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Communication
Wideband Multibeam SIW Horn Array with High Beam Isolation

and Full Azimuth Coverage
Lei Wang, Senior Member, IEEE, Qingbi Liao, Student Member, IEEE

Abstract—This paper presents a Ka-band multibeam SIW
horn array implemented in a single-layer planar substrate. By
conforming the array into a circular shape, the horn array covers
full 360◦ azimuth range with twelve beams. Every adjacent beam
overlaps each other at the half-power beam shoulders. A wide-
band matching is obtained with −10 dB reflection coefficients
from 27.5 to 38 GHz. By suppressing the side-lobe levels to be
lower than −20 dB, the mutual coupling between each SIW
horn is less than −45 dB from 28 to 38 GHz. With a thin
radiating aperture of 0.16λ, a stable realized gain of each beam is
achieved around 9.5 dBi, whereas it increases to 12.9 dBi when
there is a conducting reflector closely beneath it. Due to the
reflector, the main radiation directions tilt 30◦, which enables the
proposed multibeam antenna to be mounted on the ceiling while
maintaining the communication for multiple users below. Results
with a manufactured prototype well demonstrate the multibeam
performance both in simulation and measurement with good
agreement. In addition, it is compact and easy to be fabricated
with common PCB techniques, also suitable to be integrated
into microwave systems. It is promising for the application
in beam-switched, multiple-input multiple-output (MIMO), and
omnidirectional systems.

Index Terms—Horn array, multiple-input multiple-output
(MIMO), multibeam antennas, substrate integrated waveguide
(SIW), SIW horn.

I. INTRODUCTION

MULTIBEAM antennas in millimeter-wave (mm-wave)
bands have attracted intensive interests because of the

high data transmission rates, promising signal-to-noise ratios,
and outstanding spectral and energy efficiency [1]. Especially
in the fifth-generation (5G) wireless communication, multi-
beam antennas are used to realize the massive multiple-
input multiple-output (MIMO) technology, which significantly
outperform the conventional MIMO [2]. As in Fig. 1, a mm-
wave multibeam antenna is mounted in the center of a meeting
table to provide a broadband and full coverage for all users. As
a result, mm-wave integrated multibeam antennas with wide
band and low profile are in high demand.

Antenna arrays are one of the most common scenarios to
implement multiple beams, such as slot arrays [3]–[5], end-fire
magnetoelectric dipole arrays [6], [7], horizontal and vertical
taperes slot arrays [8]–[10], spoof surface plasmon polariton
arrays [11], monopole arrays [12] and circularly polarized
open substrate integrated waveguides (SIWs) [13]. Another
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Fig. 1. Illustration of a multibeam antenna providing full coverage.

key solution for multibeam antennas is to employ lenses [14],
[15], e.g., Rotman lenses were introduced with feed of SIWs
[16] and also used to feed slot arrays [17], [18]. Metallic
parallel-plate lens [19], [20] and Luneburg lens [21], [22]
were presented to obtain low ohmic loss and wide bands. A
cylindrical dielectric lens [23] and a spherical lens [24] were
also manufactured in print circuit boards and 3D printings.

Multibeam antennas with 360◦ coverage in the azimuth
plane are also popular. In [25]–[27], patch arrays were located
vertically in a circle for MIMO and provide omnidirectional
communication. A printed V-type dipole array was ultilized for
power-based vehicular localization [28]. A circular horn array
in tapered parallel plates was fed by reconfigurable SIWs [29],
with radiation beams steering in 360◦. A circular multibeam
antenna was demonstrated by using high-impedance surfaces
for full aimuthz coverage in [30], whereas three sector quasi-
Yagi antennas are proposed in [31].

However, most of the circular multibeam antennas men-
tioned before are too bulky to be integrated easily. For ex-
ample, the metallic parallel-plate horn arrays are difficult to
be integrated into planar systems. Instead, substrate integrated
horns with low profiles are good candidates for system integra-
tion [32]–[34]. Besides, mm-wave SIW horns provide another
degree of freedom as end-fire radiators for its radiation from
substrate edges [35]. Many interests focusing on SIW horns
have been pressed on the effort to increase the bandwidth [36]–
[40], to enhance the gain [41]–[45], to compose linear arrays
[41], [46]–[48] and to feed arrays [49]–[52].

