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ABSTRACT A 3-dB gain and input impedance bandwidth enhancement technique for THz periodically
corrugated metallic antennas, also known as Bull’s Eye antennas, is presented. A novel design that exploits
the depth qualities of the corrugations is introduced, by employing two different depth values for two sets
of indented rings. While the gain bandwidth of most single-depth planar corrugated antennas is limited,
the 3-dB gain bandwidth of the proposed dual-depth design is expanded along with a high maximum gain.
The simulated optimum model of 10 rings at around 300 GHz exhibits a 3-dB gain bandwidth of 8.85%
with a maximum gain at broadside of 21.3 dBi. A leaky-wave analysis has been performed via a simple
transcendental equation at the level of the gap openings in order to explain the antenna principle of operation.
A prototype of the optimum antenna design has been fabricated and measured. The typical subwavelength
slot feeding of Bull’s eye corrugated antennas is substituted with an easy-to-fabricate open waveguide
aperture, yielding a broadband matching performance. Measured results demonstrate a good agreement with
simulations and validate the proposed antenna design.

INDEX TERMS Corrugated antennas, Bull’s eye, broadband antennas, dual-depth antennas, leaky-wave
antennas.

I. INTRODUCTION
The terahertz spectrum is a highly developing frequency
band, suitable for a variety of applications including imaging,
ultra-high-speed wireless telecommunications and sensing,
envisaged to achieve data rates of 100 Gbps or higher. For
such emerging technologies, modern antennas usually require
high gain, compact size and a broadband gain/directivity
performance in order to meet the demands of these THz
systems. In addition to the necessity of a broadband gain
performance of the antenna, a satisfactory input matching
response is desired (typically below −10 dB over a large
S11 bandwidth), especially in applications where dielectric or
other packaging materials are superimposed on the antenna
and can potentially affect their radiation. Another significant
challenge at the low-THz band is the fabrication complexity
and costs that emerge due to the small dimensions of devices
and the current limitations of the available fabrication tech-
niques and tools.

Corrugated metallic structures operating at millimeter
wave and sub-millimeter wave frequencies have attracted
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a lot of interest due to their advantages of high gain, low
profile, scalable design to lower and higher frequencies and
ease of fabrication. It was first observed that a subwavelength
aperture on a perfectly conducting metal film boosts dramat-
ically the transmission of light in optical frequencies. This
phenomenon is further enhanced when the aperture is sur-
rounded by a set of periodic rings etched off the film [1]–[3].
It has been shown that a narrow directive beam is produced
by the excitation of a leaky mode propagating across the
corrugations, superimposed on the subwavelength aperture
direct radiation [4].

Several high gain antennas and devices based on the
enhanced transmission of light principle have been reported
in literature including implementations at low THz frequen-
cies [5]–[7]. Other corrugated patterns have found applica-
tions in corrugated substrate integrated waveguides (SIWs)
for reduced size and broadband SIWs [8] and high-gain leaky
wave antennas [9], as well as mechanically rotatable corru-
gated leaky wave antennas [10] that would enable miniatur-
ization at mm-wave and THz frequencies.

Most of the corrugated antenna implementations, referred
to as Bull’s Eye antennas, have mainly exploited the period-
icity d of the texture for the determination of the operating
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FIGURE 1. Dual-depth Bull’s Eye antenna with r = 10 rings (a) Front view.
(b) Profile corresponding to the dashed lines in (a). Parameters are as
d = 0.961 mm, w = 0.611 mm, hp = 0.911 mm, h1 = 0.14 mm,
h2 = 0.266 mm. The dashed line corresponds to a slot aperture and the
solid line to an open-ended waveguide aperture.

frequency band, where it should be d ≈ λ0 for an optimum
transmission [5], [11]. However, it has been shown that for
a determined value of d , the depth h of the corrugations
affects the resonant frequency. This effect has been exploited
for only a few applications so far [12]. Furthermore, these
antennas are typically excited by a waveguide-fed resonant
slot aperture, which offers high gain performance but limits
the matching bandwidth as a trade-off. Additionally, the 3-dB
gain bandwidth of such antennas is relatively narrow [5], [13].
Some procedures are available in literature for improving
the performance, by either modulating the shape of corru-
gations [14], the width of the gaps [15], or even superim-
posing corrugated layers [16]–[18]. Although the aperture
efficiency has been enhanced in [15] and a dual-band oper-
ation has been achieved in [16], there are no techniques for
significant improvement of the 3-dB gain bandwidth perfor-
mance of high gain corrugated antennas, to the best of our
knowledge.

