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Abstract — In this paper, a waveguide power divider is
proposed for a 94 GHz horn antenna. The entire structure
was machined using 3D printing technology, and is
comprised of two pyramidal horn antennas, a one to
two E-plane waveguide power divider, three waveguide
bends, and a flange. By introducing a wedge-shaped
groove, two trapezium taper ports, and a Ag/2 extension
on the T-junction of the waveguide, we found improved
impedance matching of the power divider, and the two
output ports had the same phase. Our results show that
the bandwidth of the antenna was 3.2% (3 GHz), its gain
was higher than 21.2 dBi with an approximately 10° half
power beam width at 94 GHz, and it could be applied to
a precise location at close range (6 m to 10 m), which is
suitable for automotive radar applications.

Index Terms —3D printing, automotive, one
dimensional range profile, pyramidal horn, waveguide
power divider.

I. INTRODUCTION

As a key element in an automotive radar system,
anti-collision radar usually works using a millimeter
wave band, such as 24 GHz [1] or 77 GHz [2, 3]. These
two bands are usually used for Long Range Radar (LRR)
and Medium Range Radar (MRR). At a short range, 94
GHz radar is commonly used because it has a small
wavelength (3.19 mm) that can detect small obstacles
and locate targets more accurately [4, 5].

The antennas for the 94 GHz radar are mainly patch
antennas [6], substrate integrated waveguide (SIW)
antennas [7, 8], and horn antennas [9, 10]. Generally, in
order to achieve a high gain, the patch antenna and the
SIW antenna have to be made into an array, inevitably
producing a large physical size. In [6] and [7], the
maximum size of two antenna arrays was more than 20
times and 30 times that of their respective in order to
maintain a gain greater than 20 dBi. However, other
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research using horn antenna aperture less than 10 times
the wavelength generated more than 20 dBi gain [8, 9].
Traditionally, horn antenna structures include an E-plane
sectorial horn, a H-plane sectorial horn [10], a conical
horn [11], and a pyramidal horn [12]. Among them, the
pyramidal horn antenna can achieve a higher gain with
the same aperture size. According to design requirements,
different E- and H-plane beams can be obtained by
changing the aperture size of the pyramidal horn
antenna.

The feed of the horn antenna is mainly a coaxial feed
[13], used only for feeding a single horn; a waveguide
slot feed [14], which is more suitable for feeding a large
waveguide slot array with more than four horns; a
waveguide power divider feed [15], which can feed
multiple horns and has the advantages of a smaller
volume and less transmission loss in high frequencies
than the waveguide slot feed. Based on the above general
characteristics, the waveguide power divider should be a
suitable choice for the 94 GHz horn antenna feed.

The general waveguide power divider is improved
on the basis of the traditional E- or H-plane T junction
waveguide, which has a discontinuous structure leading
to strong reflection and attenuation of electromagnetic
waves [16]. In order to reduce the return loss of
waveguide power dividers, some structures such as a
step impedance transformer [17] and a step-shaped
groove [18] have been added in the T junctions to
counteract their discontinuity. However, the Si; of the
power dividers was only reduced to about -25 dB at
94 GHz [19]. Importantly, the two output ports of the
divider have opposite phases [20]. In this paper, we
propose an E-plane T junction waveguide power divider
for a 94 GHz dual-pyramidal horn antenna. A wedge-
shaped groove and two trapezium taper ports were added
to improve impedance matching. Additionally, a length
of Ag/2 was extended to one trapezium taper port to allow
the two output ports to share the same phase.
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This paper is arranged as follows. In Section I,
the configuration of the proposed antenna and the
waveguide power divider are described in detail. In
Section 11, we present our results. In Section 1V, a
conclusion is made.

Il. ANTENNA CONFIGURATION AND
DESIGN

A. Waveguide power divider design
The proposed E-plane waveguide power divider is
shown in Fig. 1. This was designed based ona T junction
waveguide. As Fig. 1 (a) shows, a wedge-shaped groove
and the trapezium taper ports were added on the T
junctions. The trapezoidal sections have a smaller
waveguide height “n” than WR-10 at the T-junction and
then taper to the standard WR-10 height at the ports.
Each port is a standard rectangular waveguide WR-10.
Originally, the two output ports were on both sides, so
two 90° bends are added to put the port2 and port3 in the
same side as shown in Fig. 1 (b). In addition, a length of
L\g/2 was extended to the right trapezium taper port. Here
Ag is the guided wavelength, which can be calculated by:

1

Ay =20/ [1- (2—0)]2 )
where, Ao and A. are the operating wavelength and the
cutoff wavelength, respectively.

