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ABSTRACT In this paper, we propose a metal 3D printed double-ridged horn antenna with a truncated
cone feeding structure, curve-shaped cavity, and mode suppressor for a feeder of a reflector antenna. The
truncated cone feeding structure is employed to obtain symmetrical patterns, and the curve-shaped cavity is
implemented to obtain broadband characteristics. The mode suppressor is then applied to maintain a stable
bore-sight gain. To simplify the manufacturing and assembly process, the proposed antenna is designed
with only two parts and is fabricated using metal 3D printing technology. To verify the performance of the
antenna, the voltage standing wave ratio (VSWR), bore-sight gains, and radiation patterns are measured
in a full anechoic chamber. The measured VSWR shows a maximum of 3.0 and an average of 1.9 from
2 GHz to 18 GHz. At 2 GHz, the measured bore-sight gains in the radiation pattern are 5.37 dBi for co-
polarization and —20.7 dBi for cross-polarization. The measured radiation patterns are in good agreement

with the simulated results.

INDEX TERMS Double-ridged horn, reflector antenna feeder, broadband antenna, 3D printing.

I. INTRODUCTION

In recent years, there has been growing use of Signal Intelli-
gence (SIGINT) satellites to collect various electronic signals
from neighboring countries for protection against poten-
tial threats. These satellites accumulate signals from several
application fields, such as mobile satellite communications
(S-band), synthetic aperture radar (C-band), military radar
(X-band), and satellite broadcasting (Ku-band) [1], [2], [3],
[4], [5]. As each application uses different frequency bands,
payload antennas for SIGINT satellites are required to have
broadband characteristics. These antennas are then desired
to have stable high-gain performance, which enables them
to effectively receive signals that are extremely weak due to
high path loss. The preferred solution satisfying these require-
ments is a large-aperture reflector antenna with a feeder at
the focal position [6], [7]. In such a reflector antenna, the
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feeder is the critical component for receiving signals, while
the reflector serves to focus the signals onto the feeder. For
example, when the feeder does not have the required symmet-
rical pattern, the spillover and illumination efficiencies may
decrease, resulting in overall antenna performance degrada-
tion. Therefore, it is important to design a suitable feeder
for the SIGINT satellite’s reflector antenna, which requires
broadband characteristics, stable high-gain performance, and
symmetrical radiation patterns [8], [9]. Extensive research on
feeders has been conducted while employing various antenna
types such as patch arrays, log-periodic dipole arrays
(LPDAS), and horn antennas [10], [11], [12]. Although patch
antennas can easily obtain stable gain, they have limited
potential to achieve broadband characteristics. In contrast,
LPDAs typically exhibit broadband characteristics, but it is
difficult to attain stable gain in a wide bandwidth [13]. Com-
pared to the above two types of antennas, the horn antenna
usually has broadband characteristics since it uses a waveg-
uide port, and it has stable gain by a relatively large open
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FIGURE 1. Geometry of the proposed antenna. (a) Isometric view. (b) Side
view. (c) Flare part. (d) Cavity part.

aperture. In particular, horns with a ridge waveguide have
been employed to extend the operating frequency range by
shifting the cut-off frequency of the second propagation mode
to a much higher frequency [14], [15], [16], [17], [18]. How-
ever, it is difficult to avoid an asymmetrical radiation pattern
given the tilted main-lobe direction, and research to improve
such radiation characteristics is required [19]. In addition, due
to the sophisticated waveguide port and flare structure, there
are disadvantages in manufacturing when using a conven-
tional fabrication process. Recently, to resolve those issues,
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TABLE 1. Design parameters of the proposed antenna.

