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Abstract: This article suggests a new waveguide design that utilizes a “walled” architecture. Instead
of relying on conventional gap waveguide structures to create electronic bandgaps and prevent
field leakage, the proposed design introduces a “walled” guiding mechanism. This technique
preserves transmission while maintaining the multilayer approach and eliminates the need for nails
or chemical bonds to attach the layers. Simulations were carried out in the W-band (75–110 GHz)
and D-band (110–170 GHz) using several metals, and measurements were performed in the W-band
using aluminum. The simulation results show that the reflection coefficient was less than −40 dB
over the entire D-band. At the same time, the average insertion loss was around 0.0054 dB/mm and
around 0.0065 dB/mm for silver and gold, respectively. Similarly, the reflection coefficient was less
than −45 dB over the 75–110 GHz range, with an average insertion loss of 0.0018 dB/mm for silver
and 0.003 dB/mm for gold, respectively. The aluminum model’s reflection coefficient was less than
−35 dB, and the average insertion loss was 0.0035 dB/mm. The experimental results achieved a
reflection coefficient of less than –30 dB and the average transmission coefficient was −0.2 dB, with
an insertion loss of 0.002 dB/mm. The simple stacking ability of the weightless walled metal plates
and easy fabrication makes the proposed transmission line a promising technology in mmWave and
Terahertz applications.

Keywords: multi-layer waveguides (MLWs); terahertz; interlocking; guiding; gliding; walled MLW;
sliding; bed of nails; glide symmetry; electronic band gap (EBG); stack

1. Introduction

In recent years, the rapid advancement of next-generation wireless communication
has led to increased significance of the millimeter-wave frequency band, attributed to its
abundant spectrum, expansive bandwidth, and capacity for enabling mmWave circuits.
Millimeter-wave circuits and modules are crucial for wireless front-end systems, requiring
high performance, low loss, and cost-effectiveness. Planar transmission lines like microstrip
lines and coplanar waveguides offer easy integration with other circuits for affordable and
compact designs. However, their mmWave application is hampered by high insertion loss
and radiation loss. Hollow rectangular and cylindrical waveguides are primarily used for
their low loss and high-power capabilities, but incorporating their structure with other
passive and active planar circuits poses challenges [1–3].

Gap waveguide (GWG) technology has recently gained attention as a potential in-
terconnection for millimeter-wave applications. Pioneered by Kildal et al., the concept of
GWG was developed on soft and hard surfaces. The original GWG setup utilized periodic
pins as a perfect magnetic conductor (PMC), meaning that electromagnetic waves cannot
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travel between a PMC plate and a perfect electric conductor (PEC) plate until a propagation
path is established. Essentially, the GWG can be seen as an electromagnetic bandgap
(EBG) transmission structure where, at specific frequencies, electromagnetic waves are
not allowed to propagate within the EBG area. Instead, they must follow an established
propagation path [4]. Several types of unit cells for GWGs have been proposed, including
the initial “bed-of-nails” pin unit cells, half-height pin unit cells, interdigital pin unit cells,
and a glide symmetric holey unit cell. An embedded pin unit cell was also introduced
to enhance the working bandwidth and frequency performance [5–7]. The initial designs
involved the use of EBGs, which required at least two rows of pins along the transmission
line paths to minimize electromagnetic field leakage. Many devices and mmWave compo-
nents were manufactured utilizing these pin-based unit cells, such as bandpass filters [8],
D-band slot antenna array [9], horn antennas [10], Luneburg antennas [11], and other gap
waveguide-based components [12–18]. However, as mentioned in [7], the disadvantage of
manufacturing these nails or pins was the complexity of producing them on the mm and
µm scale. Moreover, if the pins were thin, they could easily break during the manufacturing
process. Various approaches were proposed to address this issue. One suggested idea
was to remove the pins altogether and then incorporate holes, or rather, glide symmetric
holes [7], to achieve the same effect as the pin unit EBGs, although the holey EBGs provided
better broadband performance [19]. The effect of the shape of the holes was also quite exten-
sively studied in [20–24]. Suggestions also involved replacing CNC-based manufacturing
techniques with other manufacturing techniques such as additive manufacturing (material
jetting, binder jetting and nanoparticle jetting) and 3D printing [25–27] or methods based
on subtractive manufacturing, such as electric discharge machining (EDM) or metal etch-
ing [12,13,16,28]. The exploration of periodic symmetries (or higher symmetries) first began
in the 1960s [29], and with the development of computer simulation tools, there has been
an increased focus on investigating periodic symmetries or higher symmetries. Research
indicates that integrating glide symmetry into periodic structures results in decreased
dispersion and improved electromagnetic bandgap reactions. However, the main challenge
with gap waveguide technology lies in the arrangement of the intricate hole patterns and
the difficulties associated with their implementation in millimeter wave devices [30–33].

