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Abstract—A reconfigurable waveguide antenna array design
for the MIMO beamforming system is demonstrated in this
article, which is fed by the multilayer substrate integrated coaxial
line (SICL) feeding network. According to the design purposes,
the reconfigurable waveguide transitions and waveguide linear-
polarized/circular-polarized antenna arrays have high flexibility
to meet different requirements in beamforming applications.
The multilayer SICL feeding network could achieve wideband
performance for both the MIMO beamforming transmission and
receiving system for K/Ka-band. Both simulated results and
some preliminary experimental results are presented for the
demonstration.

Index Terms—multilayer, SICL, MIMO beamforming, satellite
communication

I. INTRODUCTION

The beamforming technologies are popular in modern com-
munication applications nowadays, which could use the phased
antenna array for its beam enhancement to compensate for
large propagation loss in high-frequency communications [1].
In recent years, beamforming designs with single-layer feeding
networks have been demonstrated in some articles [1] [2]
[3] with advantages in their simple structure and lower cost.
However, for a massive MIMO beamforming system, the
multilayer feeding network is promising to achieve multiple
inputs and outputs to provide flexible functions and multiple
beams. The SICL structure has advantages for the multilayer
feeding network of its low loss, wideband performance and
compact structure [4].

For a beamforming system, a linear-polarized antenna array
and a circular-polarized antenna array have their advantages
respectively. Some beamforming designs benefit to use the
linear-polarized (LP) antenna of its better cross-polar isolation,
lower cost, simpler structure and lower profile [1]. For satellite
communications, the circular-polarized (CP) antenna array has
its advantages in terms of polarization mismatch and multi-
path interference [5]. Therefore, depending on the different
design purposes and requirements, the waveguide transitions
and LP/CP waveguide antenna arrays are reconfigurable and
replaceable to achieve highly flexible functions. All the waveg-

uides share the same feeding network in the PCB, which are
easily installed and connected by screws.

In modern satellite communications beamforming technol-
ogy, to achieve K/Ka-band operation performance for the
separated uplink and downlink to reduce the influence and
interference [6]. The Rx and Tx are also usually frequency
separated to achieve a better downlink margin [7]. The re-
configurable waveguide transitions and the waveguide antenna
arrays will provide a promising solution to achieve better
wideband performance both for the K/Ka-band separated Rx
and Tx, instead of designing two whole systems for Rx and
Tx respectively with different dimensions. The reconfigurable
LP/CP waveguide structure will also provide flexible functions
and reduce the cost of manufacture, installation and mainte-
nance.

II. SUBSTRATE INTEGRATED COAXIAL LINE
BEAMFORMING FEEDING NETWORK

The SICL structure uses the two side rows of metallic vias
to reduce interference of resonance in the network to provide
a low loss and wideband performance in high frequencies [4].
The feeding network is based on the SICL power divider,
which is demonstrated in the article [4]. The SICL structure
and SICL power divider are shown in Fig. 1.

Fig. 1: SICL structure and SICL power divider.

The beamforming network is demonstrated in Fig. 2, the
reconfigurable waveguide transitions for K/Ka-band and the



reconfigurable waveguide CP/LP antenna array could be con-
nected by screws on top of the multilayer PCB feeding
network. It is easy to install and replace the reconfigurable
waveguide parts to meet different requirements for different
purposes. The phase and gain control section chips will be
installed at bottom of the PCB board. Fig. 3 shows the pre-
liminary layer stackup design of this multilayer PCB feeding
network design. It is challenging to manufacture a multilayer
PCB design, more considerations about the via and layout will
be helpful to reduce the cost and complexity of fabrications.

Fig. 2: The network of the beamforming system.

Fig. 3: The stackup of the multilayer feeding network PCB
design.

III. RECONFIGURABLE WAVEGUIDE ANTENNA ARRAYS

To meet the requirements to be applicable for a massive
MIMO beamforming design, the antenna array has its lim-
itation on dimensions. Every antenna elements have a size
restriction of 10 mm. The waveguide antenna array is fed by
the waveguide transitions, which will connect the waveguide
antenna array and the multilayer PCB feeding network by
screws. The linear-polarized waveguide antenna uses a stepped
ridge structure to improve the bandwidth, reduce the size
and help impedance matching [8], due to the ridge waveg-
uide structure providing a lower cut-off frequency for the
fundamental mode TE10. The horn waveguide structure is
designed to achieve higher gain [9]. The structure of a 2×2
LP antenna sample is demonstrated in Fig. 4 (a) and (b) with
all dimensions.

