
Micro Metal Additive Manufactured
Low-Loss Slotted Rectangular
Waveguides Operating at 220-500 GHz
Zixian Wu1†, Guanghua Shi1†, Yang Yu2,3, Xiaozhu Wen1, Cheng Guo1,3* and Anxue Zhang1

1School of Electronic Science and Engineering, Xi’an Jiao tong University, Xi’an, China, 2Department of Electrical and Electronic
Engineering, Southern University of Science and Technology, Shenzhen, China, 3Department of Electronic, Electrical and
Systems Engineering, University of Birmingham, Edgbaston, Birmingham, United Kingdom

This paper reports the design, fabrication and measurement techniques for a set of low-
loss slotted waveguides. The waveguides are fabricated based on a micro metal additive
manufacturing technology. They were fabricated layer by layer in one piece without the
need of post-fabrication assembly. As examples, straight waveguides in WR-3.4 (220-
330°GHz) and WR-2.2 (330-500°GHz) bands were fabricated and tested. Measurement
results show the insertion loss per unit length is 0.0615-0.122°dB/mm and 0.116-
0.281°dB/mm, respectively.
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1 INTRODUCTION

Compared with planar transmission lines, waveguides are widely used in millimeter wave/THz systems
due to their low insertion loss and high-power capacity. The insertion loss of waveguide ismainly attribute
to the finite conductivity and non-zero surface roughness. In practical fabrication, the waveguide is
usually manufactured separately and then assembled together. CNC milling two split half-blocks of a
waveguide is one of the earliest andmost commonly used approach. By adopting the E-plane split design,
an insertion loss of 0.20-0.25°dB/mm inWR-3.4 band can be achieved for aluminumwaveguides [1], and
a gold electroplated waveguide in WR-3.7 band has an insertion loss of 0.015°dB/mm [2].

Recently, many emergingmicromachining techniques provide researchersmore choices to fabricate
low-loss waveguides working atmillimeter wave/THz bands. Compared to CNCmilling, high precision
micromachining enables smaller feature sizes, lower surface roughness and tighter bonding. For
example, waveguides based on SU-8 achieved an insertion loss as low as 0.03°dB/mm at WR-3.4 band
[3], and it has also been reported to achieve a loss of 0.05°dB/mm atWR-2.2 band. Their loss is basically
identical to the gold-plated CNC milled waveguides [4]. Besides, deep reactive ion etching (DRIE) has
also been developed for waveguide fabrication [5]. This waveguide is split into three parts along with
H-plane to be fabricated and achieve very low surface roughness, realizing an insertion loss of 0.02-
0.07°dB/mm at 220-325°GHz. Moreover, a waveguide with insertion loss of 0.07°dB/mm was achieved
at 500-700°GHz by adopting an additional oxidationwith an etch-backmethod [6]. Although the above
mentioned fabrication techniques for waveguides have achieved excellent performance, limited by the
mechanical characteristics of silicon and SU-8 and thermal conductivity of the photoresist, these
processes still face challenges in practical applications [7, 8]. Besides, for high frequency waveguides, the
misalignment between the split blocks may bring extra losses such as radiation loss and reflection loss
hence they need to be carefully handled.

In addition, 3D printing technology has also performed well in the fabrication of millimeter wave/
THz waveguides due to the monolithic structure. For example, researchers utilized
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stereolithography-based (SLA) manufacturing process to realize a
metal coated plastic waveguide in theWR-3.4 band, and very little
insertion loss (about 0.014°dB/mm) was introduced [9]. With
metal 3D printing technology such as micro laser sintering (MLS)
and selective laser melting (SLM) technology, waveguides
achieved an insertion loss of 0.09°dB/mm in WR-5.1 and WR-
3.4 band. In comparison, metal printed waveguides have higher
loss per unit length than plastic ones, and it can be attributed to
the higher surface roughness of the metal printed waveguides,
whereas the plastic waveguides can be electroplated to achieve a
smoother metal surface [10, 11].

Micro metal additive manufacturing (M-MAM) technology is
a kind of thick-resist copper electroforming process developed
from UV-LIGA [12]. Different from the processes mentioned
above, the approach can in theory fabricate components
monolithically with pure copper, simply because no post
processing (such as plating of silver on the SU-8 or Silicon) is
needed. Therefore, not only both mechanical and thermal
performance of the devices are improved, but also the extra
losses introduced by misalignment between the layers can be
avoided. There have been some split-block waveguide designs
realized by this technology in the open literature [13, 14].
However, to the best of the authors’ knowledge, waveguides
fabricated in one piece and up to 500 GHz has rarely reported
based on this M-MAM technology.