Our paper introduces a novel multilayered configuration that offers a simplified
guiding structure with minimal loss and easy mechanical assembly for millimeter-wave
applications. The design is based on the stacking of plates, influenced by the approach
proposed in [23] but without relying on periodic symmetries or a bed of nails. This layered
structure prevents field leakage using walls and eliminates the need for unique patterns
and complex fabrication methods, making assembly more straightforward. Moreover, our
study includes the simulation of two straight multilayer waveguide (MLW) transmission
lines operating at different frequency bands, namely, W-band (75–110 GHz) and D-band
(110–170 GHz), and an aluminum W-band walled MLW waveguide with double 90◦ em-
bedded H-plane bends. A prototype was also fabricated to validate the proposed concept,
where the simulated W-band straight and bend transmission lines were manufactured by
employing chemical metal etching on aluminum.

2. Walled Multilayer Waveguide Transmission Line Configuration and Design

Figure 1 represents the basic configuration of the proposed walled transmission line.
In the multi-layered approach of gap waveguides, the layers do not have electrical or
galvanic contact. Thus, the air gaps between the layers cause field leakage, as Figure 1a
illustrates. The “periodic higher symmetry” and “bed of nails” types of gap waveguides
were invented to prevent this leakage. In our proposed novel structure, the use of raised
edges or “walls” was introduced along the path of the waveguide channel to achieve
the same purpose, as depicted in Figure 1b. Unlike gap waveguides, where, to prevent
the field leakage, a stopband needs to be created via pins or holes, the concept of our
proposed structure is basically to incorporate walls along the length of the waveguide
channel or path, which can prevent field leakage in the direction perpendicular to the
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wave propagation. Thus, without the need for a pin or hole symmetry, the proposed
structure can mimic the behavior of a conventional waveguide. Figure 2a,b show that
the proposed waveguide dispersion diagram resembles the conventional W-band and
D-band rectangular waveguide dispersion diagram for the simulated W- and D-band
GW-MLW waveguides. Figure 2a depicts the W-band GWMLW unit cell with dimensions
of aW = 1.27 mm, bW = 2.54 mm, and lW = 2 mm, whereas Figure 2b shows the D-band
GWMLW unit cell with dimensions of aD = 0.826 mm, bD = 1.651 mm, and lD = 1 mm.
The dispersion diagrams were calculated using CST Microwave Studio (2019) software
Eigenmode solver. Furthermore, the dispersion diagrams depict the first three propagating
modes for analysis. The reference unit cell shared identical dimensions with the respective
band waveguide dimensions for consistency. Figure 2a illustrates that the dispersion
diagram of the W-band GWMLW was identical to the ideal regular W-band waveguide
for the propagating modes in consideration. Equally, in the D-band GWMLW, the modes
displayed quite similar behavior to that of the D-band ideal regular waveguide, although
not perfectly identical. Thus, it can be said that the proposed novel structure can be used in
place of regular waveguides for mmWave applications.
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leakage suppression.
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Figure 2. Dispersion diagrams of the proposed GW-MLW compared with ideal rectangular waveg-
uides of the corresponding frequency bands. (a) W-band GW-MLW waveguide dispersion diagram
compared with ideal W-band waveguide. (b) D-band GW-MLW waveguide compared with ideal
D-band waveguide.

