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Wideband Microstrip to 3-D-Printed Air-Filled
Waveguide Transition Using a Radiation Probe
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Abstract—1In this letter, a novel wideband microstrip to
additively fabricated waveguide transition is presented. The
proposed design takes advantage of the flexibility of 3-D printing
to realize a highly integrated transition from the microstrip line
on a printed circuit board (PCB) to an air-filled waveguide
using an additively manufactured radiating probe. The idea
is experimentally verified by the realization of an exemplary
transition working within the X-band at f; = 10.5 GHz. The
measured performance of the back-to-back transition proves
its usefulness and possibility of utilization in highly integrated
PCB-waveguide circuits. A PolyJet printing technology with
copper electroplating was used in combination with PCB on
microwave grade laminate. A bandwidth of fy/f, = 1.8 was
obtained with the impedance match better than 9.5 dB and
in-band insertion loss per transition below 1.1 dB.

Index Terms— Additive manufacturing, printed circuits, tran-
sition, waveguide and PCB integration, X-band.

I. INTRODUCTION

RANSITIONS from waveguide to microstrip are widely

discussed in the literature since they allow the integration
of waveguide structures with the majority of RF circuits
designed by using the microstrip technique. There are two
main configurations of the transitions i.e., longitudinal and
vertical ones. Most of the longitudinal transitions require
the insertion of the microstrip-line part into the waveguid-
ing structure [1], [2], which limits their use and makes the
PCB-waveguide integration more difficult. On the other hand,
vertical transitions [3], [4] enforce the perpendicular orienta-
tion of the microstrip and waveguide, leading to integration
limitations. Recently, an air-filled waveguide, integrated with
the PCB by sharing the common metal plane, which on one
side serves as a ground plane for the microstrip transmission
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line and on the other side as one of the walls of the waveguide,
has been proposed [5] as an alternate to the above arrange-
ments. Apart from low-cost manufacturing, low weight, and
high compactness, a great advantage of such realization is the
ease of integration of low-loss passive waveguide/microstrip
and active microstrip components. Thus, the development of
a compatible transition from one guiding structure to another
is of great importance.

In this letter, we propose a wideband microstrip-to-
waveguide transition that exploits to a great extent the
3-D-printing fabrication with selective metal deposition and
exceeds the bandwidth capability of one in [5]. To launch
the EM wave into the waveguide, a radiation probe, pro-
truding from the microstrip line, is introduced at an offset
from the shorted end of the waveguide and the open end of
the microstrip line. Moreover, the probe is proposed to be
embedded in a U-shaped waveguide part that is 3-D printed
and selectively metalized to leave a nonconducting gap from
the bottom wall. The radiating probe feeding was proven to
provide a broadband response in an all-metal waveguide to
coaxial transitions, and thus, similar benefits are expected here.
Such compact transition complements the benefits of the inte-
grated low-loss waveguide realization. The presented approach
was experimentally verified at X-band by measurements of a
fabricated exemplary transition in back-to-back configuration
confirming its usefulness.

II. MICROSTRIP-TO-WAVEGUIDE TRANSITION USING A
RADIATION PROBE

A general drawing of the proposed microstrip-to-waveguide
transition is shown in Fig. 1. Its construction is derived
from a right-angle E-plane coaxial line to waveguide tran-
sition. The transition is composed of a printed circuit board
(PCB) with at least two layers of metallization, hosting the
microstrip line, and a metal-coated plastic 3-D component,
hosting the waveguide. The ground plane of the microstrip
line on the bottom part of the laminate serves at the same
time as the top metal wall of the waveguide. The transition
from one guiding structure to another is realized through a
radiating probe that is an integral part of the plastic 3-D
component with partial metallization on its upper half ().
The probe is in direct (galvanic) contact with the microstrip
line. Two contact planes can be used for a more reliable
connection, i.e., a horizontal one at a via-connected pad (d>)
with isolation ring (d3) located on the ground plane side and
a vertical one at via wall the hole (d;) of which it accepts a
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Fig. 1. (a) Three-dimensional view, (b) top view, and (c) side view of the

proposed microstrip-to-waveguide transition along with marked parameters.