To investigate the efficiency of the proposed T
junction in Fig. 1 (a), the simulated Si1; was compared in
four cases (as shown in Table 1) and, as shown in Fig. 2
(a), the wedge-shaped groove and the trapezium taper
port reduce the electromagnetic reflection of the
waveguide. Among these characteristics, the introduction
of the wedge-shaped groove led to the greatest
improvement in impedance matching. Obviously, our
proposed T junction has a minimum Si; in the whole
working frequency band. Thus, the proposed design has
better impedance matching than the other three cases.

Port2 s

Port2
Wedge-shaped Bend
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A /2 wavelength

Portl phase transformation

(b)

Fig. 1. Configuration of the E-plane T junction
waveguide power divider: (a) a=2.54 mm, b=1.27 mm,
t=2.05 mm, and (b) overall geometry (R,=2 mm).
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Table 1: The different structure of waveguide power
divider
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Fig. 2. Simulated Si; of the power dividers: (a) with
different structure and (b) with different parameters.

The influence of the parameters of the wedge-
shaped groove and the trapezium taper ports were
studied by changing the values of s, m, and n. Figure 2
(b) illustrates the simulated Si; results of the antennas in
case 4. We found that the performance of the waveguide
was highly sensitive to changes in these parameters. The
optimized parameters of the power divider are shown in
Table 2, which were obtained by optimization using
HFSS15.1 software. Clearly, the Si1 curve represented
by Index 7 is optimal at 94 GHz.
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Table 2: The parameter scan

Parameter / mm

Index Symbol

s m n
1 —_ 0.7 0.6 0.6
2 —_ 1.1 0.6 0.6
3 — 0.9 0.5 0.6
4 — 0.9 0.7 0.6
5 o 0.9 0.6 0.5
6 — 0.9 0.6 0.7
7 —— 0.9 0.6 0.6

Figure 3 (a) gives the simulated S11, S21, S31, and
S23 of Fig. 1 (b). In the range of 90-100 GHz, S11 of our
design was less than -30 dB, S23 was about -6 dB and its
S21 and S31 were both at -3 dB. We found an excellent
impedance matching and a good power allocation of the
proposed power divider (Fig. 3 (a)). Figure 3 (b) shows
the phases of port 2 and port 3. We found that they were
nearly identical.
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Fig. 3. Simulated results of T junction waveguide power
divider: (a) S-parameters and (b) phase of the output
ports.

The current distribution of the waveguide power
divider is shown in Fig. 4. The wedge groove is used to
realize the E-field transition between the output port
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waveguide and the main waveguide and to maintain the
uniform distribution of E-field in two trapezium taper
ports.
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Fig. 4. Simulated E-field distribution at 94 GHz.

B. 94 GHz antenna design
The basic geometry of the proposed 94 GHz antenna

is shown in Fig. 5. Its radiation characteristics are
essentially a combination of the E- and H-plane sectorial
horns. Figures 5 (a) and (b) show the xz-plane (H-plane)
and the yz-plane (E-plane) of the pyramidal horn antenna,
respectively. The optimal gain calculated for this horn
antenna is proposed in [13]. The optimized parameters
of the horn antenna can be obtained by:
3622 362
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and are listed in Table 3.
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Fig. 5. The pyramidal horn antenna: (a) cross section of
the xz-plane and (b) cross section of the yz-plane.



Table 3:Dimensions of the horn antenna

Parameter | Length/mm | Parameter | Length/mm
A 25.06 R 65.57
B 20.06 R, 63.03
a 2.54 Lg 63.82
b 1.27 Ly 66.76
R 59.03 Ry 58.95

Figure 6 demonstrates the trend between radiation
pattern and length. In order to achieve a >20 dB gain
and >10° wider beam to improve the field of view (FOV),
the length of the horn antenna was reduced. The length
of RH was 40 mm, while the gain was greater than 20
dBi and HPBW is 9.4°n the E-plane. However, the
performance of a single antenna could not meet the
design requirements, so a dual-pyramidal horn antenna
with waveguide power divider was made.
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Fig. 6. The influence of length Ry on the proposed
antenna: (a) E-plane and (b) H-plane.