Like the aforementioned multi-layered waveguide designs, our proposed structure,
shown in Figure 3a, also incorporates several metal plates or layers stacked on each other.
These plates have the waveguide channel cut out in the center. The top and bottom
plates provide cover to the waveguide channel. The proposed design is usable for all
bands, wherein the intermediate layers have an elevated wall that provides the waveguide
channel, and the top and bottom layers enclose the intermediary layers.



Electronics 2024, 13, 599 4 of 16

Electronics 2024, 13, x FOR PEER REVIEW 4 of 17 
 

 

diagram compared with ideal W-band waveguide. (b) D-band GW-MLW waveguide compared 
with ideal D-band waveguide. 

These intermediary layers have walls on the ends facing the waveguide channel. The 
wall of the lower layer inserts into the edges of the upper layers. In other words, the 
groove of the upper layers is fitted into the ridge of the lower layers. This mechanism 
provides a means of interlocking the multiple layers. An additional pair of supporting 
walls is added on the far side of each layer to prevent the intermediary sides from slipping 
away from their positions, as depicted in Figure 3b,c. The inner walls run through the 
entire waveguide length and alongside the waveguide channel. The outer walls, however, 
do not necessarily have to follow the path of the waveguide channel. 

Additionally, the bottom layer, or the “base,” has the wall raised on its topside, 
whereas the topmost layer, or the “cover,” has the pattern etched on its underside. All the 
layers can have the same pattern, which substantially benefits the fabrication phase of the 
waveguide. This method of stacking the walls may also remove the need to use screws or 
glue to fix the layers into place. Lastly, after stacking the layers, simply pressing the base 
and the cover with minimal pressure would complete the waveguide construction. Figure 
3b shows a closeup of the configuration of the proposed transmission line. 

 
Figure 3. Configuration of the proposed walled multilayer waveguide transmission line. (a) Cross-
sectional view of the layered concept with N metallic plates. (b) Dimensions used in the proposed 
MLW line. (c) Perspective view of the transmission line with the top layer removed and showing 
supporting walls. 

The metal plates each have a height hp and an initial gap g between them. The initial 
height ho mm of the plates is 0.3 mm, which is reduced by the minimum depth value e to 
0.2 mm at some sections of the design to provide space for the insertion of the lower layers. 
The walls have an equal height of hw mm and thickness of t mm. For the symmetric design 
of the plates and the walls, the plate height and wall height are kept equal, i.e., hp = hw, 
throughout the complete structure. The minimum depth e is also fixed to remain at half 
the value of the wall height hw, i.e., e = 0.5 hw. It can also be seen in Figure 3b that aside 
from the top and bottom layers, the intermediary layers are in pairs. These pairs are sym-
metric in shape. When stacked on top of one another, the metal plates do not have any 
electrical or galvanic contact. Stacking the walls provides a much simpler and more effec-
tive way of preventing field leakages throughout the structure. 

Furthermore, a wall of thickness tw mm at either side of the layers is also placed to 
provide added stability to the structure. These walls have the simple utility of preventing 
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sectional view of the layered concept with N metallic plates. (b) Dimensions used in the proposed
MLW line. (c) Perspective view of the transmission line with the top layer removed and showing
supporting walls.

These intermediary layers have walls on the ends facing the waveguide channel. The
wall of the lower layer inserts into the edges of the upper layers. In other words, the groove
of the upper layers is fitted into the ridge of the lower layers. This mechanism provides a
means of interlocking the multiple layers. An additional pair of supporting walls is added
on the far side of each layer to prevent the intermediary sides from slipping away from their
positions, as depicted in Figure 3b,c. The inner walls run through the entire waveguide
length and alongside the waveguide channel. The outer walls, however, do not necessarily
have to follow the path of the waveguide channel.

