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Featured Application: The proposed transition enables the integration of 3D printing structures
and SIC, particularly an ESIW guide, allowing for the combination of both technologies and
manufacturing methods. As a result of this new transition, a wide range of diverse devices can
be produced, offering affordability, simplicity, and excellent outcomes.

Abstract: 3D printing is one of the most promising manufacturing methods in the most developed
technological fields, including microwave hardware fabrication. On the other hand, the well-known
manufacturing methods of planar substrate integrated circuits allow high-quality prototypes to be
made at low cost and with mass production capabilities. The combination of both manufacturing
methods, 2D or 2.5D (substrate integrated circuits) and 3D (3D printed structures), will allow us to
take advantage of the main strengths of each technology and minimise disadvantages. In this article,
for the first time, a transition structure between the Empty Substrate-Integrated Waveguide (ESIW)
technology—a planar waveguide integrated on a printed circuit board—and a standard rectangular
waveguide manufactured by 3D printing is proposed. This transition will make it possible to
combine planar circuits with 3D structures, thus taking advantage of the benefits of both types of
technologies. The fabricated prototype presents low losses (0.6 dB for the transmission coefficient
and 15 dB for reflection coefficient), good electrical response (very flat), and simultaneously good
mechanical stability and robustness to manufacturing and assembly errors. The proposed design for
this transition piece is easily realisable for a wide range of affordable 3D printers. Repeatability is
guaranteed and the proposed transition allows us to combine different SIC structures to 3D printed
circuits. Hence, this transition will enable advancements in the fabrication of microwave devices,
particularly with regard to satellite communications.

Keywords: transition; planar circuits; waveguide technology; 3D printing; empty substrate integrated
waveguide (ESIW); junction; substrate integrated crcuits (SICs)

1. Introduction

The first ESIW (Empty Substrate-Integrated Waveguide) was introduced in 2014 [1].
Later, the first Air-Filled Empty Substrate Integrated Waveguide (AFSIW) was also pro-
posed [2]. Since then, many passive devices have been implemented using these Sub-
strate Integrated Circuit (SIC) technologies due to their main features: low losses, good
electrical responses, compactness (footprint and volume reduction), and easy manufactur-
ing. Similarly, since the arrival of 3D printing, many microwave devices and structures
have been manufactured using some of the available 3D manufacturing techniques: FDM
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(Fused Deposition Modeling), SLA (Stereolithography), and SLS (Selective Laser Sintering),
among many others [3]. So far, the main applications of 3D printing in microwaves have
been focused on implementing flanges and launchers, with very stringent manufacturing
requirements [4,5]. Also, there have been some research studies on 3D manufacturing
components for SIWs [6-8], but not for ESIW or transitions that connect them to other tech-
nologies, although this type of transition exists for other technologies [9]. Several previous
attempts at approximating planar-to-3D transitions, as documented in references [10,11],
have shown very limited versatility, very low bandwidth, and often exhibit complexity and
high manufacturing costs. As both SICs and 3D printing techniques continue to advance
and mature, a method for merging both of them and assembling devices of both types
will be necessary to take advantage of the benefits of both technologies. In this article, the
first transition from ESIW to a rectangular waveguide manufactured with 3D printing is
presented. Therefore, it is for this reason that this transition will ease improvements in the
interconnectivity and interoperability among microwave satellite circuits, with a specific
emphasis on satellite communications, as elucidated in this article.