In this paper, a novel Bull’s Eye antenna is presented
at around 300 GHz that achieves a clear gain bandwidth
enhancement along with high gain performance. The pro-
posed design, presented in Section II, is a circularly corru-
gated Bull’s Eye type structure of r rings, which employs
two different corrugation depth values h1 and h2, while the
periodicity d is fixed to approximately λ0 (Fig. 1). The first
r/2 rings around the feeding aperture use a smaller h value
which corresponds to a higher resonant frequency, while the
outer r/2 rings use a larger h value which corresponds to a
lower resonant frequency. In addition, the standard subwave-
length slot feeding aperture is replaced with an open-ended
waveguide aperture, which is easier to fabricate at low THz
and achieves good matching performance [19].

A leaky-wave analysis of the proposed novel dual-depth
design is also presented in this paper in Section III, via an
analytical periodic method at the level of the gap openings.
The dispersion analysis of each single depth antenna predicts
the far field behaviour of the dual-depth design, based on the
known physics of leaky waves [4], [20].

An optimized model of the proposed antenna with an
open-ended waveguide aperture as a feeding technique has
been fabricated using CNC metal milling and a split block
technique (Section IV). The optimum model with ten rings
at 300 GHz exhibits a 3-dB gain bandwidth of 8.85% with
21.3 dBi maximum gain, which is the best reported gain
bandwidth performance so far for this type of corrugated
antennas of the same size at the low-THz spectrum. Measure-
ments of the fabricated prototype show a very good agree-
ment with simulations of a slightly redesigned model due
to fabrication tolerances and validate the performance of the
proposed design. The conclusions from this work are drawn
in Section V.

II. THE DUAL-DEPTH CONCEPT
The proposed gain bandwidth enhancement technique
exploits the relationship between the depth of the corruga-
tions h and the resonant wavelength λ0 as described in [11]:

h ≈
(2n+ 1)λ0

4
(1)

where n is a non-negative integer. The proposed design con-
sists of a number of rings r , with periodicity d (Fig. 1.b).
While keeping d fixed around λ0, the corrugations’ depth h
is considered as the only varying parameter for the present
study. The first set of r/2 unit cells is designed to operate at
a frequency f1 determined only by the depth h1 and the next
set of r/2 unit cells with depth h2 is designed to operate at a
frequency f2.

The corrugated antenna for this study is designed at around
300 GHz, according to the principles set in [21]–[22]. The
antenna in all the studies of this Section is fed by a sub-
wavelength slot with dimensions optimized to (sx , sy) =
(0.5838 mm, 0.159 mm), which is, in turn, fed by a typical
WR-3 waveguide on the rear side of the metallic body of the
antenna. This optimized slot secures an S11 below −10 dB
at the operational gain bandwidth, which results in a very
similar gain and directivity performance [19].

The whole metallic antenna body has a thickness hp =
0.911 mm, gap-groove distance w = 0.611 mm, period-
icity d = 0.961 mm and overall size of 25 × 25 mm2.
These dimensions were optimized via an in-house dispersion
analysis technique for a corrugated unit cell modelled in
CST Microwave StudioTM. The design guidelines available
in literature suggest that a high-gain performance of this type
of antenna, along with a satisfactory gain bandwidth can be
achieved with w > λ0/2 [23], [24].
The design process is demonstrated in Fig. 2 for a corru-

gated antenna of r = 10 rings as depicted in Fig. 1.b. The
fixed depth of the first set of 5 rings is h1, while the depth h2 of
the outer set of rings is a variable parameter. The dual-depth
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FIGURE 2. Simulated directivity of a dual-depth Bull’s Eye antenna. It is
h1 = 0.14 mm and (a) h2 = 0.18 mm, (b) h2 = 0.21 mm, (c) h2 = 0.24 mm
and (d) h2 = 0.266 mm. The colored arrows indicated the −3 dB
directivity frequency points for each plot.

antenna is compared in directivity against the corresponding
single depth antennas of the same size (r = 10) and is labelled
as ‘‘h1+ h2’’ from now on. The depicted directivity and gain
values are these of the main beam, radiating at broadside
direction.