The application of the antenna is shown in Fig. 7.
H is the height of the antenna, and O, is the minimal
degree in elevation. In the test environment, the height
is fixed at a distance of 200 mm from the ground.
According to the half power beam width of the antenna,

the minimum detection range R, of radar is estimated
by:
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Rmin = H/tanemin- (3)

A wider beam could improve the FOV. The

maximum gain required by the radar prototype is greater

than 20 dB, therefore reducing the length of the horn

antenna would result in a reduction in gain, but we can

achieve a smaller physical size, wider beam width and
satisfactory gain.

Antenna

FOV
| Ruin ! )

Fig. 7. Scenario for radar detection on the road.

C. Flange and overall structure

Figure 8 shows the 3D structural model of the
proposed antenna. Considering that the interface of the
radar machine is a wave port, we integrated the design of
the antenna and the flange. The material used for the
entire structure was AISi/OMg and the model of the
machine was a SLM 125 Metal 3D Printer. The type of
flange was FUGP900. A 90° bend was used to connect
the waveguide divider and the flange.

(b)

Fig. 8. 3D structure model of antenna: (a) overall
structure and (b) flange.

I11. EXPERIMENTAL RESULTS AND
DISCUSSION
The proposed antenna was fabricated by 3D printing
technology. Figure 9 shows the photographs of the
fabricated antenna.
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Fig. 9. Fabrication of the proposed antenna.

Figure 10 (a) shows the measured Si; of the
proposed antenna. We found that the -10 dB impedance
bandwidth of the proposed antenna was 3.3% (92.77-
95.87 GHz). The antenna has another operating band of
3.4% (81.48-84.32 GHz), but this is not required. Figure
10 (b) shows the measured radiation pattern at 94 GHz.
The data reveal that the peak gain of the antenna is higher
than 21.2 dBi and the HPBW in E- and H-plane are 10.1°
and 2.3°, respectively. The wider E-plane beam has
advantages in obtaining higher azimuth resolution, while
the narrower H-plane beam provides more accurate
range resolution. All tests were performed in a microwave
anechoic chamber.

As shown in Fig. 11 (a), the antenna was then
assembled on a 94 GHz radar for application testing. A
metal triangular trihedral corner reflector (TTCR) was
used as a test target. The result of the test environment
without TTCR is shown in Fig. 11 (b). It was placed at a
distance from radar of both 6 m and 10 m. Figures 11 (c)
and (d) show the normalized one-dimensional range
profile of the reflector as measured by the radar. We
found that although the ground clutter and other objects
in the surrounding environment can create disruptive
signals, an obvious peak can still indicate the detection
of the target, providing evidence that our proposed
antenna works on the 94 GHz radar.
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Fig. 10. Measured results of the antenna: (a) S11 of the
proposed dual-horn antenna and (b) the radiation pattern
at 94 GHz.

Signal Processing

DC Source

14 14 o
IS o )
1 I

Normalized Intensity

e
N

e Lt

Distance(m)

(b)

{4
©
1

S
o
L

I
»
1

Normalized Intensity

|

0.0

Distance(m)

©



1.0

° ° °
» o (-]
1 1 E

Normalized Intensity

e
N
L

0.0
0 2 4 6 8 10 12
Distance(m)

(d)

Fig. 11. Experimentally measured and normalized
one-dimensional range profile of a metal TTCR. The
experimental environment and background radiation
measurement are shown in (a) and (b). Results at 6 m and
10 m are shown in (c) and (d).

IV. CONCLUSION

This paper describes the design and measurement
of an improved waveguide power divider for dual-
pyramidal horn antenna. The use of a waveguide power
divider allowed for good impedance matching and
matched phase for two output ports. The antenna showed
characteristics of high gain, directivity, and a wide beam.
The antenna structure created by 3D metal printing
technology was strong and stable. A peak gain of 21.2
dBi and 10.1° beam in the E-plane was achieved. The
performance of this design was also assessed in outdoor
tests. We believe this design is an excellent fit for 94
GHz automotive application.
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