Additionally, the bottom layer, or the “base,” has the wall raised on its topside, whereas
the topmost layer, or the “cover,” has the pattern etched on its underside. All the layers can
have the same pattern, which substantially benefits the fabrication phase of the waveguide.
This method of stacking the walls may also remove the need to use screws or glue to fix the
layers into place. Lastly, after stacking the layers, simply pressing the base and the cover
with minimal pressure would complete the waveguide construction. Figure 3b shows a
closeup of the configuration of the proposed transmission line.

The metal plates each have a height hp and an initial gap g between them. The initial
height ho mm of the plates is 0.3 mm, which is reduced by the minimum depth value e to
0.2 mm at some sections of the design to provide space for the insertion of the lower layers.
The walls have an equal height of hw mm and thickness of t mm. For the symmetric design
of the plates and the walls, the plate height and wall height are kept equal, i.e., hp = hw,
throughout the complete structure. The minimum depth e is also fixed to remain at half the
value of the wall height hw, i.e., e = 0.5 hw. It can also be seen in Figure 3b that aside from
the top and bottom layers, the intermediary layers are in pairs. These pairs are symmetric
in shape. When stacked on top of one another, the metal plates do not have any electrical
or galvanic contact. Stacking the walls provides a much simpler and more effective way of
preventing field leakages throughout the structure.

Furthermore, a wall of thickness tw mm at either side of the layers is also placed to
provide added stability to the structure. These walls have the simple utility of preventing
the layers from sliding out from the sides. They are located at d mm from the edge of the
inner walls. The notches for the walls also provide a reference point for the walls. It should
be noted that these walls are placed some distance away from the waveguide channel, so
they have negligible interference with the waveguide channel. In the final assembly, all the
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layers slide on top of each other, where the wall of the bottom layer slides into the notch of
the top layer.

2.1. D-Band Gliding Walled Multilayer Straight Waveguide

The D-band waveguide is designed based on WR-6.5 dimensions—precisely, b = 1.651 mm
width by a = 0.826 mm height. In this configuration, the plates have a length L of 30 mm,
equating to 15λ at 150 GHz, and the plate width W measures 16 mm. This design uses six
(N = 6) layers of height hw equal to 0.2 mm, including the base and cover, to achieve a total
height H equal to 1.2 mm. The plate height ho is initially kept at 0.3 mm but is reduced to
0.2 mm along the wall path by e = 0.1 mm from under the upper plate to allow the wall of
the lower layer to fit into place in the upper plate—hence, the reduction in layer height.
Table 1 summarizes the configuration parameters of the D-band gliding wall MLW design.

Table 1. Dimensions of the proposed D-band walled multilayer waveguide (units: mm).

Parameter Value Parameter Value

a 0.826 d 4.35
b 1.651 ho 0.3
e 0.1 hw 0.2
L 30 H 1.2
t 0.1 W 16

tw 0.3 N 6

2.2. W-Band Gliding Walled Multilayer Straight Waveguide

The specifications for the W-band waveguide model adhere to WR-10 waveguide
dimensions, essentially b = 2.54 mm by a = 1.27 mm. This waveguide’s length L is set at
50 mm, corresponding to approximately 15λ at 92.5 GHz, whereas the width W is kept at
20 mm. This design utilizes eight layers (N = 8) for its construction, producing an overall
height H of 1.7 mm. The plate height is 0.3 mm, which is reduced to 0.2 mm to allow the
walls to fit into the insertion grooves. This reduction is achieved via the fabrication process
used. Therefore, six intermediary layers of 0.2 mm, a base of 0.2 mm, and a cover of 0.3 mm
would be sufficient to provide the inner height dimensions of the W-band model. The
values of the W-band MLW transmission line parameters are summarized in Table 2.