In the directivity plot of the dual-depth antenna, there can
clearly be observed two peaks, each corresponding approx-
imately to the central frequency determined by the rings
with h1 and h2 from eq. (1). As h2 obtains larger values,
the 3-dB directivity bandwidth of the dual-depth antenna
covers the frequency spectrum where radiation by the outer
h2 rings is stronger. The optimum model in terms of max-
imum directivity bandwidth, is shown in Fig. 2.d, where
h1 and h2 are reasonably different and h2 reaches the limit
of λ0/4 at around 300 GHz, as suggested by the known
design parameters for corrugated metallic planes and relative
theory [11]. Simulations showed that an effective transmis-
sion takes place only when h1 < h2 or, equivalently, it is
compulsory that the first set of unit cells operates at the
highest frequency. In particular, Fig. 3 depicts such a dual-
depth antenna, when h1 = 0.24 mm and h2 = 0.14 mm. The
achieved directivity of the dual-depth design is lower than the
single depth antennas, with no elements of 3-dB directivity
bandwidth expansion.

The proposed dual-depth model of Fig. 2.d, with h1 =
0.14 mm and h2 = 0.266 mm is further discussed below. For
these selected values, dual-depth antennas of various sizes
(from r = 4 to r = 12) are simulated and compared against
single depth antennas of same design details (h1, d,w) but
different size r .
In Fig. 4, the dual-depth antenna of r = 10 is compared

with the single h1,2 antennas of the samemaximumdirectivity
and the same size. The 3-dB directivity bandwidth of the

FIGURE 3. Simulated directivity of a dual-depth Bull’s Eye antenna in
comparison to single depth antennas when h1 > h2. It is h1 = 0.24 mm,
h2 = 0.14 mm and the colored arrows indicated the −3 dB directivity
frequency points for each plot.

FIGURE 4. Comparison between three slot-fed Bull’s Eye antennas of
different sizes r . The dual depth antenna is compared with (a) the h1
antenna and (b) the h2 antenna. The colored arrows indicated the −3 dB
directivity frequency points. It is h1 = 0.14 mm and h2 = 0.266 mm.

novel antenna lies exactly between the lower limit of the
single h2 directivity bandwidth and the upper limit of the
single h1 directivity bandwidth and is calculated at 8.6%.
The fractional directivity bandwidth of the h1 antenna with
r = 7 (an antenna of similar maximum directivity) is 6.7%.
It is denoted that the 3-dB fractional gain (directivity) band-
width BW−3dB is calculated according to the formula:

%BW−3dB =
1 f−3dB

fc
(2)
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TABLE 1. Comparison of slot-fed dual-depth antennas with standard
corrugated antennas.

where 1 f−3dB is the difference between the two frequency
points that define the−3 dB gain (directivity) bandwidth and
fc is the central frequency of the −3 dB gain (directivity)
spectrum.

In detail, the simulated farfield characteristics of each
r-case antenna are summarized in Table 1. The antennas are
compared in terms of size r , 3-dB fractional gain bandwidth
and maximum gain. The comparison in these Tables is only
between the dual-depth antenna and the single h1 antenna,
which is more broadband than the antenna of h2 (as observed
from Fig. 4). Only dual-depth designs of even number of
rings are simulated, for the facilitation of the design process.
A dual-depth design of an odd number of rings is feasible,
and its performance is expected to lie between the adjacent
presented designs of Table 1. Some notable trends of the
dual-depth antenna are reported below:

• The dual-depth antenna of r rings achieves higher gain,
compared to a single h1 antenna of smaller size and
similar 3-dB gain bandwidth. For example, for the
dual-depth antenna of r = 10, there is an additional
gain of 2.2 dBi compared to the single-depth antenna of
r = 5, with both antennas exhibiting a similar 3-dB gain
bandwidth around 8.5%.

• The dual-depth antenna provides 3% (r = 4), 2.6% (r =
6), 3.1% (r = 8) and 4% (r = 10) additional 3-dB gain
bandwidth than a single h1 antenna of the same size. This
trend is observed however only for dual-depth designs of
up to r=10. Simulations showed that dual-depth antenna
sizes of r >10 return to the typical performance of the
single h1 antennas of the same size r (see r = 12 at
Table 1).

• The dual-depth antenna achieves 3% (r = 4), 1%
(r = 6), 1.7% (r = 8) and 1.9% (r = 10) additional
3-dB gain bandwidth than a single h1 antenna of sim-
ilar maximum gain. The above remarks can be verified
in Fig. 4, where the dual-depth antenna is compared with
single-depth antennas of similar maximum directivity
(h1,r=7 in Fig. 4.a and h2,r=5 in Fig. 4.b).