As discussed in [12], ESIW circuits are waveguides with discrete heights. Therefore,
the transition between the ESIW lines and printed 3D waveguide does not require any type
of adaptation circuit. In this particular case, the ESIW and the printed 3D waveguide are
exactly the same waveguide (7 and b are identical), and both of them are empty, so ey is
the same. Thus, the main challenge when implementing this type of transition is to ensure
good electrical contact between the planar circuitry and 3D structure. In this proposal,
electrical continuity is guaranteed through tin soldering. The proposed transition is easy
to solder, which guarantees good electrical continuity and, therefore, a good electrical
response. With a transition in these characteristics, a new range of possibilities opens
up that will allow us to design more advanced devices by exploiting the benefits of both
technologies (SIW [13] and 3D printed waveguides), while reducing their corresponding
weak points. The proposed transition in this article has been designed and experimentally
validated for the Ku-band frequency range [14]. The 3D part has been manufactured using
copper with a 3D printer using BDM (Bound Metal Deposition) technology.

2. Structure

The transition from ESIW to a rectangular waveguide is relatively simple from the
electromagnetic point of view, since the ESIW itself is a rectangular waveguide of reduced
height. Therefore, the main challenge in the transition proposed is not the matching of the
original propagation mode to that of the new structure (which in this case coincides), but
to ensure that the transition fully allows its propagation and transmission to take place
with the lowest possible insertion and reflection losses. The coupling between the two
rectangular waveguides —the planar waveguide (ESIW) and the 3D waveguide—will be
improved as the electrical contact in the long walls of both waveguides is optimised, since
in those walls the current changes direction constantly. Conversely, a lack of continuity in
the short walls would not impact the transmission of the fundamental mode because the
current along those walls is orthogonal to the propagation direction, making the connection
between those short walls less critical. On the other hand, it is essential to ensure precise
alignment of the waveguides, as small misalignments can result in unwanted reflections. To
summarise, the proposed 3D structure must ensure accurate alignment of the waveguides
when assembled with the planar circuitry, and provide physical access to the long walls of
both waveguides to allow tin soldering in order to ensure a very good electrical continuity.
As previously indicated [12], systems such as ESIW and waveguides belong to the same
category of transmission systems, obviating the requirement for signal adaptation between
them and phase discontinuities. Hence, with assured electrical continuity, the transitional
performance is expected to be satisfactory, as we can see in the simulation shown in Figure 1.
Furthermore, the welding must exhibit sufficient strength to forestall detachment of the
device from the remainder of the structure. In this study, the primary focus has been on
ensuring the feasibility of the transition in its simplest form. For future work, possibilities
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for weight reduction, volume minimisation, design simplification, and other aspects may
be explored. These objectives extend beyond the scope of this prototype and are going to
be explored once this prototype has been validated.
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Figure 1. Electromagnetic propagation in the lines across the transition.

2.1. Requirements

The 3D waveguide must ensure two essential aspects as shown before:

Precise alignment: The 3D waveguide must guarantee a precise alignment with the
planar waveguide (ESIW) to avoid deviations and unwanted reflections.

Adequate electrical connection with the ESIW feed: to maintain the electric field
confined within the waveguide and avoid mismatches and reflections.

2.2. Development of the Junction

Based on the above-mentioned ideas, four different structures for the transition are

initially proposed, which can be seen in Figure 2.

Full robust structure: good mechanical fit, but poor soldering due to the difficulty of
the soldering paste to flow into the gap, Figure 2a.

Structure with U-shaped aligning elements: easy weldering and sufficient mechanical
adjustment. Once soldered, the prototype is very robust thanks to the U-shaped
elements and the welding, Figure 2b.

Dowel pins as aligning elements: very easy weldering and sufficient mechanical ad-
justment with dowel pins. Using external elements, precision does not depend on
the resolution of the printer and precision rises. Because of the sintering process [15]
used to build the 3D part, deformations are higher than expected due to the circular
geometry for the dowel pins. Because of that, results are not that good but still good
enough. It is necessary to clarify that other 3D printing technologies do not depend
on the sintering process, which is why these results are included, Figure 2c.
Substrate fragments as aligning elements: very easy weldering and sufficient mechan-
ical adjustment with substrate fragments. Using external elements, precision does not
depend on the resolution of the printer and precision rises, Figure 2d.