Table 2. The dimensions of the proposed W-band walled multilayer waveguide (units: mm).

Parameter Value Parameter Value

a 1.27 d 4.065
b 2.54 ho 0.3
e 0.1 hw 0.2
L 50 H 1.7
t 0.1 W 20

tw 0.3 N 8

2.3. W-Band Gliding Walled Multilayer Waveguide with Double 90◦ Bend

For further investigation into the performance of the proposed transmission line within
more complex designs, a double 90◦ bend was simulated using aluminum. This design
extends the straight MLW waveguide by incorporating two H-plane bends in opposite
directions. Figure 4 illustrates the geometry of the proposed waveguide bend design. The
overall configuration follows that of the aforementioned straight W-band MLW waveguide
but with additional H-plane bends following the optimized bend structures discussed
in [34]. The total length La of the waveguide channel is 55.22 mm, corresponding to 17λ at
92.5 GHz, whereas the height of the structure is 1.7 mm. The optimized values of the three
steps used in the design are d = 0.569 mm, e = 0.909 mm, and f = 0.363 mm. Table 3 lists the
values of the parameters used in this structure’s geometry.
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Table 3. The dimensions of the proposed double 90◦ bend W-band walled multilayer waveguide
(units: mm).

Parameter Value Parameter Value

a 1.27 f 0.363
b 2.54 l1 23.53
e 0.909 l2 8.159
d 0.569 W 30
t 0.2 La 55.22

H 1.7 L 50

3. Simulation and Fabrication Results
3.1. Simulation Results

Simulations were performed for three waveguide configurations, i.e., two straight
MLW transmission lines, one for the D-band, another for the W-band, and one double
90◦ bend W-band line, using CST Microwave Studio in all simulations. The findings are
discussed below.

3.1.1. D-Band Gliding Walled Multilayer Straight Waveguide

The D-band GW-MLW line was simulated with silver as the conducting material. It
was compared with an ideal rectangular waveguide (RW) of the same length, material,
and standard inner dimensions. It is worth mentioning that the ideal RW equates to the
GW-MLW with a zero mm air gap parameter-wise. The simulated reflection coefficients
were less than −58 dB for the ideal rectangular waveguide (RW) and the GW-MLW for the
whole D-band, respectively, as observed in Figure 5. The simulated transmission coefficient
values were better than the −0.14 dB on average, as the figure shows. It indicates that the
GW-MLW performed comparably to an ideal rectangular waveguide in an ideal scenario.
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Figure 5. Simulated performance of the proposed D-band GW-MLW compared with the ideal RW.

Figure 6 compares the scenario of the simulated reflection and transmission coefficients
of the D-band MLW when gold and silver were used as conducting materials. In this
scenario, a gap of g = 10 µm was also introduced in all the layers. There was a slight
difference in the reflection performance when the materials were changed. However, the
transmission coefficient performance was 0.05 dB better in gold than in silver. There was
only a slight difference in the two material performances of around 0.1 dB for the reflection
coefficient on average and of 0.04 dB for the transmission coefficient.
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Figure 6. Transmission and reflection coefficients of the proposed GW-MLW for the D-band with
gold and silver as conducting materials.

Figure 7a,b display the attenuation and phase constant graphs for the D-band GW-
MLW, respectively, for silver and gold GW-MLW. The average attenuation constant was
approximately 0.0054 dB/mm and 0.0046 across the entire frequency range for silver
and gold, respectively, whereas the average phase constant measured 0.68 rads/m for
both materials.



Electronics 2024, 13, 599 8 of 16

Electronics 2024, 13, x FOR PEER REVIEW 8 of 17 
 

 

Figure 7a,b display the attenuation and phase constant graphs for the D-band GW-
MLW, respectively, for silver and gold GW-MLW. The average attenuation constant was 
approximately 0.0054 dB/mm and 0.0046 across the entire frequency range for silver and 
gold, respectively, whereas the average phase constant measured 0.68 rads/m for both 
materials. 