Parameters Optimized values
a 14
b, 0.04
c 0.95
a 0.3
b, 0.189
[ 0.3
A 20 mm
I 10 mm
I3 80 mm
Iy 10 mm
Is 10 mm
Is 1 mm
hy 15 mm
hy 0.9 mm
h3 3.55 mm
hy 8 mm
7 50 mm
7 2.75 mm
73 2 mm
74 13 mm
Wy 5.5 mm
Wy 9 mm
h 1 mm
t 11 mm

metal 3D printing technologies have been applied for such
complicated horn fabrication [20], [21]. Even though the
metal 3D printing is adopted, the horn antenna should be
divided into several parts and then completed by assembling
each separately fabricated part.

In this paper, we propose a double-ridged horn antenna
with a truncated cone feeding structure, a curve-shaped cav-
ity, and a mode suppressor to obtain symmetrical radiation
patterns in a wide frequency range. To simplify both the man-
ufacturing and assembly processes, the proposed antenna is
designed to consist of only two parts (cavity and flare), which
are fabricated using direct metal laser sintering (DMLS) 3D
printing technology. In the flare part, aridge is added to obtain
the broadband characteristics, while a conducting sidewall
is applied to decrease the half-power beamwidth (HPBW).
At the starting position of the upper ridge, a truncated cone
feeding structure is employed to obtain symmetrical radi-
ation patterns in a wide frequency range. Moreover, the
curve-shaped cavity is employed to improve the matching
characteristics, and the mode suppressor inside the cav-
ity is also applied to maintain stable bore-sight gain at a
high frequency by suppressing the second-order mode [22].
The proposed antenna is fabricated and measured in a full
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FIGURE 2. Photographs of the fabricated antenna. (a) Flare part. (b) Cavity part. (c) Proposed antenna
(side view). (d) Proposed antenna (front view). (e) Measurement setup.

anechoic chamber to obtain its characteristics, such as
reflection coefficients, gains, and radiation patterns. The per-
formances of the antenna are compared with those of previous
studies [23], [24], [25], [26]. The results demonstrate that the
proposed antenna has broadband characteristics, stable bore-
sight gain, and symmetrical radiation patterns, meaning that
it is suitable for use as a feeder for SIGINT satellite reflector
antenna.

Il. DESIGN OF A DOUBLE-RIDGED HORN ANTENNA
USING METAL 3D PRINTING

Fig. 1 shows the geometry of the proposed double-ridged
horn antenna. This antenna consists of only two parts
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(cavity and flare), which are fabricated using metal 3D print-
ing, and it is fed by an SMA connector, as shown in Fig. 1(a).
Fig. 1(b) illustrates the cross-section (in the zy-plane) of the
proposed antenna. The ridge and the cavity are designed
with exponential functions based on equations (1) and (2),
respectively, to achieve broadband characteristics. The ridge
follows the function fi(z) in equation (1). Within the range
of z from 0 to I, fi(z) has a constant value of hy/2. After
z exceeds [, it follows the exponential function starting at
(0, ha/2, I>) and ending at (0, r1-hy, I + [3), with a coefficient
of a1. By optimizing ay, the curvature of the ridge enables a
transition from 50 €2 impedance at the feeding point to 377 Q2
impedance at the aperture of the horn antenna, extending
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FIGURE 3. Measured and simulated VSWRs of the proposed antenna.

20

w
T

X

KX

-sight gain (dBi)
*

Bore
[

x Measurement |
Simulation

*)
S

1D
93

6 8 10 12 14 1o 18
Frequency (GHz)

FIGURE 4. Measured and simulated bore-sight gains of the proposed
antenna.

the frequency range of the fundamental mode [18]. With the
aforementioned two points (start point (0, #2/2, I>), end point
(0, r1 — hy, o +13)) and the optimized a1, the values of b; and
c1 are decided correspondingly. Meanwhile, the curve-shaped
cavity is designed to follow the exponential function f>(z)
in equation (2), which connects two points, (0, 0, —/1) and
(0, r4, 0), with the coefficient a,. The a is a critical parameter
for achieving impedance matching at high frequencies, and it
determines the values of b, and c¢;. The cavity has a depth
of 5 to satisfy the matching characteristics in the operating
frequency, as discussed in Chapter 3.