With a completely solid structure like the one shown in Figure 2a, it may appear

initially that the aforementioned requirements are better met. However, if the transition is
manufactured in this way, it will not be possible to directly access the contact zone between
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the long walls of both waveguides, making it impossible to achieve good electrical contact
between them, as there is no way to ensure that the tin will penetrate enough into the
structure. Therefore, this structure (Figure 2a) was discarded in this work once fabricated
and measured in order to prove the above statement and the results of the measured
prototype evidence this. The U-shaped alignment elements, dowel pins, and substrate
fragments were selected because they ensure adequate mechanical fit and the connection
between the waveguides is fully accessible for performing the necessary soldering. For
the soldering to be effective, which is crucial for the operation of the transition, it is
important that the edges around the end of the feeding ESIW waveguides that face the
3D waveguide are fully metallised, as shown in Figure 3. Based on the manufactured and
measured devices, it has been ascertained that the device exhibits a notably high level of
mechanical resistance, largely attributed to the quality of soldering. As such, this particular
component does not pose any concerns in any conceivable scenario. The soldering integrity
surpasses that of the ESIW circuit, positioning the power circuit as the primary vulnerability.
Furthermore, in the specific context of the U-shaped alignment structures, their robustness
is even more pronounced.

Dowel pins

(a) Completely solid structure. (c) Dowel pins.

1\— Substrate fragments

U-shaped

(d) Substrate fragments.

(b) U-shaped alignment structures.

Figure 2. Development of the proposed transition.

To validate the transition experimentally, a back-to-back prototype of the proposed
device was manufactured. The prototype was fed with microstrip lines that will connect
it to the Vector Network Analyzer (VNA) for its characterisation. To complete the back-
to-back prototype, two microstrip-to-ESIW transitions were added to both the input and
output ports. Finally, the prototype was completed with two twin versions of the ESIW-to-
3D waveguide transition (see Figure 3), which is what we intend to validate in this work.
Figure 4 depicts the structure of the back-to-back prototype used to validate the proposed
transition, with the top covers of the feed ESIWs omitted to show all elements in detail.
The performance of the back-to-back transition was initially validated through simulations,
which were also used to assess the resilience of the proposed solution against possible
manufacturing inaccuracies.

All the simulations were carried out with the full-wave simulator CST Studio Suite v21.
Hereinafter, the metal piece will be referred to as a 3D guide, and the feed circuits as
ESIW circuits.
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Figure 3. Feeding line: a 3-layer ESIW prototype ended in an open waveguide with metallised faces.
Yellow material is copper and light brown is Rogers 4003C.

3D part
U shaped edge , U shaped edge
Taper — B
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| j. S
| Microstrip
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Figure 4. Development of the transition.

3. Assembling Procedure

The assembly between the ESIW circuits and the 3D guide must be achieved following
this procedure:

1. Sand the faces of the 3D guide that will be soldered with the ESIW circuits. By sanding
these surfaces, irregularities are reduced, allowing a better welding.

2. Align the ESIW circuits with the 3D guide using the alignment axes or external
elements for dowel pins and substrates fragments as alignment elements. These
should be tightened as much as possible to minimise the gap between the components.

3. Apply solder paste to the joint area of the 3D guide and the ESIW circuits, and heat
with a soldering iron unit (welder) until it melts. The adjustment should be made
before the application of the solder paste to prevent tin from leaking inside the guide.

4. Wait for the soldering paste to cool.

5. Repeat for the other feed line.

It is critical that connectivity between successive components is guaranteed. To prevent
solder paste from seeping into the cavity, thus worsening the response, vertical welding
orientation is recommended. Otherwise, it would not be possible to insert the ESIW circuit.
To reduce manufacturing errors, it is advisable to minimise this gap as much as possible
within the constraints of the 3D printing system used.