  
(a) (b) 

Figure 7. Simulated D-band GW-MLW. (a) Attenuation constant. (b) Phase constant. 

3.1.2. W-Band Gliding Walled Multilayer Straight Waveguide 
The simulated performance of the aluminum W-band GW-MLW compared with an 

ideal waveguide is shown in Figure 8. The GW-MLW was compared with the ideal RW 
when its gap g = 0 mm. The reflection coefficient values were less than −55 dB throughout 
the whole band for both the ideal waveguide and the GW-MLW. Also, the transmission 
coefficients for both waveguides showed a near-identical trend that averaged −0.14 dB for 
g = 0 µm in the GW-MLW. Thus, the behavior of the proposed GW-MLW waveguides 
resembles the ideal waveguides in ideal conditions. 

 
Figure 8. Simulated performance of the proposed W-band GW-MLW in comparison with the ideal 
RW. 

Figure 9 compares the simulated reflection and transmission coefficients in the W-
band GW-MLW when gold and silver were utilized as the conducting materials along 
with aluminum. A gap of g = 10 µm was inserted into all layers to assess the impact of air 
gaps. The reflection coefficient for silver was approximately −6 dB lower than that of gold 
across a significant portion of the W-band. In comparison, gold outperformed silver by 
0.03 dB in terms of transmission coefficient performance. Meanwhile, the reflection pa-
rameter for aluminum had the highest loss of the three materials of around −25 dB over 

Figure 7. Simulated D-band GW-MLW. (a) Attenuation constant. (b) Phase constant.

3.1.2. W-Band Gliding Walled Multilayer Straight Waveguide

The simulated performance of the aluminum W-band GW-MLW compared with an
ideal waveguide is shown in Figure 8. The GW-MLW was compared with the ideal RW
when its gap g = 0 mm. The reflection coefficient values were less than −55 dB throughout
the whole band for both the ideal waveguide and the GW-MLW. Also, the transmission
coefficients for both waveguides showed a near-identical trend that averaged −0.14 dB
for g = 0 µm in the GW-MLW. Thus, the behavior of the proposed GW-MLW waveguides
resembles the ideal waveguides in ideal conditions.
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Figure 8. Simulated performance of the proposed W-band GW-MLW in comparison with the ideal RW.

Figure 9 compares the simulated reflection and transmission coefficients in the W-
band GW-MLW when gold and silver were utilized as the conducting materials along with
aluminum. A gap of g = 10 µm was inserted into all layers to assess the impact of air gaps.
The reflection coefficient for silver was approximately −6 dB lower than that of gold across
a significant portion of the W-band. In comparison, gold outperformed silver by 0.03 dB
in terms of transmission coefficient performance. Meanwhile, the reflection parameter for
aluminum had the highest loss of the three materials of around −25 dB over the whole
band. Its transmission parameter, however, was the lowest of the three materials, averaging
around −0.25 dB. The results presented in Figure 9 highlight the noticeable disparities
in the reflection and transmission coefficients of the W-band GW-MLW when using gold,
silver, and aluminum.
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Figure 9. Simulated performance of the proposed GW-MLW for the W-band with gold and silver
with a gap of 10 µm between the layers.