fik=h/2, 0<z<lbh)
fi@=ar x "D ¢ (h<z<bh+1h)

ri+cr—h
by = 1Il(a—l)/l3, cor=a1—h/2 (1)
H@) =ay x P — ¢,
r4+c2
by = In( - Vi, c=a (2)

Fig. 1(c) shows the flare part of the proposed antenna. The
flare part consists of a conducting sidewall, ridge waveguide,
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FIGURE 5. Measured and simulated radiation patterns of the proposed
antenna. (a) zx-plane at 2 GHz. (b) zy-plane at 2 GHz. (c) zx-plane at

6 GHz. (d) zy-plane at 6 GHz. (e) zx-plane at 10 GHz. (f) zy-plane

at 10 GHz. (g) zx-plane at 14 GHz. (h) zy-plane at 14 GHz. (i) zx-plane
at 18 GHz. (j) zy-plane at 18 GHz.
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TABLE 2. Comparisons between the proposed antenna and some
previous studies.

Bore-
sight gain
at highest

Fre.

Band Bore-sight
Research width gain at
(ratio) lowest Fre.

Size

1.59 %
(60 mm)

x 1.59 A
(60 mm)
x 1.8
(68 mm)

[23] §-18 GHz 11.6 dBi

(2.25:1) 11.9 dBi

0.86 A
(42.8 mm)
6-18 GHz

24 9.7 dBi 12.3 dBi x 086
[24] 3:1) AR 2 (42.8 mm)

x 1A
(50 mm)

037 A
(56 mm)
2-6 GHz

25 5 dBi 8 dBi x 0371
23] 3:1) i i (56 mm)

x 0.62 A
(93 mm)
1.29 %
(64.5 mm)
x 1.29 A
(64.5 mm)
x 3.16 A
(158.43 mm)

[26] 6-20 GHz 12 dBi

33:1) 18 dBi

0.66 A
(100 mm)
x 0.66 A
(100 mm)
x 0.67 L
(101 mm)

This 2-18 GHz

work ©:1) 5.37 dBi

14.5 dBi

and truncated cone feeding structure. The sidewall increases
directivity by minimizing the electromagnetic field radiated
to the sides and back, resulting in a decrease in the HPBW.
This is important when designing the feeder of the reflector
antenna because the radiated field from the feeder should be
directed toward the reflector to achieve high spillover effi-
ciency. When the beamwidth is too wide to extend beyond the
reflector, the spillover efficiency of the reflector is reduced,
and accordingly, the aperture efficiency is also reduced [9].
On the inner surface of this sidewall, the ridge waveguide
is added to obtain broadband characteristics by shifting the
cut-off frequency of the second propagation mode to a much
higher frequency. The distance &, between the ridges at the
feed point and the width of the ridge w; are the factors
that determine the impedance. Since hy and wj affect the
capacitance of the waveguide, these parameters are impor-
tant in determining good impedance matching within the
operating frequency band. In addition to the significance of
these parameters for broadband, the feeding position between
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FIGURE 6. Bandwidth and average tilt angle of main-lobe direction in
accordance with r, and r5. (a) Bandwidth. (b) Average tilt angle.

