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Abstract: This paper presents a novel design of an eight-port directional coupler with a very compact
structure and simple manufacturing, working in the Ku frequency band. One of the main goals
of the design was to ease the manufacturing with a simple structure: the coupler consisted of four
rectangular waveguide input ports, four rectangular waveguide output ports, and a central coupling
region with only H-plane variation. A prototype was fabricated using additive manufacturing, with
a combination of 3D printing and silver coating metallization. The obtained performance showed a
theoretical bandwidth of 6.6% with 20 dB return loss for the input/output ports. Good agreement
between simulations and measurements was obtained, validating the proposed coupler as a good
trade-off for low cost 3D printing, compactness, and high performance for systems requiring a high
number of ports as in phase arrays or Butler matrices.
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1. Introduction

Power distribution networks at microwave frequencies are widely used in satellite communications,
radars, mobile systems, and measurement. Therefore, there is continuous research in this area for
proposing novel networks, with low losses, a small size, low weight, and great power handling,
that waveguide technology can offer [1]. The short-slot couplers are one of the most well-known
topologies for compact couplers [2]. They are traditionally designed with four or six physical ports [2-6],
playing a very important role in several microwave systems such as antenna feeders or Butler
matrices [7-9], since they provide several advantages related to low insertion loss, good isolation,
and high power handling capability. This kind of coupler can be used in beam-forming networks,
radars, or mobile communications, where it is necessary to feed antenna systems with several ports in
technologies such as 5G [10,11].

In several previous studies such as in [2] and [4], E- and H-plane couplers were designed with an
equal or arbitrary (i.e., non-3 dB division) power distribution. These couplers have four physical ports,
with one electrical port or mode at each physical port and with a 15% relative frequency bandwidth
measured at 25 dB of return loss. A dual-mode coupler was presented in [3] with square waveguides
coupled by a set of rectangular holes in the common wall of the arrangement. It had four square
physical ports, with two electrical ports (the two degenerated modes with vertical and horizontal

Electronics 2020, 9, 610; d0i:10.3390/ electronics9040610 www.mdpi.com/journal/electronics


http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0001-6161-5920
https://orcid.org/0000-0003-3909-8263
https://orcid.org/0000-0002-9595-3992
https://orcid.org/0000-0000-000-000X
http://dx.doi.org/10.3390/electronics9040610
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/9/4/610?type=check_update&version=2

Electronics 2020, 9, 610 20f9

polarization associated with a square waveguide) per physical port, obtaining 25 dB of return loss
with an 8.3% bandwidth. The work in [5] presented coupler designs in the H-plane. These couplers
have six physical ports, and for each physical port, one electrical port is considered, with an 8.4%
bandwidth and return loss level of 20 dB. A divider with six physical ports with a square waveguide
was proposed in [6]. Each physical port has two electrical ports, with 10% bandwidth and 20 dB of
return loss level. A more complicated arrangement distributing the ports in two dimensions with eight
physical ports was presented in [8], having one electrical port per physical port, with 18.5 dB return
loss level in a 2.3% bandwidth.

This paper proposes a new design of a 4 x 4 coupler (eight ports, with one mode per port)
in waveguide technology, using a very simple H-plane configuration, as can be seen in Figure 1.
The structure is based on the configuration in [2,5]. In this work, the short-slot topology is used
for the first time to design an H-plane eight-port directional coupler. The simplicity in the design
will be demonstrated with a 3D printed prototype, which is later metalized with a silver coating.
Besides, the full-wave analysis of the structure is very well suited for modern Computer-Aided Design
(CAD). Therefore, the validation of the design is performed with several CAD tools, using in-house
implementations of numerical methods like Mode-Matching (MM), as well as commercial software
(CST Microwave Studio). The proposed structure introduces another suitable configuration for couplers
with eight ports, with a good trade-off between fractional bandwidth, return loss, and isolation.

Figure 1. (a) Layout of the eight-port coupler. (b) Block diagram of the eight-port coupler with two
symmetry axes. (c) Fabricated part by additive manufacturing.

2. Theory and Design

The proposed coupler is presented in Figure 1. For the analysis and design, the structure was split
into several building blocks described as follows. The ports were standard rectangular waveguides
(WR-51 for this Ku frequency band) with 2 = 12.95 mm and b = 6.48 mm. Routing arms with H-plane
discontinuities in the waveguide width were used to transfer the signal from the input ports to the
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central coupling region. These elements were designed to have a coupling with the same transmission
to all the output ports. Considering the layout shown in Figure 1a, this meant that the magnitude
of Si1 and Si2 with j = 5, ..., 8, should be close to —6 dB, keeping the isolation Si1,j =234, and
Si2,j = 1,3,4, as low as possible. Since the coupler had two-fold symmetry and could be divided
into four equal parts, the analysis of the network was simplified, and the other S-parameters were
obtained by symmetry. In fact, considering the coupler symmetries in Figure 1b (planes AA” and BB’),
the analysis reduced to two-port structures with appropriate boundary conditions of a perfect electric
wall and a perfect magnetic wall at planes AA” and BB'.