Table 2 summarizes the performance of our proposed
dual-depth antennas compared to other known Bull’s Eye

TABLE 2. Comparison between the proposed dual-depth antenna
(h1 + h2) of different sizes r and antennas from literature.

antennas in literature. The antennas are compared in terms
of number of rings r , 3-dB fractional gain bandwidth and
peak gain. The well-known trade-off between gain/directivity
bandwidth and maximum gain/directivity should be high-
lighted when comparing the results. Additionally, as noted in
Section I, corrugated metallic designs can be directly scalable
from microwave to THz frequencies, therefore all the pre-
sented designs of Table 2 are expected to perform similarly at
different spectra, enabling a proper comparison. For example,
our dual-depth antenna of r = 6 at 293 GHz, outperforms
the existing antennas of r = 7 at millimeter-waves in both
maximum gain and 3-dB gain bandwidth, with the additional
advantage of smaller size (in free-space wavelengths). On the
other hand, the design in [14] is of a very high gain, at the
cost of a very large size and a narrow 3-dB gain bandwidth
(only 3.6%). Our proposed designs offer a good compromise
between antenna size, 3-dB gain bandwidth and maximum
gain.

The dual-depth corrugated antenna with r = 10 is selected
as optimum case in terms of maximum gain (directivity),
corresponding 3-dB bandwidth and size. A simulated radia-
tion pattern comparison at the frequencies that determine the
3-dB gain bandwidth can be seen in Fig. 5. The comparison
is between the dual-depth antenna of r = 10 and the h1 and
h2 antennas of the same maximum directivity. At the lower
limit of the 3-dB directivity spectrum, where the h2 radiation
dominates, the patterns of the dual-depth antenna are very
similar with these of the single h2 antenna. Likewise, at the
frequencies of 0 dB, and upper 3-dB the h1 + h2 antenna
exhibits similar patterns with the h1 antenna. At angles
around ±20o the E-planes of the dual-depth antenna show
slightly higher side lobes, which is the effect of the set of
rings with h2. The contribution of the outer set of rings
with h2 at higher frequencies will be explained in the next
section with an appropriate leaky wave analysis.We observed
from simulations that the cross-polar patterns for both E- and
H - planes exhibit a very low level below −60 dB. The worst
case cross-polarization radiation pattern at 296 GHz occurs
at a cut of φ = 45o with values approximately −11 dB.

III. LEAKY WAVE ANALYSIS
It has been reported that corrugated metallic designs oper-
ate as leaky wave antennas, with a surface plasmon mode
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FIGURE 5. Simulated E- and H- planes at the 3-dB directivity spectrum of the dual-depth and the single-depth antennas of the same
maximum directivity for h1 = 0.14 mm and h2 = 0.266 mm.

converting into a leaky wave as it propagates across the corru-
gations [4]. For the examined corrugated type of leaky wave
antenna, the gaps of the corrugated antennas of Section II
are large enough so that we can safely assume that a higher
order mode (TM1) is supported inside the gap, which is
considered as a parallel-plate waveguide [26]–[28]. Although
the fundamental TEM mode will still exist, it is expected to
have attenuated significantly [28].

The wavenumber of the leaky mode of an infinitely long,
one-dimensional, periodically corrugated metallic surface is
extracted via the numerical solution of a transverse resonance
equation at the level of the gap openings as [27], [28]:

Yin,TM + Ya(ky) = 0 (3)

where Yin,TM is the input admittance looking into the gap
(−z direction with reference to Fig. 1.b) for a TM shorted
stub and Ya is the admittance at the gap openings looking
out of the gap (+z), calculated by the Parseval’s theorem for
transmission of power from the gap per unit length [27].

Below, a leaky wave analysis is performed for the h1 corru-
gated plane and the h2 corrugated plane, with all other design
parameters as in Fig. 1. Due to the periodic formulation,
the longitudinal guided wave (along |y|) consists of an infinite
number of n space harmonics (Floquet modes) as:

kyn = ky + 2πn/d = βn − jα (4)

where ky is the wavenumber of the fundamental mode, d is
the periodicity, βn is the phase constant of the n-th harmonic
and α is the attenuation constant. Since in these corrugated

designs it is d ≈ λ0, the n = −1 harmonic is fast and induces
the leaky wave phenomenon [20]. The phase constant of the
leaky mode is associated with the angle θ of the main beam,
according to:

θ = sin−1(β−1/k0) (5)

Fig. 6.a shows the propagation constant values for each
single depth corrugated design. The TM1 mode is dominant.
The TEM mode exists only for the h1 design at the depicted
spectrum and has been calculated with the analytical periodic
method of [28]. The TEM mode for the h1 unit cells has been
significantly attenuated at the examined spectrum, as shown
in Fig. 6.b.