The simulated S-parameters of the 2×2 LP antenna array
are shown in Fig. 5 (a) and (b).The far-field patterns are
demonstrated in Fig. 6 (a), (b), (c) and (d).

The simulated gain is 14.3 dBi and the angular width (3
dB) is 34.9 degrees for the 2×2 LP waveguide antenna at 20

(a) (b)

Fig. 4: (a) 3D structure of the 2×2 LP antenna array and (b)
Top view of the 2×2 LP antenna array. The dimensions are L1
= 40, W1 = 29, a1 = 9, b1 = 4.5, w = 2, H1 = 8 mm, all in
millimeters.

(a) (b)

Fig. 5: Simulated S11 of 2×2 LP antenna array for (a) 20GHz
mode and (b) 30GHz mode.

(a) (b)

(c) (d)

Fig. 6: Co-polar far-field patterns of 2×2 LP antenna array at
20GHz at (a) XOZ plane and (b) YOZ plane; Co-polar far-
field patterns of 2×2 LP antenna array at 30GHz at (c) XOZ
plane and (d) YOZ plane.



GHz, the simulated gain is 15.7 dBi and the angular width
(3 dB) is 24.2 degrees for the 2×2 LP waveguide antenna
at 30 GHz. The main lobe direction of the antenna array will
depend on the phase difference of each antenna element which
is controlled by the phase and gain control sections.

For the waveguide CP antenna array, the triangular-shaped
stepped transform is adopted in this CP waveguide antenna
array to achieve a CP operation by a combination of two
orthogonal modes with equal amplitudes and 90-degree phase
shift [10] [11]. The theory of an orthogonal mode TE01 is
combined with the primary fundamental mode TE10, based on
the odd/even-mode analyses [11]. Meanwhile, an approximate
hexagon structure is adopted in this waveguide design to
achieve wider bandwidth and a lower profile [12] due to the
phase lag caused by its different guided wavelength in the
approximate hexagon structure. The structure of the 2×2 CP
waveguide antenna array is illustrated in Fig. 7 (a) and (b). The
right-hand/left-hand CP wave will be controlled by replacing
the reconfigurable CP waveguide antenna array to choose port
1/port 2 to be fed by the waveguide ports from the waveguide
transitions as Fig. 8.

(a) (b)

Fig. 7: (a) 3D structure of the 2×2 CP antenna array and (b)
Top view of the 2×2 CP antenna array. The dimensions are
L2 = 40, W2 = 34, a2 = 9, b2 = 4, w2 = 1, H2 = 34, all in
millimeters.

Fig. 8: The sketch of CP waveguide antenna ports.The dimen-
sions are A2 = 9, w2 = 1, a2 = 9, b2 = 4, all in millimeters.

The simulated S-parameters of the 2×2 CP antenna array are
shown in Fig. 9 (a) and (b). The right-hand antenna array far-
field patterns are demonstrated in Fig. 10 (a), (b), (c) and (d),
the left-hand antenna array far-field patterns are demonstrated

in Fig. 11 (a), (b), (c) and (d), the Axial Ratio is shown in
Fig. 12 (a) and (b).

(a) (b)

Fig. 9: Simulated S11 of 2×2 CP antenna array for (a) 20GHz
mode and (b) 30GHz mode.

(a) (b)

(c) (d)

Fig. 10: Far-field patterns of 2×2 CP right-hand waveguide
antenna array at 20GHz at (a) XOZ plane and (b) YOZ plane;
Far-field patterns of 2×2 CP right-hand waveguide antenna
array at 30GHz at (c) XOZ plane and (d) YOZ plane

The simulated gain is 13.1 dBi and the angular width (3 dB)
is 41.7 degrees for the 2×2 CP waveguide antenna at 20 GHz,
the simulated gain is 15.8 dBi and the angular width (3 dB) is
23.2 degrees for the 2×2 CP waveguide antenna at 30 GHz. In
a beamforming antenna array system, the gain and the main
lobe angular width will largely depend on the distance and
numbers of every antenna array element. The far-field pattern
of the 4×4 CP antenna array at the XOZ plane is shown in
Fig. 13 (a) and (b). The simulated gain is 19.7 dBi and the
angular width (3 dB) is 18.0 degrees for the 4×4 right-hand
CP waveguide antenna at 20 GHz, the simulated gain is 21.4
dBi and the angular width (3 dB) is 11.6 degrees for the 4×4
right-hand CP waveguide antenna at 30 GHz.