corresponding size probe extension. Moreover, the microstrip
line is loaded at one end with an open-ended stub, which is
necessary for impedance matching, while the waveguide is
loaded with a short, both at a given offset from the probe.
The microstrip linewidth wys is selected in a way to ensure
a given characteristic impedance (here 50 Q) considering the
dielectric stratification. Offset lengths /; from the waveguide
end short and /; from the microstrip end open along with the
radiation probe length /i, (metalized part of the post) affect the
transition’s center frequency and bandwidth. It is worth noting
that depending on the waveguide cross section, the wave
impedance varies and so does the electric field distribution
for which the probe is being tuned. Initial values for /; and &,
can be calculated using the rule-of-thumb formulas for right-
angle waveguide-to-coax transitions with extrapolation onto
l>. In such a case, the distances from the waveguide back-
short to the probe and from the probe to the microstrip open
are assumed to be equal [; = I, = A/4 @ f,, whereas for
the probe length, h; = 3/16 A @ fy. The probe diameter
d, minimal size must ensure the mechanical integrity of the
printed post. Notably, an opening in the waveguide‘s wall is
present where the printed post attaches to the shell, which
when too large may introduce additional radiation losses.
Moreover, the radiation probe is established on a dielectric
post the presence of which it affects the E-field distribution.
For a lossy material, this might be a source of additional
dielectric loss, especially when considering increased E-field
concentration in this area. To mitigate the above, the metalized
part of the post might be kept at a minimum diameter or
enlarged, while the nonmetalized support kept at a minimum
diameter to reduce losses. In the next step, /; and h; are to
be fine-tuned together with [, and, if necessary, with d, to
optimize impedance matching and bandwidth of the transition.

A hybrid fabrication is intended for the proposed transition
and by extension, circuits integrating it, i.e., the waveguide
part can be manufactured in a two-step process: 3-D printing
out of plastic, followed by selective metallization (masking
and peel-off technique can be used as in, e.g., [6] and [7] to
obtain metal probe of a given penetration depth into the cross
section of the waveguide).
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TABLE I

DIMENSIONS FOR AN EXEMPLARY MICROSTRIP-TO-WAVEGUIDE
TRANSITION USING A RADIATION PROBE OPERATING IN THE X-BAND

Variable |Value (mm)| Variable |Value (mm)
Wnis 1.16 Asup 0.51
d 2.00 A 6.70
dp 2.00 b 7.40
ds 2.60 h 4.87
[Wag 22.86 Nug 10.16

III. EXPERIMENTAL RESULTS

To validate the proposed concept, an exemplary transition
was designed to operate within X-band at the center frequency
fo = 10.5 GHz. A standard WR-90-sized waveguide geometry
was used. The waveguide was integrated through its broad
wall with a double-sided PCB on a 20-mil-thick Taconic
RF-35 laminate (Dk = 3.5 and tand = 0.0017). The radiating
probe diameter d» was chosen as a tradeoff between sufficient
mechanical stiffness and ease of mating with a 50-Q line
of width wpms. Moreover, slot diameter dz in the PCB‘s
ground plane was chosen as a tradeoff between minimizing
radiation outside the waveguide and fabrication tolerances
to avoid shortening the probe to the ground. Having fixed
the above, one needs to find lengths I}, [, and h;. For
the sake of this design, a numerical optimization using a
full-wave EM model was applied to obtain an impedance
match better than 10 dB for the entire waveguide‘s TE10
mode optimal bandwidth (8.2-12.4 GHz). The circuit was
simulated in the microstrip-to-waveguide configuration using
Ansys HFSS software and the results are shown in Fig. 2, while
the final transition geometry is listed in Table I. The upper
resonance can be attributed to the waveguide back-short, while
the lower one can be attributed to the microstrip open stub. The
transition operates within 7.8-12.9 GHz (fy /fr ~ 1.65) with
an average insertion loss of 0.18 dB per transition (bulk copper
waveguide wall, no contact resistance between waveguide and
PCB metals, lossless post dielectric, and lossy laminate). The
lossy dielectric of the radiation probe‘s post adds an extra
~0.04 dB of loss, while opening in the bottom waveguide
wall has a neglectable impact.

The manufacturing process requires the fabrication of two
parts that are assembled afterward, namely, PCB and 3-D shell.
The PCB was fabricated using the LPKF ProtoMat E33 CNC
milling machine. On the other hand, for the fabrication of
the U-shaped waveguide part with radiation probe, additive
manufacturing was employed by combining 3-D printing in
polyjet technology using high-resolution Stratasys Objet 260
Connex 3 machine out of FullCure Vero White resin (estimated
Dk ~ 2.8 and tand ~ 0.01) followed by selective copper
coating. The model was oriented for 3-D printing so that
no support material would touch the three internal walls of
the waveguide, ensuring a smooth surface leading to lower
conductor losses. After that, to mask the part of the probe
that is not to be coated, a precut Kapton tape was temporarily
attached before metallization. The electroplating process was
used after coating the parts with conductive paint, to grow
roughly a 5-um-thick copper layer.