the ridge and the SMA connector is also a critical factor in
improving matching characteristics. To that end, the inner
conductor of the SMA connector should be connected to
the start of the upper ridge. In order to connect the inner
conductor to the start of the upper ridge, the lower ridge has to
be slightly longer than the upper ridge. Due to the difference
between the upper and lower ridges, asymmetrical currents
are distributed, which causes the main-lobe direction to tilt.
To solve this problem, the truncated cone (upper radius rs,
lower radius r3, and height 43) is employed at the start of the
upper ridge. When the truncated cone is applied, a portion of
the currents flows along the cone, which balances the currents
between the ridges and reduces the tilt of the main-lobe
direction. Fig. 1(d) presents the cavity part of the antenna,
consisting of the curve-shaped cavity and the mode suppres-
sor. It has a radius of r4, a depth of /s, and a wall thickness
of t,. The curvature of the curve-shaped cavity that improve
matching characteristics is defined using equation (2). The
mode suppressor, which is the conventional method to obtain
stable bore-sight gains, is added inside the cavity. This has
a height of h4, a width of wy, and is located between the
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FIGURE 7. VSWRs in accordance with a;, a, and /5. (a) Depending on a;
when a, = 0.3 and /5 = 20 mm. (b) Depending on a, when a; = 1.4 and
Is = 20 mm. (c) Depending on /5 when a; = 1.4 and @, = 0.3.

curve-shaped cavity and the ridges. For frequencies above
the cut-off of the second propagation mode, the currents flow
toward the sidewall. These currents generate irregular fields,
which result in the formation of a second-order pattern. How-
ever, the mode suppressor changes the currents distribution
by redirecting the currents toward the cavity, preventing the
second propagation mode. The proposed antenna is designed
in the CST Studio Suite full EM simulator, and optimized
design parameters are listed in Table 1 [27].
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Fig. 2 represents photographs of the fabricated antenna.
The proposed antenna consists of only two parts, which sim-
plifies the manufacturing and assembly process. Each part is
fabricated using the DMLS method with aluminum powders.
DMLS is a 3D printing technology that melts and fuses
multiple layers of metallic powders [28]. Fig. 2(a) shows the
flare part of the antenna, which has the ridges, sidewall, and
feeding structure. Two push pin holes are added for stable
assembly. Fig. 2(b) illustrates the cavity part, consisting of
the curve-shaped cavity and the mode suppressor. Two push
pins are then combined with the push pin holes. As shown in
Fig. 2(c), the flare part and the cavity part are assembled using
bolts and nuts, and the SMA connector is also fastened using
small bolts and nuts. This simplifies the assembly process and
enables an electrical connection between the SMA connector
and the antenna without soldering.

Fig. 3 shows the voltage standing wave ratios (VSWRs) of
the proposed antenna, where solid and dashed lines indicate
the measured and simulated results, respectively. The sim-
ulated VSWR has a maximum value of 2.2 and an average
value of 1.6, while the measured VSWR has a maximum
value of 3.0 and an average value of 1.9 in the range from
2 GHz to 18 GHz. Fig. 4 illustrates the bore-sight gains
of the proposed antenna, where ‘x’ marks and solid lines
indicate the measured and simulated results. These results
agree well, with an average difference of 1.95 dB. Fig. 5
presents the measured and simulated 2D radiation patterns
(co- and cross-polarization) of the antenna in the zx- and zy-
planes. Since the proposed antenna is designed to operate
in linear polarization, the co-polarization patterns exhibit
high gain characteristics, while the cross-polarization pat-
terns show low gain characteristics, as shown in Figs. 5(a)
to 5(j). For example, bore-sight gains for co-polarization in
the zx-plane are 5.37 dBi by measurement and 6.76 dBi by
simulation at 2 GHz. For cross-polarization, bore-sight gains
are —20.7 dBi by measurement, and —37.8 dBi by simulation.
The measured radiation patterns are in good agreement with
the simulated results. Table 2 summarizes the comparisons
between the proposed antenna and some previous studies.
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IIl. ANALYSIS

Fig. 6 illustrates the bandwidth (VSWR < 2.5) and the aver-
age main-lobe direction (E-plane) in accordance with the
lower radius (r3) and the upper radius () of the truncated
cone. As shown in Fig. 6(a), when the value of r3 is less
than 1.5 mm, the bandwidth does not change significantly.
When r3 exceeds 1.5 mm, the bandwidth starts to decrease as
r3 increases. Meanwhile, there is no significant difference in
bandwidth with changes to the value of r,. Fig. 6(b) shows
the average main-lobe direction by r3 and ;. The average tilt
angle of the main-lobe direction is calculated by averaging
from 2 GHz to 18 GHz in the zy-plane. To obtain a wide
bandwidth and low average tilt angle, r3 and r; are optimized
to 2 mm and 2.75 mm, respectively. In the range from 2 GHz
to 18 GHz, the obtained bandwidth is 16 GHz, and the average
tilt angle is 0.15°, which is decreased by 1.6° compared to the
result without the truncated cone.