The following discussion refers only to the strongly excited
TM1 mode. Both designs are characterized by a fast wave
(|β−1| < 1) which scans from the backward to the forward
quadrant. From the condition (|β−1| < α) for radiation
at broadside for a finite size symmetrically-fed leaky-wave
antenna, the h2 antenna achieves maximum radiation around
287 GHz and the h1 antenna around 303 GHz [29]. The
steeper plot of β−1 for the h2 design, indicates a quicker vari-
ation of the beam angle with frequency, therefore a quicker
degradation of the main beam. This justifies the limited gain
bandwidth of the h2 antennas of Figs. 2,3 and 4. These results
can be confirmed from the simulations of the finite-size
models (see Fig. 2). A small shift in the frequency band of
maximum radiated power for each antenna is expected due
to the fact that the leaky wave analysis assumes infinite size
antennas.
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FIGURE 6. Leaky-wave analysis of each single-depth, one-dimensional,
unidirectional corrugated plane with h1 = 0.14 mm and h2 = 0.266 mm.
(a) Propagation constant. (b) Attenuation constant.

It is evident that the attenuation constant α increases with
the increase of the depth h (Fig. 6.b). This implies that
designs with large values of h, approach better the infinite size
assumption, from the condition L = 0.18λ0/α, where L is
the half-length of the antenna [20]. For larger depth values h,
fewer unit cells are required for the infinite size assumption.

The aforementioned analysis can predict some character-
istics of the farfield performance of the dual-depth antenna.
At lower frequencies (around 285 GHz), the radiation of
the h2 antenna dominates (with β−1 ≈ 0, therefore radi-
ates at its maximum close to broadside), with the h1 unit
cells contributing with side lobes. At higher frequencies,
the reverse farfield behaviour is observed. Also, for the
dual-depth design, the maximum directivity is achieved at
295 GHz (Fig. 4.b), where the |β−1| values of each single
depth design are the closest to 0 at the same time. These noted
trends are verified by the simulated farfields of Fig. 5.

The high attenuation α of the h2 design also explains why
designs with large size (r > 10) do not benefit from the dual-
depth concept, and exhibit a performance similar to the single
depth h1 antenna. The effect of the h2 unit cells attenuates
significantly with respect to h1 unit cells, as r approaches the
infinite size assumption.

IV. FABRICATION AND MEASUREMENTS
The proposed 10-ring dual-depth antenna of Section II, with
h1 = 0.14mmand h2 = 0.266mm is selected as the optimum

FIGURE 7. (a) Simulated S11 performance of Bull’s Eye antennas with
r = 10 with an open-ended waveguide aperture for h1 = 0.14 mm and
h2 = 0.266 mm. (b) Fabricated prototype.

design to fabricate. In order to secure a steady, broadband
matching performance at low THz and eliminate the fabri-
cation challenges presented by a thin slot, the slot aperture
of Section II is replaced with an open-ended waveguide
aperture [19]. Its comparative advantages can be summarized
as:

• A subwavelength aperture always requires a further opti-
mization in its design process, while the design of an
open waveguide is straightforward.

• At higher frequencies, fabrication of subwavelength
dimensions can be quite challenging due to limitations of
the fabrication tools. Therefore, a part with dimensions
comparable to the wavelength facilitates the fabrication
process.

Fig. 7.a confirms that an open-ended waveguide aperture
antenna achieves S11 values below −10 dB at the frequency
band between 275 GHz and 320 GHz. Table 3 compares three
antennas with r = 10 rings and a waveguide aperture. The
antennas are compared in terms of 3-dB gain bandwidth and
maximum gain. From this Table, the same trends discussed
previously can be observed for our proposed design. The
maximum gain in all r cases is about 0.5 dBi lower than the
corresponding slot-fed antennas of Table 1. The 3-dB gain
bandwidth for the design of 10 rings is 8.85%.
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TABLE 3. Dual-depth antenna with r = 10 and an open-ended waveguide
aperture.

FIGURE 8. Measured versus simulated (a) S11 parameters and
(b) realized gain of the waveguide aperture antenna.