An important aspect of the integrated microstrip-waveguide
assembly, apart from the elements® alignment and mechanical
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Fig. 2. EM simulated S-parameters of the designed transition operating in
the X-band. Port #1 is the microstrip side, while Port #2 is the waveguide
side.

Fig. 3. Photographs of the fabricated X-band microstrip-to-waveguide
transition in the back-to-back configuration: (a) copper-printed waveguide with
radiating probe and (b) full assembled stack up with PCB*s top view.
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Fig. 4. S-parameters of the demonstrator in back-to-back: measured (solid
lines) versus EM data (dashed lines) with TPL overlaid. TPL includes the
coax-to-MS launchers loss.

integrity, is to ensure low-resistance contact between PCB‘s
ground plane and metalized waveguide top flanges. To mit-
igate this issue and reduce the number of factors affecting
the transition’s performance, screws were used to clamp the
assembly using dedicated through-holes. Moreover, a low-
resistance contact is required in the region where a via-pad
on the microstrip line connects to the metalized part of the
plastic post effectively exciting the probe. This can be ensured
by press-fitting the post extension or adding extra solder of
conductive adhesive.

Photographs of the manufactured exemplary X-band tran-
sition in the back-to-back configuration are shown in Fig. 3,
whereas the measurement results are shown in Fig. 4. The
circuit was measured using the Agilent PNA N5224A Vector

TABLE II

SUMMARY OF THE PROPERTIES AND PERFORMANCE OF VARIOUS
STATE-OF-THE-ART MICROSTRIP-TO WAVEGUIDE TRANSITIONS

Feed vs. |,. Loss per |BW*| WG fabric.
PCBvs WG WG Vias transitl())n# filfi proc. WG
[8] | Separate | Parallel | yes <1dB >1.5 |Metal milling| WR-90
[9] | Separate Inline | no <1dB 1.1 |Metal milling| WR-12
[10]| Separate |Perpend.|yes| <1.4dB 1.2 |Metal milling| WR-28
[2] Separate Inline | no | <09dB 1.5 |Metal milling| WR-90
[5] | Integrated | Parallel | no | 1.5dBavg. | 1.4 Caned 3D WR-90
printed
[11]| Separate Inline | no | <0.4dB 1.5 |Metal milling| WR-10
[12]| Separate |Perpend.| no <1dB 1.5 |Metal milling| WR-90
This| Integrated | Parallel [ yes| <1.1dB 1.8 Caned 3D WR-90
printed

*|S11| <-10 dB; # feeding line length varies among designs

Network Analyzer at 10-MHz steps interfaced using 2.92-mm
southwest end-launch connectors at which the reference plane
was set. The fabricated transition performance is close to what
was expected from the simulation. The transition operates
from 8 to 14.5 GHz (fy/frL ~ 1.8). A reduction to 9.5 dB
or below of impedance matching and a slight shift upward of
the response is visible. The performance drop, compared to
EM simulation (model assumptions as for a single transition),
can be mostly attributed to finite fabrication and assembly
tolerances as well as metallization and contact quality between
the parallel metallic surfaces. In particular, the former affects
the region where the metal-coated plastic probe contacts the
via-pad on the PCB. The latter is important since the seam
is in the waveguide‘s region of higher current concentration.
The in-band total power loss (TPL = 1 — |S5;|*> — |S]1]?) at
center frequency is below 1.1 dB per transition. Within the per
transition loss, it is estimated that ~0.4 dB of loss is due to
the coax-to-MS launcher. The total waveguide length between
end shorts within the demonstrator is 85 mm (estimated loss
of ~0.1 dB/cm [5]).

Finally, the proposed transition was compared with other
solutions presented in the literature with a summary shown
in Table II. As seen, the proposed transition not only features
parallel orientation of the two guiding structures but also the
widest bandwidth, not to mention the integration aspect and
low-cost realization due to the utilization of AM process.
As a field for improvement, the effective resistance of the 3-D
printed component metallization along with contact resistance
between parts is seen as those that affect the in-band insertion
losses.

IV. CONCLUSION

A novel parallel microstrip-to-waveguide transition that
exploits to a great extent the 3-D-printing fabrication with
selective metal deposition was presented in this letter.
To launch the EM wave into the waveguide, a radiation probe
is employed. The probe is proposed to be embedded in a
U-shaped waveguide part that is 3-D printed and selectively
metalized. As a result, broadband and compact transition are
obtained. The presented approach was experimentally verified
at the X-band showing the advantages of the solution and
identifying ways to improve the performance.
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