For the design of the coupler, firstly, the structure was divided into two parts: routing arms and
the coupling region. Due to the coupler symmetry, Port 1 was equivalent to Ports 4, 5, and 8, while Port
2 was equivalent to Ports 3, 6, and 7. The routing arms of Port 1 were composed of several off-center
blocks. The routing arms of Port 2 were composed of several blocks and irises. The initial dimensions
of the routing arms of the coupler were based on the six-port coupler of [5]. Secondly, the connection of
the N = 8 routing arms coming from the ports of the coupler, as in Figure 1, was performed through a
coupling region with an initial width equal to a x N /2, where a was the width of the standard WR-51
waveguide of the ports. Hence, the initial width was 51.8 mm, allowing the propagation of the higher
order mode TEy in this coupling region. Finally, the dimensions for the routing arms and the coupling
region were optimized to fulfill the electrical specifications shown in Table 1, where it can be seen that
the design central frequency was set to 15.1 GHz (with a bandwidth of 1 GHz).

Table 1. General electrical specifications of the eight-port coupler.

Specifications Requirements
Number of Ports 8
Central Frequency  15.1 GHz Ku band
Bandwidth 1 GHz 6.6%
Return Loss <20dB
Isolation <20dB
Coupling Values 6.02+1dB
Interface Waveguide WR-51

Once the initial dimensions of the routing arms and the coupling region were defined, a suitable
cost function for the coupler structure to be optimized was found to be:
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where |S§O”l| is the theoretical magnitude of the scattering parameter to be achieved (from Table 1),
Sij is the scattering parameter obtained by full-wave simulation, and w;y are optimization weights.
The weights of the cost function (1) were set to w;; = 1, for the return losses (S11, S22) and considered
isolations (Sp1, S31, and Sy41) and wj, = 2, for the considered couplings (Ss1, Se1, S71, Ss1, Se2, and Syp).
N5 was the number of frequency points taken into account for the optimization, which could range
from three points in the first optimization iterations to a number as large as 10 in the last iterations.
An in-house software tool based on the MM method was used to obtain the full-wave simulation
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results. MM was used in a modular way to calculate the generalized scattering matrix of each building
block, which were later connected to achieve an overall response of [12-15].

The achieved structure and dimensions are shown in Figure 2. As can be seen, the lengths (L;),
widths (W), offsets (O;), and irises’ thickness (T) for Routing Arms 1 and 2, as well as for the coupling
region, were used as the variables in the optimization process. The dimensions in the figure are in
millimeters. Figure 3 shows the simulated return losses, couplings, and isolations of the coupler
considered in (1) for Port 1 and Port 2 (the value of the S-parameters for equivalent ports in the coupler
was the same because of symmetries). The final length of the coupling region after the optimization
was 1.9, and its width was 2.7A, where A was the free space wavelength at 15.1 GHz. The coupler
was validated by CST Microwave Studio prior to fabrication with additive manufacturing, showing
similar results to MM, as can be seen in Figure 3. Figure 4a,b show the electric field distribution in
the directional coupler, when it was fed with the TE;y mode through Port 1 and Port 2, respectively.
As expected, the electric field distribution of the TE4 mode in the central region of the problem can be
seen in the figure.
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Figure 2. Optimized dimensions in the coupler (mm): Length (L ), Width (W), Offset (O), and Thickness
(T) of the ports and the coupling region (showing one half of the structure).
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Figure 3. Simulated results of return losses, couplings, and isolations by Mode-Matching (MM) (solid
lines) and CST (dashed lines) considered in (1) for Port 1 and Port 2.
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Figure 4. E-field distribution of the coupler when it is fed by: (a) Port 1 and (b) Port 2.

Table 2 presents the simulated electrical performance of This Work (TW) compared with other
configurations of aperture type-couplers, considering relative Bandwidth (BW), return loss, coupling,
number of Physical (Phy.) and Electrical (Elec.) ports, and size. For the case of eight physical ports
with one mode per port, this work provides a very simple H-plane structure with enough bandwidth
for networks with eight ports.

Table 2. Comparison of different types of aperture-type couplers having diverse physical and electrical
ports. BW, Bandwidth; Phy, Physical; Elec., Electric; TW, This Work.

