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Low Sidelobe Level Millimeter-Wave Asymmetric
Bull’s Eye Antenna with Minimal Profile Feeding
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Abstract—Bull’s eye antennas exhibit remarkable directivity
considering their low profile, albeit accompanied by high side-
lobes. This undesirable radiation characteristic is tackled here
by reporting a complementary split ring feeding whereby the
broadside space-wave partially responsible for the high sidelobes
is cancelled while the leaky-wave is excited effectively. This
feeding results into an asymmetric bull’s eye antenna with
minimal profile (~0.73)\y) and no protrusions on the radiating
interface. The fabricated 10 period antenna operating in the Ka
band shows a directivity of 23.5 dBi, a sidelobe level of -22.9 dB
(>6 dB improvement compared to other bull’s eye antennas) and
a beamwidth of 3.7° and 6.7° in the E- and H -plane, respectively.

Index Terms—Bull’s eye antenna,
millimeter-waves, Ka-band.

leaky-wave antenna,

I. INTRODUCTION

ULL’s eye antennas have become the subject of intensive

research because of their low profile and moderate direc-
tivity [1]. Its microstrip implementation [2]-[4] outperforms
the metal corrugated counterpart [5] for microwave applica-
tions due to its lightweight and reconfigurability through a
complex feeding system not suitable for the metal corrugated
approach [6]. However, for frequencies beyond K band, di-
electric losses in microstrip technology make metal corrugated
bull’s eye antennas the preferred option [7]-[18].

A challenge that bull’s eye antennas face is their high
sidelobes due to the interference of the direct space-wave
radiation through the slot with the leaky-wave mode radiation
sustained by the corrugations [19]. To address this issue in
a microstrip-implemented bull’s eye antenna, previous studies
[20], [21] introduced a monopole feeding technique, exploiting
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Fig. 1. (a) Sketch of the bull’s eye antenna, including waveguide feeding. (b)
Detail of the double slot with a cutting plane normal to « = 0. (c) Photograph
of the fabricated antenna made of aluminium.

the fact that an ideal monopole has a null at broadside (i.e.,
monopole’s axis) and most of the power is directed in the
transverse direction. However, this solution not only impacts
negatively on the profile of the antenna given the protrusion
on the radiating interface, but also its performance deteriorates
at high frequencies such as millimeter-waves. An alternative
solution proposed for millimeter-wave metal corrugated bull’s
eye antennas involves utilizing the second higher order mode
of a circular waveguide (the transverse magnetic, TM, TMy;
mode) feed [16]. However, the whole antenna, including the
feeding network, is no longer low profile.

In this Letter, we propose a complementary split ring feed-
ing (i.e., double slot) to maintain the low profile of the bull’s
eye antenna while reducing sidelobe levels (SLL). The double
slot was introduced successfully for leaky-wave lens antennas
[22]-[24], operating as an iris with both slots in phase, leading
to effective in-plane magnetic and electric dipole moments that
prevent the excitation of the undesired TMy mode supported
by the dielectric-air-ground plane cavity. Here, we exploit
the fundamental resonance of the double slot whereby the
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slots are out of phase, yielding instead an effective in-plane
magnetic dipole moment, m,, and an out-of-plane electric
dipole moment, p., [25], [26] that ensure a null at broadside
and good coupling to the leaky-wave akin to the monopole
or the TMy; mode feeding approaches. Unlike the monopole
[20], [21] and TMg; mode [16] feeding approaches, it does
not have any impact in the overall profile of the antenna.
An antenna operating at the Ka-band is designed, fabricated
(see Fig. 1) and measured to demonstrate the simplicity, yet
effectiveness of the double slot feeding.

II. ANTENNA DESIGN AND INITIAL NUMERICAL RESULTS

Similar to the monopole feeding, an asymmetric (with
respect to the xz-plane) bull’s eye antenna needs to be de-
signed to have in-phase radiation from both halves. The final
dimensions of the 10 period antenna operating at ~29 GHz
(see dispersion characteristic of the leaky-wave mode for the
corresponding infinite 1D corrugated metal plane in Fig. 2)
can be found in Table I and were obtained after mesh con-
vergence analysis and optimisation using the CST Microwave
Studio”™  in-built Trust Region Framework algorithm. The
seed dimensions for the corrugations followed the design
guidelines found elsewhere [1], [12], [20], and in short are
P = Ao, ¢4 = No/4 and ¢,, << Ag; the initial distance
between the double slot centre and the feeding waveguide
end was 0.4)\,, where )\, is the guided wavelength, akin to
waveguide to coaxial transitions. Notice that the total antenna
thickness corresponds to standard WR-28 waveguide flange
(UG-599/U MOD flange); otherwise, the antenna thickness is
constrained by the amplitude of the corrugation c¢; and the
outer dimensions of the WR-28 waveguide, resulting into 7.56
mm ~0.73 ).
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Fig. 2. Dispersion characteristic of the leaky-wave mode on an infinite 1D
model of the proposed leaky-wave antenna, determined using the general
lossy method of the eigenmode solver of CST Microwave Studio?™ . The
attenuation (leakage) constant o was computed from the quality factor (Q) of
the leaky-wave mode through the relationship o = S_1/2Q.
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TABLE I
ANTENNA DIMENSIONS