4. Error Sources

To study the robustness and error tolerance of the proposed device, several simulations
have been carried out. The main area where sources of errors that can be corrected have
been detected is in the assembly zone between the 3D guide and power lines. Errors are
drastically reduced by minimising the inevitable assembly gap, as previously mentioned.
In Table 1, all identified error sources are summarised.
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Table 1. Table of summarised error sources.

Source Effect Importance
Mismatching Losses Low
Rotation Losses and frequency High
resonance peaks
Tin pouring Losses Low
Deformations Unpredictable Unpredictable
Combination Unpredictable High

4.1. Mismatching Connections

When welding the different parts of the circuit, it is very complex to perfectly align
ESIW circuits with the 3D guide, as shown in Figure 5. This displacement between the
guides is not very critical, the device is quite robust to these displacements; in fact, consider-
ing slight movements of 50 um in both axes (X and Y), the losses are below 1 dB throughout
the working band.

Figure 5. Mismatch between the feeding line and the printed part. The alignment U-shaped structures
have been omitted in this picture in order to show this effect better. Black arrows show the directions
of the displacement.

4.2. Rotation

This effect is the most critical one. The performance of the device degrades rapidly as
the angle of the power lines increases with respect to the 3D guide. The rotation affects all
axes, as shown in Figure 6. This effect can be explained by the electric field polarisation; a
small angle forces the electric field to change direction in order to propagate. The rotation
effect of both power lines with respect to the 3D guide shows losses below 1 dB for angles
with values below 1.9°. Significant rotation angles produce different resonance peaks
displaced in frequency, and with different amplitude values depending on the particular
angle value.

7,
%

— \

*\\\“

(a) Rotation in X—Y plane (angles can be different in
each side of both feeding lines).

(b) Rotation angle in Y—Z plane.

Figure 6. Rotation error. The alignment axes have been omitted in this picture in order to show this
effect better.
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4.3. Welding Effect-Tin Pouring

When welding, the solder paste used to join the feed lines and the 3D guide may
partially seep inside or not seep at all, and depending on the gap between them, the
amount of tin seeped inside will be higher or lesser (see Figure 7). This results in slight
losses depending on the amount of tin that has seeped in (see Figures 8 and 9). If the
adjustment between the power lines and the 3D guide is well done, the effect produced by
the small gap is completely negligible.

@

3D Union @ Feeding line

a ©

3D Union @ Feeding line

@

Figure 7. Sectional view of overflowing tin. Tin (purple) pours inside the gap between the junction
and the feeding lines, it penetrates a greater or a lesser amount in the gap. Three different cases have
been considered: (1) soldering paste does not pour inside (nopour ), (2) soldering paste pours a bit
(perfect), and (3) soldering paste pours inside the waveguide (pour). The alignment axes have been
omitted in this picture in order to show this effect better.
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Figure 8. Soldering paste effect (S21): no pour, perfect, and pour.
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Figure 9. Soldering paste effect (S11): no pour, perfect, and pour.

4.4. Deformations due to 3D Printing

Depending on the technology used to print the 3D guide, the piece will suffer de-
formations, bends, and other negative effects. For instance, the sintering process [15] is
required for the manufacture of this prototype. This process heats the part to very high
temperatures, causing it to compress and deform (which can be partially compensated), as
well as other possible undesired effects.

4.5. Combination of Different Errors

Individually, each error has a limited impact on the prototype behaviour. However,
the combination of these errors can degrade its performance significantly. Therefore, it is
crucial to design an alignment system that fit the power lines and the 3D guide as precisely
as possible. By minimising these errors, most of the previously mentioned degradations
will be reduced, excluding those caused by unpredictable deformations in the 3D guide.