(a) (b)

(c) (d)

Fig. 11: Far-field patterns of 2×2 CP left-hand waveguide
antenna array at 20GHz at (a) XOZ plane and (b) YOZ plane;
Far-field patterns of 2×2 CP left-hand waveguide antenna array
at 30GHz at (c) XOZ plane and (d) YOZ plane

(a) (b)

Fig. 12: Axial Ratio of the CP antenna array for (a) 20 GHz
mode and (b) 30GHz mode.

(a) (b)

Fig. 13: Far-field patterns of 4×4 CP antenna array at XOZ
plane at (a) 20 GHz and (b) 30GHz.

The antenna array beam angle could be calculated from the
formula [13]:

φ =
2πd sin θ

λ
(1)

Where, φ is the signal phase shifting between each antenna
element, d is the distance from each element, λ is the wave-
length and θ is the beam angle.

The beam angle could be calculated as 13.1 and 8.7 degrees
at 20 GHz and 30 GHz respectively when the phase difference
is 60 degrees, which are familiar with the main lobe direction
from simulated far-field patterns in Fig. 14 (a) and (b).

(a) (b)

Fig. 14: Far-field patterns of 2×2 CP antennas array with 60
degrees phase difference at XOZ plane at (a) 20 GHz and (b)
30GHz.

IV. FABRICATED AND MEASURED RESULTS

To get some preliminary experimental results, the single LP
waveguide antenna and CP antenna are connected to the SICL-
to-waveguide transitions for 20/30 GHz modes respectively,
which are illustrated in Fig. 15 (a) and (b).

(a) (b)

Fig. 15: (a) Fabricated linear-polarized waveguide antenna
and (b) fabricated circular-polarized waveguide antenna with
SICL-to-waveguide transitions.

There are some preliminary experimental results about the
fabricated single LP/CP waveguide antenna. The measured
S11 of the LP/CP waveguide antenna is illustrated in Fig. 16
(a), (b), (c) and (d) for K/Ka-band respectively, the co-polar
and cross-polar measured far-field patterns of the single LP
waveguide antenna is shown in Fig. 17 (a) and (b) for K/Ka-
band respectively. The left-band/right-hand CP waveguide



(a) (b)

(c) (d)

Fig. 16: Measured S11 of (a) LP antenna for 20GHz mode;
(b) LP antenna for 30GHz mode; (c) CP antenna for 20GHz
mode and (d) CP antenna for 30GHz mode

(a) (b)

Fig. 17: Measured far-field patterns of single LP waveguide
antenna at (a) 20GHz and (b) 30GHz.

antenna far-field patterns are shown in Fig. 18 (a), (b), (c)
and (d) for K/Ka-band respectively.

The measured results demonstrated the wideband perfor-
mance for the LP/LHCP/RHCP waveguide antenna which
are fed by the SICL-to-waveguide transitions at K/Ka-band
respectively.

CONCLUSION

A recent investigation into K/Ka-Band MIMO Beamform-
ing phased antenna array with multilayer feeding network
has been presented in this article with both simulated and
preliminary measured results. The reconfigurable 2×2 waveg-
uide linear-polarized and left-handed/right-handed circular po-
larized waveguide antenna achieved wideband performance
both on K/Ka-band. The reconfigurable waveguide antenna
arrays provided flexible functions and are promising for the
massive MIMO beamforming system with hundreds of antenna

(a) (b)

(c) (d)

Fig. 18: Measured far-field patterns of left-hand single CP
waveguide antenna at (a) 22GHz and (b) 30 GHz; Measured
far-field patterns of right-hand single CP waveguide antenna
at (a) 22GHz and (b) 30 GHz.

elements in satellite communication applications, which are
fed by the K/Ka-band waveguide transitions and the substrate
integrated coaxial line multilayer PCB feeding network.
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