In this paper, we propose a planar multibeam antenna array
in a circular shape with single-layer SIW horn elements. The
operating frequency is from 27.5 to 38 GHz. Twelve radiation
beams covering the full azimuth plane are investigated, and
each beam has a stable realized gain around 9.5 dBi. Between
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(a)

(b)

Fig. 2. Pattern requirement for multi-beam antennas with full coverage.

neighboring beams, the isolation is as low as −45 dB from 28
to 38 GHz. In the entire bandwidth, the side-lobe levels are
below −20 dB. Details of the paper are organized as follows.
The design of SIW horn element and the circular array is given
in Section II. In addition, an application example is discussed
with a ground plane under the multibeam antenna in Section
III. The experiment results are presented in Section IV and
conclusions follow in Section V.

II. ANTENNA DESIGN

As illustrated in Fig. 1, a planar antenna with twelve
beams provides communication for multiple users. Its radiation
pattern is required to cover the full azimuth plane and have a 3-
dB overlap between every adjacent beams. To realize the 360◦

coverage, each single beam should have a 2π/N half-power
beamwidth θb, where N is the total number of the beams and
the total number of the SIW horn elements.

A. SIW Horn Element

As shown in Fig. 2(a), SIW horns are constructed with
metallic via arrays, top and bottom copper layers, and a probe
feed in a single-layer print circuit board. As firstly proposed
in [44], tapered triangle strips are printed in front of the SIW
horn to improve impedance matching and front-to-back ratios.
Normally SIW horns are linear in aperture as Horn 1 shown
in Fig. 2(a). In this application, horns with aperture in circular
arcs (Horn 2) are utilized in a circular array. Fig. 2(b) shows
that both horns have 30% bandwidth in Ka band. However, the
frequency range shifts slightly in the circular aperture case.

To design a horn array antenna with full coverage by 12
beams, each element should cover 30 degree angular range.
The radiation patterns at 28, 30 and 36 GHz are plotted in Fig.

Fig. 3. Comparison of radiation patterns of SIW horns with linear or arc
apertures.

Fig. 4. Comparison of radiation patterns at 30 GHz of SIW horns with
different arc apertures.

3 for comparison on the horn aperture, in which both horns
have 3-dB beamwidth of 30◦. It is obvious that both radiation
patterns agree with each other from -30◦ to 30◦, but the arc
horn has lower side-lobe levels at all the three frequencies.

Furthermore, a further investigation of the arc shape on the
horn aperture is carried out with regard to the side-lobe levels.
Three SIW horns with different arc radius R from 30, 40 to
45 mm are compared in Fig. 4. With the same horn aperture,
the smaller radius of the arc aperture, the lower side-lobe
levels. By this advantage, horns with arc aperture have less
interference to adjacent horns, which will reduce the mutual
couplings between multiple beams in an array.

B. Circular Multibeam Array

Base on the discussion on the arc shape horn aperture, a
circular array of SIW horns with twelve beams is designed in
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Fig. 5. Structure of the proposed multibeam antenna.

Fig. 6. Radiation patterns of each beam at 30 GHz.

a RO4003 substrate. The permittivity of the substrate is 3.55
and the thickness h is 1.524 mm. As shown in Fig. 5, the
radius r2 of the circular substrate is 45.3 mm, whereas the
radius r1 of the horn is tuned to be 40.2 mm to realize a 30◦

beamwidth. The radius R of arc aperture is simply set to 40.2
mm too. To excite the TE10 mode properly, a feeding probe is
11.4 mm away from the substrate center, whereas the distance
r3 of shorted vias is 9.7 mm. In front of the horn, an extension
of substrate (5.1 mm) with printed triangular strips both on top
and bottom is added to improve the impedance matching as
in [44]. But the triangular strips are in an arc arrangement to
suppress side lobes.