5. Discussion

A back-to-back prototype for Ku-band has been manufactured. The metal piece has
been printed using high purity copper (99.9%) and the power lines have been manufac-
tured with Rogers 4003C for the central layer and FR—4 for the covers. All the involved
geometrical parameters are collected in Table 2, and their meaning can be seen in Figure 10.
The parameters a and b are determined by the ESIW guide, and Gap depends on the total
height of the power circuits. The parameter Lms does not impact the behaviour of the
transition, so this length can have any value. In this case, the length chosen matches
with the length of the calibration kit used to discount the effect of the microstrip lines on
the measurements. Wms is determined by the selected input impedance, the operating
frequency, and the substrate used to manufacture the microstrip line. The rest of the pa-
rameters do not affect the electrical response of the prototype and can be freely chosen in
order to optimise manufacturing time, reduce the amount of material used, provide greater
robustness, etc.
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(a) Front view of designed 3D guide with dimensions. (b) Lateral view of designed 3D guide with dimensions.

Figure 10. Geometrical dimensions of the prototype.

Table 2. Table of geometrical parameters.

Parameter Value Parameter Value
a 15.7988 mm Widthsp 36.71 mm
b 0.966 mm Longzp 46 mm
Lug 20 mm Width 3.85 mm
Lyeed 25 mm Gap 3.07 mm
Lis 25 mm Wall 2.8 mm
Wins 1.82 mm Weed 30.40 mm
Waid 7.29 mm Weed2 20.80 mm
L, 8 mm

Figures 11 and 12 show four different responses: the ideal back-to-back simulation
(Ideal) and the three different responses of the fabricated devices with the different aligning
elements (pins, substrate, and u-shaped). The prototype has been measured with the Anritsu
MS4644A 2-port Vector Network Analyzer (VNA) and calibrated with a custom TRL (thru-
reflect-line) microstrip calibration kit. This kit is designed for the Ku-band and the substrate
used for both ESIW circuit central layers. This calibration moves the reference measurement
plane to the beginning of the microstrip-to-ESIW transition, avoiding the losses introduced
by the microstrip lines and the coaxial connector. Therefore, the measurements will show
the back-to-back response of the microstrip-to-ESIW transition and the ESIW-to-3D guide
transition (which is what is really intended to be evaluated). Consequently, the measured
results will always be worse than those of the ESIW-to-3D guide transition alone. The
observed degradation both in the simulated and measured responses is mainly due to
the non-ideal response of the microstrip-to-ESIW transitions, which had to be included
in order to measure with the VNA, and could not be eliminated with the calibration kit.
As shown in Figures 11 and 12, in the worst-case scenario, losses do not exceed 1 dB for
substrate and U-shaped aligning elements and around 1.5 dB for dowel pins, while in
the best-case scenario they approach 0.4 dB. This response is relatively flat, and losses
increase as the frequency rises, which is a typical characteristic of most manufactured
prototypes. The reflection coefficient is almost always below —15 dB. The discrepancies
between the measured and simulated results are considered to be minimal. As a result, the
proposed fabrication and soldering method delivers a response that is very close to the
ideal simulation case, thereby confirming the validity of the proposed transition and its
manufacturing process.
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Figure 11. Transmission coefficient (S21) of various structures of SIW-to-3D waveguide transition:
pins, substrate, u-shaped, and ideal.
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Figure 12. Transmission coefficient (S11) of various structures of SIW-to-3D waveguide transition:
pins, substrate, u-shaped, and ideal.

The final prototype and its parts can be seen in Figure 13. The device functions
correctly and can be utilised to integrate 3D components with planar circuits, such as filters
and antennas. The 3D guide has been fabricated in copper, although other alternatives
could be considered to reduce costs or minimise losses. For example, the 3D parts could
be manufactured in cheaper polymers or metals , and then metallised afterwards with a
good conductor layer. Manufacture characteristics of the 3D printed part can be seen in
Figure 14. Thanks to the ESIW-to-3D waveguide transition presented in this article, some
of the transition from planar lines to ESIW [16-18] can be used to connect these planar lines
to 3D structures, such as 3D printed antennas [19], without the need of flanges, and with a
good electrical performance. It allows us also to connect with different Ridge waveguides
devices (antennas, dividers, etc.) [20-25]. Additionally, this device can benefit from both
manufacturing techniques SIC [26] and additive manufacturing [27,28].
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(a) Feed line. Some fencing vias have been
added in order to avoid metallisation problems
inside the waveguide.