Ref. BW (%) ReturnLoss (dB) Coupling. (dB) No. of Phy./Elec. Ports Size

[4] 15.0 25.0 -3.01+£05 4/4 Low
[3] 8.3 25.0 -3.01£05 4/8 Low
[5] 8.4 20.0 —4.77 £ 1.0 6/6 High
[6] 10.0 20.0 —4.77 £ 1.0 6/12 Medium
[8] 2.3 18.5 —6.02£1.0 8/8 Medium
™ 6.6 20.0 —6.02 £ 1.0 8/8 Medium

3. Experimental Prototype with Additive Manufacturing and Results

Additive manufacturing [16,17] using plastic was used for the prototype implementation.
Since the 3D printed waveguide components were manufactured from plastic, they must be metalized
using either copper [16,17] or silver [18]. A 3D printer was used with Polylactic Acid (PLA biopolymer)
material. Given the fact that the ports were very close to each other, waveguide bends were added to
the ports to perform measurements. All fabricated parts were metalized by silver coating. The layer
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of the silver coating had a thickness of 2.0 um. Before metallization, all parts were cleaned using an
ultrasonic cleaning process to remove all dust and particles on the surface; then, isopropyl alcohol
was applied to eliminate grease and stains. The parts were flamed to increase the surface tension of
the substrate and the adhesion of silver coating. Subsequently, an activation solution was sprayed
on the surface to accelerate the initiation of the chemical reaction. Next, metallization solutions were
sprayed to create a silver coating on the whole surface. Finally, all parts were dried by air pressure to
evacuate the water film. Figure 1c shows the main printed part of the coupler prototype, fabricated
and metalized by silver coating. In this work, the fabrication of a prototype with a low cost and low
printing time was the aim. The procedure used in this work is shown in Figure 5.

Printed 3D
device

Clean parts by
means of
ultrasonic

process

- Alcohol applied
limi | grease
and stains

Parts flamed:
increase the
adhesion of

silver

Drying silver
Metallized coating in Silver coating
device metallized process
parts

Figure 5. Flowchart for the metallization process of the directional coupler.

S-parameter measurements were performed using a Keysight E5071C ENA series network
analyzer over the frequency range from 14.5 to 15.7 GHz. Figure 6a,b show the return loss for
Ports 1, 4, 5, and 8 and for Ports 2, 3, 6, and 7, respectively. The obtained return losses for each port
were very similar, although the manufacturing tolerances led to a deviation in the measured response,
especially in Ports 3 and 7.
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Figure 6. Experimental results for the return loss for the eight ports. (a) Ports 1, 4, 5, and 8. (b) Ports
2,3, 6, and 7. The numbering of the ports is shown in the inset of the figure. Simulation results are

presented with dashed lines.
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Figure 7a,b show the experimental results for the S-parameters associated with the coupling.
The dashed lines show the full-wave simulation response, and the solid lines show the experimental
response. The simulation results of the coupler took a bad contact between the lid and the structure
into account. This bad contact appeared in the manufactured device when there was no option to put
enough screws to tighten the main part with the lid, as happened in the coupling region of the present
design. The bad contact was modeled with a separation between the lid and the structure of 0.02 mm.

In order to see this effect, Figure 8 shows the simulations (results obtained with CST) of the
coupling between Ports 5 and 1 (Ss51 parameter), when the gap between the lid and the main body was
modified in steps of 0.01 mm. This type of effect was observed in other H-plane structures built with
the same approach of a body plus lid [19,20].

Each additional separation of 0.01 mm translated into approximately a 0.2 dB increase in losses.
The effective conductivity (nominal conductivity of the metallization including the surface roughness)
considered in the simulation in Figure 7 was 2.3 MS /m. Isolation of the coupler is shown in Figure 7c,
for Port 1 and Port 2. The results from the simulation and measurements showed a similar behavior,
validating this low cost additive manufacturing approach for prototyping.
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Figure 7. Simulated (Sim) results (taking the conductivity and space between the structure and the lid
of the prototype into account) and experimentally (Exp) measured parameters for: (a) Coupling Port 1;
(b) Coupling Port 2. (c) Isolation performance for Port 1 and Port 2.
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Figure 8. Simulation results of coupling S5 varying the gap between the lid and the main body in
steps of 0.01 mm.

4. Conclusions

A compact H-plane short-slot rectangular waveguide coupler with equal power division,
with four-input and four-output ports at the Ku-band, was designed and fabricated by additive
manufacturing technology in PLA with silver coating. A theoretical bandwidth of 6.6 % was achieved
with a return loss level of 20 dB. The simulated performance of coupling, isolation, and matching
was validated with an experimental prototype, where the tolerances of the low cost prototype
manufacturing were taken into account. The results showed the potential of the introduced structure
for systems requiring distribution networks with a high number of ports.
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