C. Radiation Patterns

Fig. 5 is the structure of the multibeam antenna array, where
each element is named by number in the counter clock-wise
way. The radiation patterns are shown in Fig. 6, that each
horn element is excited individually. Each beam has the side-
lobes lower than −30 dB and back radiation lower than −27
dB. Moreover, every two adjacent beams overlap at −3 dB,
achieving a full azimuth coverage.

In addition, it is interesting that when all horns are working
simultaneously and excited with the same phase (in phase), the

Fig. 7. Radiation patterns of each beam at 30 GHz when all horns are excited
in phase or out of phase.

Fig. 8. Electric field distribution at 30 GHz when all beams are excited.

radiation pattern of the entire antenna turns into new twelve
beams, as the blue dash line in Fig. 7. The main beams are
narrowed to a half and pointing at 15◦, 45◦, 75◦, instead of
previous 0◦, 30◦, 60◦ in Fig. 6. Moreover, if all the horns
are excited out of phase, which means the feeding phase is
0◦, 180◦, 0◦, 180◦, ..., the radiation pattern is shown as the
red solid line in Fig. 7. It almost compensates the missing
coverage of the in-phase beams. Those new twenty-four beams
accomplish another full azimuth coverage too.

D. Electric Field Distribution

The electric field distribution at 30 GHz is plotted in Fig. 8,
in which all SIW horns are excited. It is found that the
electromagnetic fields are guided well out of the substrate and
there are blue regions between adjacent horns, which indicates
that the electric field of each beam is independent from each
other, leading to good beam isolation.

III. MULTIBEAM ARRAY WITH REFLECTOR

The main radiation beams of the proposed multibeam an-
tenna in Fig. 5 are horizontal (θ=90◦). However, in some
application scenarios like Fig. 9(a) where the antenna is
mounted on the ceiling but the users are beneath it, the beam
directions need to be adjusted as Fig. 9(b). To obtain such tilted
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(a) (b)

Fig. 9. Multibeam horn array with back reflector. (a) An application example,
(b) illustration of the antenna structure.

(a) (b)

Fig. 10. Radiation patterns at 30 GHz of the multibeam horn array with back
reflector. (a) E-plane at ϕ=90◦ varying rd, (b) H-plane at θ=60◦ varying rd.

TABLE I
REALIZED GAIN OF A SINGLE BEAM WITH REFLECTOR AT 30 GHZ.

Horns Horn w/o Reflector
Horn with Reflector

rd (mm)
55 60 65 70

Gain
(dBi) 9.5 11.8 12.4 12.9 13.3

beams, a reflector ground is mounted under the multibeam
SIW horns. The radius of the circular reflector is rd and the
distance below the antenna is hd.

A brief investigation of the reflecting effect is carried out
by varying the radius rd from 55 to 70 mm, maintaining
the distance hd as 1 mm. Fig. 10(a) demonstrates that the
E-plane beamwidths are narrowed significantly due to the
reflecting ground and the main radiation directions tilt from
θ=90◦ to θ=60◦. The radius rd of the reflector affects the E-
plane beamwidth too. Although the side lobe levels are raised
to −15 dB, the main H-plane beams remain the same. As
shown in Table I, with the reflecting ground, the realized gain
is enhanced from 9.5 to 12.9 dBi if rd=65 mm. However, the
−10 dB frequency band shifts around 2 GHz towards higher
frequencies due to the existence of the ground plane.

IV. EXPERIMENT AND RESULTS

An antenna prototype is manufactured as shown in
Fig. 11(a) using RO4003 substrate. A mini SMP connector
is used to feed the horn. Scattering parameters of twelve
ports are measured using vector network analyzer and the
radiation performance was measured in the anechoic chamber
at Hamburg University of Technology as Fig. 11(b).

(a) (b)

Fig. 11. Prototype of the proposed multibeam antenna and measurement setup
in an anechoic chamber.

Fig. 12. Reflection coefficients and port couplings of the proposed antenna.