Fig. 7(a) shows the VSWRs in accordance with the coef-
ficient a; of function fi(z), which determines the curvature
of ridges. When a; has a value of more than 1.4, VSWR
becomes greater than 2.5 around 7 GHz and 16 GHz. On the
other hand, when a; has a small value of less than 1.4,
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VSWR becomes greater than 2.5 in low frequency range
below 4 GHz. To obtain the broadband characteristics ranging
from 2 GHz to 18 GHz, the value of a; is determined to be 1.4.
As shown in Fig. 7(b), the coefficient a; of function f>(z) also
affects to the broadband characteristics. The curve-shaped
cavity is designed by rotating the f>(z) around the z-axis. With
a fixed cavity depth of /5 (20 mm), the curvature of the cavity
becomes a straight-line as a» increases, while the curvature
of the cavity increases as a, decreases. The curvature of
the cavity determines the matching characteristics for each
frequency band. The value of ay, which provides an optimal
VSWR ranging from 2 GHz to 18 GHz, is determined to be
0.3. Fig. 7(c) demonstrates VSWRs in accordance with Is.
When 5 is less than 10 mm, the matching characteristics are
degraded at lower frequencies. Therefore, when considering
the matching characteristics of the low frequency band, /5 is
determined to be 10 mm. When ay is 1.4, ap is 0.3, and /5
is 10 mm, the bandwidth is 16 GHz, which is increased by
4.2 GHz compared with the straight-line cavity.

Fig. 8 shows the measured bore-sight gains with and
without the mode suppressor. In the absence of the mode
suppressor, currents that should flow on the ridge also flow
toward the sidewall, resulting in unwanted high-order pat-
terns. When the mode suppressor is applied, currents in the
sidewall are redirected to the ridge, leading to a more stable
bore-sight gain. Fig. 9(a) presents the standard deviation of
the bore-sight gains from 12 GHz to 18 GHz, which illustrates
their stability. This result shows that as both w, and h4
increase, the standard deviation of gain decreases. However,
as shown in Fig. 9(b), wy and h4 with low standard deviation
do not always result in a broad bandwidth. The optimized
wy and h4 are 9 mm and 8 mm, respectively, which gives a
standard deviation of 0.43 and a bandwidth of 16 GHz. Com-
pared to the case without the mode suppressor, the standard
deviation is reduced by 3.78.

IV. CONCLUSION

We proposed the double-ridged horn antenna with the
truncated cone feeding structure, curve-shaped cavity, and
mode suppressor. The truncated cone feeding structure
was employed to obtain symmetrical patterns and reduced
the average tilt angle by 1.6°. The curve-shaped cavity
was implemented to improve the matching characteristics,
increasing the bandwidth by 4.2 GHz. Meanwhile, the mode
suppressor was applied to maintain stable bore-sight gain,
which reduced the standard deviation of gain by 3.78. The
proposed antenna was designed to consist of only two parts
and fabricated using metal 3D printing technology. The mea-
sured VSWR showed a maximum of 3.0 and an average
of 1.9 from 2 GHz to 18 GHz. At 2 GHz, the measured
bore-sight gains in the radiation pattern were 5.37 dBi for co-
polarization and —20.7 dBi for cross-polarization. Through
these results, it was confirmed that the proposed double-
ridged horn antenna with broadband characteristics, stable
bore-sight gains, and symmetrical patterns is suitable for use
as a feeder for a reflector antenna.
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