Parameter Dimensions (mm)
Period, p 9.85
Corrugation width, ¢y, 1.70
Corrugation depth, cq 1.30
offset 1, o1 6.45
offset 2, o2 3.28
Slot outer diameter, 257, 4.13
Slot inner diameter, 2sr; 2.77
Slot depth, sg4 2.00
Total antenna diameter (excluding feeding) 204.90
Waveguide feeding length (excluding flange) 137.20
Total thickness (excluding flange) 7.56

The antenna feeding includes a standard waveguide (WR-
28, Ka-band) that runs along the back of the indented plate
and the double slot (Fig. 1(a,b)). The power is coupled to
the output by means of the double slot transverse resonance
(see insets in Fig. 3(a) demonstrating p, and that the slots’
E-fields are out-of-phase), which is highly affected by the
distance from the center of the antenna (i.e., the double slot
position) to the first corrugations, as demonstrated by the S1;
shown in Fig. 3(a). This double-slot-centre to first-corrugation-
centre distance, which we referred to as offset, has also an
impact on the coupling efficiency to the leaky-wave mode.
Choosing the distance (i.e., offset) equal to the grating period
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Fig. 3. (a) Simulated S1; for the bull's eye (dotted pink) and double slot

only antenna (dashed black), and measured S11 (solid pink). Insets: from
left to right, M am(Emng) on the xy cross section inside the double slot,
and E-field distribution on the yz-plane and zz-plane. (b) Far field radiation
pattern in polar coordinates with directivity values in dBi on the E-plane and
H-plane for the the bull’s eye (dotted pink) and double slot only antenna
(dashed black). (c) Simulated radiation and total efficiency of the asymmetric
bull’s eye antenna.

is usually not optimal owing to the intense reactive field around
a metallic aperture [27]. After optimisation, we obtained the
offsets 0; and o, tabulated in Table I. The radiation pattern at
the S1; minimum with and without corrugations is plotted in
Fig. 3(b) to demonstrate the null at almost broadside for the
double slot alone. Note that the null is not exactly at broadside
in the E-plane due to slight asymmetric excitation of the
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Fig. 4. Evolution of the directivity (pink circle) and SLL (black diamond)
as a function of the number of periods on a 204.9 mm diameter aluminium
plate.

double slot (see left inset in Fig. 3(a)), which in turn yields a
minimum in the H-plane less marked than that of the E-plane
for the double slot alone. The asymmetric bull’s eye antenna
radiates at broadside despite the open stopband condition
whereby o = 0 at exactly broadside (see Fig. 2) because each
half radiates to an appropriate scan angle slightly away from
the broadside direction that results into a maximum power
density in the broadside direction [28]; in addition, the open
stopband condition is smeared out because the asymmetric
bull’s antenna is not an ideal periodic structure of infinite
length. The asymmetric bull’s eye antenna directivity, D, at
broadside is 24.5 dBi and the corresponding realised gain is
24.3 dBi. Notice that the SLL is better than -20 dB for the
asymmetric bull’s eye antenna. The simulated radiation and
total efficiency of the final asymmetric design can be found
in Fig. 3(c); they both reach 94.8% at the S7; minimum.

Figure 4 shows the evolution of the broadside directivity
and SLL at the design frequency for an increasing number
of periods. When the number of periods is small, a leaky-
wave is not supported yet and the corrugations act as simple
parasitic elements. Hence, the directivity is lower and the main
angle of radiation is not at broadside, leading to positive SLL.
Beyond 3 periods, the leaky-wave develops in the corrugations
and the broadside directivity increases asymptotically due to
the leaky-wave contribution, while the SLL decreases also
asymptotically. The values of directivity achieved are moderate
when compared to parabolic reflectors and reflectarrays of
the same diameter, but the latter antennas have the feed at
a distance approximately 0.6 times their diameter. Higher
directivity, and thus, aperture efficiency, than that reported here
is possible in bull’s eye antennas by tapering the modulated
surface reactance [16].