In this paper, we report some 220-500°GHz rectangular
waveguides designed and fabricated based on the M-MAM
technology using a similar 5-layer topology like the SU-8
waveguides in [3]. A tailored measurement solution is also
provided. The measurement results show that an insertion loss
of 0.06-0.157°dB/mm in WR-3.4 band and 0.115-0.28°dB/mm in
WR-2.2 band can be achieved, suggesting that it is feasible to
fabricate low-loss rectangular waveguide devices in these
frequency ranges by using M-MAM technology.

2 FABRICATION PROCESS AND
WAVEGUIDE DESIGNS

The details of the M-MAM technology are shown in Figure 1.
First, a seed layer was sputtered on the silicon (Si) wafer to enable
the electroplating process. Photoresist was coated on the layer and

then desired patterns were obtained by etching. In step 2, a metal
layer (copper) was grown by electroplating through the openings.
In our process, this step is slightly different from the others that
we achieve the metal layer of 100°μm at once to maintain the
quality, thicker waveguide wall can be constructed by repeating
the process several times. The electroplated copper was
planarized to meet the low surface roughness and standard
thickness for each layer. After the planarization, the surface
roughness of polished metal can be as low as°9 nm. By
repeating the procedure, the waveguide can be fabricated layer
by layer, and finally the photoresist was washed away to achieve
an air-filled waveguide. As the subsequent layers were directly
electroplated on top of the previous layers, very solid joints
between the layers can be achieved and the radiation loss can
be minimized.

Based on this fabrication technique, Figure 2 shows the cross-
section dimensions and frequency ranges of some types of
possible waveguides compatible with the process. Although
there are slight differences (in dimensions) between the
proposed waveguides and the standard ones (due to the
limitation of the standard layer thickness), the operating
frequency of these waveguides can be from 220-900°GHz. In
this particular work, WR-3.4/ WR-2.2 waveguides were
fabricated.

The 3-D simulation model of the proposedWR-3.4 waveguide
are depicted in Figure 3, and theWR-2.2 waveguide is identical to
it except for the dimensions. According to the boundary
condition, the current in the top/bottom wall (paralleled with
x axis) can be written as [15]:

Js � −ẑ jβa
π
A10 sin

πx
a
e−jβz + x̂A10 cos

πx
a
e−jβz

And the sidewall currents are given as:

Js � −ŷA10e
−jβz

From the equations, as long as the release holes are placed parallel
to the surface current direction (in TE10 mode) and have narrow
width, limited impact will be introduced by the holes and
additional radiation loss can be kept in low level. However, in
practical fabrication, the width of the holes cannot be set too
narrow to affect the release of redundant photoresist, and it leads
to an extra radiation loss, especially in high frequency parts of the

FIGURE 1 | Processing steps of micro-metallic structures.
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ranges. As a compromise, the final dimensions of release holes
walls are given in Figure 3. Compared to the situation without
holes, up to extra 0.67/0.51°dB losses were observed in WR-3.4/
WR-2.2 waveguides.Hence, little radiation loss will be introduced.

3 CONSIDERATIONS FOR
MEASUREMENTS

In order to facilitate the measurement of the waveguides, a pair of
E-plane bends were designed and four identical waveguides were

placed on a single test chip as shown in Figure 4. The simulated
RF performance of the bend transitions are plotted in Figure 5,
showing that little impact is contributed by the bend structure on
waveguide`s transmission loss.

In order to measure the waveguide using a conventional vector
network analyser (VNA), a test fixture was designed, as shown in
Figure 6. During the test, the device under test (DUT) was placed
on the fixture, and the input /output ports of the DUT were
aligned with the ports on the fixture through the alignment pins.
In order to minimize the misalignment between the chip and the
fixture, some tightly-fitting circular (on the fixture) and semi-

FIGURE 2 | Cross-section dimensions of several types of designed rectangular waveguides range from 220-900°GHz.