(b) Printed part.

(c) Full assembled prototype with removable connectors.

(d) Printed part (Dowell pins). (e) Printed part (Substrate).

(f) Printed part Dowel pins detail. (g) Printed part substrate detail.

Figure 13. Parts of the prototype and integrated structure.
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Cgppgr MATERIAL-METAL

87.54g|15.12 cm?

MATERIAL-INTERFACE

0.18 g | 0.09 cm?

PRINTING TIME (EST}

14h 48m

DEBINDING TIME (EST)

10h 29m

SINTERING TIME (EST

42h Om

GREEN PART MASS

87.72¢g

. BROWN PART MASS
84.689

FINAL PART MASS

63.48 g

Figure 14. Manufacturing characteristics of the 3D part. The estimated cost of copper is USD 16.23.

The comparison with other transitions can be observed in Table 3, noting that the
compared devices are quite different from the one proposed in this article since it is the first
of its kind. Therefore, this comparison serves more as an overview of current transitions.
The proposed transition is easy to manufacture and design, works with very low losses
in the operation bandwidth, and connects two technologies that could not be connected
easily until now. As we can observe, the proposed transition exhibits very minimal losses.
In fact, it stands as the best in terms of losses. Furthermore, it seamlessly adapts to other
frequencies by adjusting the values of a and b without the need for optimisation, in contrast
to the other ones. In terms of bandwidth, it perfectly covers the entire bandwidth of
the WR-62 standard for waveguides, and if necessary, it is possible to cover very wide
frequency bands, for example by incorporating the ridge section.

Table 3. Comparison performance with other transitions.

Ref. Figure of Merit Frequency Band Transition Complexity
[9] Ty =250 us, Q; = 11.2-10° dB 3-17 GHz Stripline-3D cQED High
[29] I} (dB) =0.83dB, R;=21dB 26-40 GHz MS-ESIW Medium
[5] I; (dB)=2dB,R;=8dB X (8-12 GHz) MPRWG-DiRWG Very High
[10] I; (dB)=0.95dB, R;=15dB 33-36.7 GHz SIW-Rectangular Waveguide Very High
This work I} (dB)=0.6dB, R, =15dB Ky (12-18 GHz) ESIW-3D Low

6. Conclusions

The device presented in this article exhibits strong performance as a transitional
component from planar technology to 3D-printed components. It demonstrates minimal
signal losses, typically below 1 dB, even when considering the introduction of microstrip-to-
ESIW transitions, which were incorporated solely for the purpose of VNA measurements.
The device’s ease of fabrication and assembly, coupled with its potential for fostering the
development of fully integrated 3D structures and planar circuits, enables the seamless
integration of SIC technologies with 3D printed components. Furthermore, its resilience
against manufacturing errors and compatibility with a range of readily available, cost-
effective 3D printers ensures repeatability. This method can also be applied to waveguide
sizes across various frequency ranges. Moreover, the robustness of the soldering process
prevents deformation or detachment of the device post-soldering. In the context of future
advancements, this prototype serves as a foundational platform for creating more intricate
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devices and geometries previously considered unattainable using SIC manufacturing
techniques. This will enable smaller-scale laboratories to manufacture these devices without
the need to invest in expensive fabrication equipment or similarly costly high-performance
devices. Examples of such prototypes encompass high-quality filters, dividers, couplers,
and horn antennas, to name a few. While the current device boasts robustness, it remains
a compelling avenue for future research to subject the device to thermal and mechanical
stress conditions to further its characterisation, as well as some other improvements that
are going to be considered once this prototype has been validated.
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