II1. FABRICATED PROTOTYPE AND DISCUSSION

To ease fabrication with a three-axis computer numerical
control milling machine, the prototype was split into three
blocks (noticeable in Fig. 1(c)): one block includes the alu-
minum plate with indented rings and a double slot on the top
surface as well as the top and lateral walls of the feeding
waveguide; the bottom lid of the feeding waveguide and
the flange form each of them a single machined block. The
H-plane split approach is used here since an E-plane split
would affect the double slot feeding and the leaky-wave mode.
The split is judiciously at the bottom of the H-plane where
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Fig. 5. Measured co-polar radiation pattern spectrum in the E-plane (a) and
H-plane (b). Note that both colormaps share the same colorbar. Broadside
directivity (c): measured (solid line) and simulated data (symbol-dotted line).

the surface current are lower to minimise losses [29]. All
aluminium blocks were joined back together with screws in
counterbore holes. Note that the asymmetric design does not
offer an advantage or disadvantage compared to a symmetric
design given the characteristics of computer numerical control
milling machining.

The prototype was measured in a planar near field facil-
ity employing a WR-28 open ended waveguide probe with
sharpened edges to minimize reflections. The measured S1;
is shown in Fig. 3(a) and agrees well with the numerical
calculations, albeit some degradation in performance is no-
ticeable, which we attribute to imperfect electrical contact
between the different split blocks. The bull’s eye normalized
far field radiation pattern as a function of angle and frequency
for both - and H-planes is mapped in Fig. 5(a,b). The
measured directivity peak value is 23.5 dBi at 29.4 GHz.
The directivity bandwidth, considering a 3 dB reduction in
directivity compared to the peak value, spans from 27.6 to 30.2
GHz. Simulated and measured results agree well, see Fig. 5(c).
The increase in directivity is achieved by the in-phase radiation
from the corrugations that is realised through the asymmetric
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Fig. 6. Measured phase of the co-polar near-field distribution at 29.4 GHz.

bull’s eye implementation, as demonstrated by the measured
phase of the co-polar aperture field in Fig. 6. We attribute the
difference in directivity between measurement and simulation
to fabrication tolerances. The FE-plane colormap reveals the
n = -1 leaky-wave modes propagating along the corrugations
whose angles of radiation merge at broadside at 29.4 GHz.
At this frequency, the SLL is -22.9 dB, which outperforms
any bull’s eye antenna reported in the literature with similar
number of periods as illustrated in Table II. There are no signs
of the n = -2 leaky-wave modes within the frequency-angle
range displayed.

TABLE IT
COMPARISON WITH THE LITERATURE - MEASURED DATA

Param. BT ] @1 | 51 | 6] ] O] [15] | [20] | Here
F(GHz) | 212 | 195 | 165 | 199 | 60 | 9 13 | 294
Periods @ | 10 6 0 | 6 7 5 10
SLL (@B) | -10 | 15 | 14 | -10 | -14 | -108 | -16 | 229
D (@B) | 26 - - - - - - 235
G (dBi) - 7 [ 23 | 10 | 19 7 19 -
A. (%) | 28 3 9 I 2 6 9 6

A disadvantage of bull’s eye antennas is their low aperture
efficiency (A.) as Table II illustrates. For the antenna reported
in this work, A, = 6%; only the use of a high permittivity
dielectric in a microstrip implementation allows a moderate
value of A, [3]. This is resolved with radial-line slot array
antennas that can obtain aperture efficiencies as high as 82%
with gain ranging from approximately 30 to 35 dBi [30]-[34].
However, these antennas still face SLL in the range of -15 dB,
their design and fabrication is complex, and their multi-layer
structure yield thick antennas.

To facilitate the comparison with simulation, a frequency cut
at the peak of directivity is singled out from the colormaps and
plotted together with the simulated radiation pattern in Fig. 7.
One can observe a good agreement with a minor deviation
in the H-plane. This deviation is arguably due to fabrication
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Fig. 7. Normalized radiation pattern at 29.4 GHz for both E- (pink) and
H-planes (purple): co-polar (light color) and cross-polar (dark color). Mea-
surements and simulation data are plotted with lines and symbols, respectively.
The latter is only plotted for the co-polar component.

tolerances in the double slot as it plays the major role in the
H-plane. The cross-polar radiation pattern is also plotted in
Fig. 7 for completeness. By virtue of the magnetic symmetry
in the E-plane, the measured cross-polar at broadside is very
low (ideally, it is a null) and remains below -27.3 dB in both
E- and H-planes. The measured beamwidth is 3.7° and 6.7°
for the F- and H-plane, respectively.

IV. CONCLUSION

To tackle the high sidelobe levels of bull’s eye antennas,
an asymmetric metal corrugated bull’s eye antenna fed by a
central double slot has been presented. The use of the double
slot instead of the monopole feed recently reported to reduce
sidelobe levels maintain the attractive low profile of the bull’s
eye antenna without any penalty in other radiation characteris-
tics. The experimental results demonstrate a directive antenna
of D = 23.5 dBi with SLL = -22.9 dB, which is at least
6 dB better than resonant rectangular slot fed and microstrip
implemented bull’s eye antennas. This antenna might be of
interest for space applications above K-band where all-metallic
antennas with low profiles are preferred even at the expense
of directivity and aperture efficiency.
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