FIGURE 3 | Structure of WR-3 waveguide and its surface current distribution. (A) Simulated model. (B) Current distribution
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elliptical alignment holes (on the test chip) were designed to help
to improve the alignment accuracy [16]. As shown in Figure 6,
through the waveguide channels inside the fixture, the DUT

interfaces are extended to the flanges on both sides of the
fixture. In order to calibrate the loss introduced by the fixture,
another channel (between P3 and P4) was used and the length of
the channel is the sum of the lengths of the two waveguide
channels (between P1 and P2).

4 EXPERIMENTAL RESULTS

In this work, some WR-3.4 waveguides with the length of
7.8°mm and WR-2.2 waveguides with the length of 6°mm
were fabricated. During the measurement, the VNA was
calibrated using the proposed methods in four steps: Step
1, to calibrate the loss in the fixture, the VNA was connected
with the ports (P3 and P4) and a one-step through
calibration was used to remove the losses from the fixture;
Step 2, the VNA was connected with the ports (P1 and P2) to
obtain the IL of the waveguide. Step 3, a one port calibration
was carried out on P1 and Step 4, the RL of the waveguide
was measured. The measured transmission and reflection
coefficients were plotted in Figure 7. For ease of comparison,
the theoretical losses for standard copper waveguides with
same length and without surface roughness are also plotted
in the figure.

The return loss of WR-3.4 waveguide lines is better than 12°dB
across the band. The insertion loss is between 0.48°dB and
0.95°dB, and the corresponding insertion loss per unit length
ranges from 0.0615°dB/mm to 0.122°dB/mm, averaging 0.098°dB/
mm. As for the WR-2.2 waveguide line, the return loss is better
than 13°dB in whole band, and the insertion loss is between
0.696°dB and 1.686°dB. The calculation shows that the loss per
unit length can be found to be 0.116-0.281°dB/mm, averaging
0.2°dB/mm. It can be seen that the loss per unit length of WR-2.2
is about twice that of WR-3.4, even at 330 GHz. It can be
explained by the different cross-section sizes of the two
waveguides.

FIGURE 4 | Arrangement of components on one chip.

FIGURE 5 | Simulated results of two bend transitions. (A) Bend used in
WR-3.4 band. (B) Bend used in WR-2.2 band

FIGURE 6 | Structure of the test fixture, the red dotted arrows represent
the direction of signal transmission.
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FIGURE 7 |Measured results of two types of waveguides. (A) S-parameters of a WR-3.4 waveguide line with a length of 7.8°mm. (B) S-parameters of a WR-2.2
waveguide line with a length of 6°mm. (C) Insertion loss per unit length of two types of waveguides
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5 Discussions and considerations on
surface roughness
Table 1 listed the state-of-art performance achieved by different
machining technology. Indeed, the loss is comparable to that of
the waveguides made by UV-LIGA and metal 3-D printing, but
higher than that of the waveguide made by the SU-8 and DRIE.
And this result can be explained by the higher surface roughness.
SU-8 and DRIE process divide the waveguide into blocks in
fabrication, and it becomes more convenient to treat most of the
inner surfaces. For example, some post-treatment methods such
as oxidation step (used in [6]) and chemical electroplating can be
utilized to further reduce the surface roughness. However, in our
work, similar to other additive manufacturing technologies, the
internal surfaces can hardly be accessed for post processing. As a
result, the surface roughness can be much higher in some areas.
As shown in Figure 1 and Figure 8, as the waveguide was built up
from the bottom (layer 1) to the top (layer 5) , the top surface of
layer 1 usually has the best surface roughness (∼10°nm), because it
was polished in step 2. Although the sidewalls of the waveguide
cannot be planarized directly, they were defined by the
lithography process hence the surface roughness of the
sidewall is relatively small (in the range of 100∼300 nm). In
comparison, the top surface of the waveguide (namely, the
bottom face of layer 5) has the worst surface roughness
(estimated to be around 1°μm), generally because this is the
joint of three different materials (as seen in Step 5), namely,
the seed layer, the copper and the photoresist. And apparently, it
cannot be polished anyway.

6 CONCLUSION

The design, fabrication and measurement techniques for a set of
low-loss slotted waveguides based on micro metal additive

manufacturing technology has been presented for the WR-3.4
andWR-2.2 bands, respectively. The insertion loss per unit length
of 0.0615-0.122°dB/mm and 0.116-0.281°dB/mm in
corresponding frequency bands is achieved, verifying the
feasibility of proposed methods.
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