The optimum dual-depth corrugated design was fabricated
with an open-ended waveguide aperture. A three-axis CNC
milling machine was used to create the indented rings on
the surface of an aluminium plate with cutters of 0.2 mm
diameter. The fabricated prototype can be seen in Fig. 7.b.
The metallic plate was split in two halves across the E-plane
of the waveguide, in order to ensure minimum disturbance of
the main radiatingmode. The twometallic blocks were joined
back together with screws that were attached on two extra
metal blocks added on both sides of the antenna. Additionally,
the pins of the WR-3 flange had to fit entirely inside the
ground plane, therefore the thickness of the ground plane had
to be extended from its initial value of 0.91 mm to 7 mm.
Simulations verified that suchmodifications did not affect the
performance of the antenna.

The S11 parameters and the realized gain of the fabricated
antenna were measured with a network analyser. For the real-
ized gain measurement two reference horn antennas fed by a

FIGURE 9. Measured E-plane radiation patterns at (a) 281.2 GHz,
(b) 288.1 GHz, (c) 296 GHz, (d) 304.2 GHz.

FIGURE 10. Measured H-plane radiation patterns at (a) 281.2 GHz,
(b) 288.1 GHz, (c) 296 GHz, (d) 304.2 GHz.

WR-3 waveguide were used, with an operational bandwidth
from 282 GHz to 298 GHz.

Initial measurements demonstrated that the operation of
the antenna was shifted towards higher frequencies, which
implied some slight discrepancies for the dimensions of the
fabricated prototype. A dimension measurement based on an
infrared scan of the fabricated antenna revealed the actual
details of the fabricated prototype. The fabricated antenna
of Fig. 7.b has its dimensions as d = 0.9728 mm, w =
0.562 mm, h1 = 0.167 mm and h2 = 0.302 mm. The
antenna was redesigned in CST Microwave StudioTM and
new simulated results were obtained (Figs. 8-9).
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Fig. 8 shows themeasured S11 parameters and realized gain
compared to simulations of the redesigned antenna. A rela-
tively good agreement between simulations andmeasurement
can be observed. The measured S11 values are below−10 dB
at all the measured frequencies. The plot of the measured gain
shows two maxima of 22.5 dBi at 301 GHz and 20.5 dBi at
285 GHz, at the same frequencies as the redesigned simulated
antenna. The observed ripples (less than 2 dB) in the realized
gain are due similar variation of the gain of the reference horn
antenna.

For the measurement of the radiation patterns of the
antenna, a rotating base was used for a scanning from −90◦

to+90◦ with a resolution of 1◦. The Bull’s Eye prototype was
mounted on the rotating base, while a horn antenna was fixed
at a farfield distance of about 1 m. The measured E-plane and
H -plane radiation patterns compared to the simulated can be
seen in Figures 9 and 10 for four different frequencies which
cover all the 3-dB gain bandwidth of 25.4 GHz.

A good agreement is evident between measurements and
simulations. In fact, the H -planes exhibit a slightly lower
measured SLL than that expected from simulations. The
E-plane radiation patterns, on the other hand, exhibit a
slightly higher SLL compared to the simulations. These
effects are attributed to slight misalignments and possible
bending of the two metal split blocks that the antenna is made
of.

V. CONCLUSION
A novel planar corrugated metallic antenna with significantly
enhanced input matching and expanded 3-dB gain bandwidth
has been proposed for enhanced transmission of power at
low THz. The proposed dual-depth design utilises two dif-
ferent corrugation depths in an optimised configuration and
is fed with a waveguide aperture at 300 GHz, achieving a
3-dB gain bandwidth of 8.85% and maximum directivity
of 21.7 dBi (maximum gain 21.3 dBi), while keeping a low
profile and a planar size of ten rings. The proposed antenna
outperforms known implementations of similar size or gain.
A leaky-wave analysis has been performed, allowing a phys-
ical insight into the operation of the dual-depth antenna.
It is highlighted that a significant advantage of our proposed
design methodology is its straightforward scaling to lower
frequencies (mm-waves and microwaves), where fabrication
of such antennas is facilitated by the availability of tools.

Simulated results were validated via a fabricated and
measured prototype. A small frequency shift was observed
between measurements and the initial design simulations,
which is due to fabrication inaccuracies that have a signif-
icant effect in the low THz spectrum. Good agreement has
been achieved between measurements and simulations of
a redesigned model matching the exact dimensions of the
fabricated prototype.
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