unloaded one. It can be seen that the two signals present similar waveforms
with a differential Gaussian main pulse and a small tailing effect. It means that the
metalens shows a negligible effect on the waveform distortion, which has been discussed
in Section 2. Therefore, the proposed loaded PWTSA can be viewed as a good candidate
for short-pulse applications.

Table 1. Radiation pattern parameters for two PWTSAs.

Freq. Loaded PWTSA Unloaded PWTSA

(GHz)  Offset (Deg) MILW (Deg.) SLL(dB) Offset (Deg) MILW (deg) SLL (dB)
10 1 26.7 —6 1 26.5 —4.6
15 2 183 —6.1 3 20.6 -23
21 1 14.1 7.2 14 31.6 —2.7

Note: offset denotes the offset of the main lobe from the end-fire direction, MLW denotes the 3 dB main lobe
width in E-plane, and SLL denotes the side lobe level in E-plane.
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Figure 16. Measured received signals for a transceiver system with and without the metalens.
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5. Conclusions

In this contribution, a post-wall-structured tapered slot antenna with a metalens
loaded in the radiation aperture was proposed for wideband radiation enhancement. The
metallic delay lens of the metalens etched around the central axis of the aperture slowed
the passing EM waves, while the airy acceleration region placed near the slot edges of
the aperture increased the phase velocity. Therefore, the metalens modified the phase
distribution of the EM waves for an enhanced gain by up to 6.4 dB ranging from 9 to
26 GHz, and stable radiation with the shift of the main lobe being confined to 2° below
24.9 GHz. In addition, the metalens showed good time-domain performance and thus the
loaded PWTSA presented high fidelity short-pulse radiation capabilities. Consequently,
the proposed metalens is suitable to enhance the radiation performance of tapered slot
antennas in short-pulse applications and ultra-wideband communication systems.
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