A. Scattering Parameters

Because of the symmetry of the structure as shown in
Fig. 5, only the reflection coefficients of beam 1 to 6 are
shown in Fig. 12. The frequency band for |S11| less than
−10 dB starts from 27.5 GHz and ends at 38 GHz, of which
the fraction bandwidth is 32%. Because the manufactured
prototype has a different permittivity to the simulation model,
the measured bandwidth shifts to a higher frequency band.
This wide operating band suits both the two mm-wave bands
of n257 (26.5 – 29.5 GHz) and n260 (37.0 – 40.0 GHz) for
5G in 3GPP [53].

The mutual couplings are also examined in terms of scat-
tering parameters, which are the cross talks between beam 1
and beam 2 to 7 as shown in Fig. 12. It is observed that the
port isolation is as high as 45 dB from 28 to 38 GHz, which
makes each beams quite lowly correlated. This finding agrees
well with the beam isolation in full-wave simulation too.

B. Radiation Patterns and Gain

The radiation patterns of beam 1 is taken to present an
individual beam from 28 to 38 GHz. Fig. 13 plots the sim-
ulated and measured E/H-plane radiation patterns of a single
beam at several frequencies in the band as 28, 30, 32, 34, 36
and 38 GHz. The simulated and measured patterns agree well
with each other, especially the main lobes in the H-plane. The
measured side-lobe levels are all below −20 dB during the
entire frequency band. The outstanding radiation performance
a single beam predicts promising multibeam patterns as shown
in Fig. 6, which will not be repeated here.
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TABLE II
COMPARISON BETWEEN DIFFERENT TECHNIQUES AND TECHNOLOGIES TO FULL AZIMUTH MULTIBEAM ANTENNAS

Antenna Type
Center

Frequency
(GHz)

Bandwidth Beams Peak Gain
(dBi)

Side-lobe
Levels (dB)

Beam
Isolation

(dB)

Aperture
Height
(mm)

Vertical Patch Array
[26]

5.0 8.2% 6 5.48-8.45 ≈ −16 21.5 78.2

Vertical Patch Array
[27] 3.5 17.2% 8 ≈ 5.0 −6 20 126.8

V-Shaped Dipole
Array [28] 2.5 6% 8 1.8-2.5 −2.5 12 0.8

Parallel-plate Horn
Array [29] 5.0 26.2% 16 7.1-9.7 −15 − 64

Sector Quasi-Yagi
Array [31] 5.8 16.2% 3 5.0 −2 28 0.76

SIW Horn Array
(This work) 33 32% 12 9.5-10.5 −20 45 1.5

Fig. 13. Simulated and measured E/H-plane radiation patterns of a single
beam at 28, 30, 32, 34, 36 and 38 GHz.

Fig. 14. Gain and cross polarization of the proposed antenna.

Measured gain and cross polarization are compared with
simulation in Fig. 14. The measured gain is around 9.5 dBi
whereas the simulated one is around 10 dBi. The measured
cross polarization is below −22 dB whereas the simulated
one is below −35 dB.

V. DISCUSSION AND CONCLUSION

Table II compares the antenna performance of different
technologies applied to full azimuth multibeam antennas. It is

obvious that the proposed SIW horn array has the broadest
bandwidth with compact geometry. An extraordinary beam
isolation as high as 45 dB also highlights the SIW horn array.
Moreover, the low side-lobe levels (< −20 dB) and medium-
high gain over the whole band provide another advantage.

In conclusion, this paper introduces a planar multibeam
antenna array containing twelve SIW horn elements, and
generating twelve independent radiation beams. The proposed
antenna array covers full azimuth spaces without blindness
and has a low correlation between adjacent beams. Because
of the low profile, the antenna is easy to be integrated into
systems by multi-layer PCB techniques. For systems requiring
higher beam gain, multiple layers of the antenna can be
stacked together to increase the horn aperture and gain. Its
SIW structure constrains the electromagnetic waves well inside
the substrate, leading to a low electromagnetic interference
to other devices. As illustrated in Fig. 1 and Fig. 9(a), this
multibeam antenna could be utilized as mm-wave routers
mounted in the middle of a meeting room or applied to
emergency mm-wave communications of drones. It can also
be integrated on vehicles to estimate the direction of arrival
in autonomous driving systems.
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