Figure 10a,b compare the attenuation and phase constant graphs for the W-band GW-
MLW. The average attenuation constant of silver was approximately 0.002 dB/mm less than
that of aluminum across the entire frequency range. In contrast, the average phase constant
of silver was nearly identical to that of aluminum, measuring 0.732 rads/mm on average
in the entire frequency band. The attenuation constant of gold, being 0.0032 dB/mm,
however, was close to that of aluminum (0.0035 dB/mm) across the W-band. The inset
in Figure 10b shows a minute difference between the phase constant values for silver,
aluminum, and gold in the GW-MLW, with the values of silver and gold being identical in
the same frequency band.
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3.1.3. W-Band Gliding Walled Multilayer Waveguide with Double 90◦ Bend

The comparison of the transmission and reflection coefficients of the double 90◦ bend
GW-MLW waveguide with an ideal RW is represented in Figure 11. The ideal waveguide
reflection coefficient was less than −25 dB throughout the frequency band, whereas the
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GW-MLW was −40 dB across the same band. Additionally, the transmission coefficient of
the GW-MLW was −0.22 dB, whereas the ideal waveguide was −0.21 dB in the same fre-
quency range, as observed in Figure 11b. The GW-MLW and ideal waveguide transmission
coefficient parameters differed by 0.01 dB over a large portion of the frequency band.
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3.2. Sensitivity and Tolerance Analysis

A sensitivity analysis was carried out that was centered on examining the impacts
of deviations in the physical dimensions of the proposed waveguide. It encompassed
variations in the wall height, thickness, and air gap width between the plates. In doing so,
we included all possible options in an actual fabrication process. The different physical
dimensions were generated sequentially via a parametric sweep using the CST Microwave
Studio software. The tolerance values provided by the manufacturer were ±2 µm in width
and height. At the same time, the airgap produced by plate flatness and misalignment of
the walls could only be estimated by varying the values from 0 mm (no air gap) to 0.1 mm
(half of the wall height), as beyond this upper-limit value, the structure ceases to perform
as intended. The structure ceases to function because the wall etching is 0.1 mm on the
lower layer and 0.1 mm on the groove for the wall in the upper layer; therefore, when the
air gap difference is more than 0.1 mm, the field spreads within the structure. It is noted
that in similar configurations of the walled MLW, the etching depth plays a vital role in the
performance of the proposed structure. Simulations were performed for each combination
of errors. Therefore, the effects of the combinations were observed and are discussed in the
subsequent section below.

(a) W-band straight GW-MLW

The sensitivity analysis of the proposed transmission line was performed while consid-
ering the parameters mentioned above. Figure 12a,b depict the fluctuations in the reflection
and transmission coefficients, respectively, of the straight GW-MLW waveguide when the
height and width of the wall and the air gap were varied as per the manufacturing tolerance
value. Figure 12a shows that the reflection coefficients followed a similar trend throughout
the variations. The response was less than −40 dB throughout the entire frequency band
when the air gap was 0.002 mm. However, at frequencies above 95 GHz, the fluctuations
varied rapidly when the air gap reached the maximum gap of 0.1 mm. Consequently, due
to the air gap corridors that formed, fluctuations appeared in both coefficients, especially
after the air gap value of 0.05 mm. Figure 12b highlights the simulation of the response
fluctuation for a gap value of 0.07 mm, although for lesser air gap values the response of
the structure was satisfactory. Figure 12c shows the concept of the air gap corridor that was
created when the manufacturing tolerance produced gaps between the walls.
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Figure 12. Tolerance analysis of the W-band straight GW-MLW by varying the parameter g. (a) Re-
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(b) W-band double-bend GW-MLW

Sensitivity analysis results of the W-band GW-MLW double-bend waveguide are
analyzed in Figure 13. As in the above section, the wall height, thickness, and air gap
parameters varied from 0 mm to 0.1 mm using the tolerance value provided by the manu-
facturer. It can be observed in Figure 13a that there were many fluctuations in the reflection
parameter response, although the maximum value of these fluctuations was no more than
−15 dB. Even for the maximum value of the air gap (i.e., 0.1 mm), the losses were less than
−25 dB throughout the frequency band. In Figure 13b, it is evident that the transmission
coefficient was also affected by the changes in the physical parameters of the simulated
structure, although the losses were between −0.2 dB and −1 dB in the frequency band.
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3.3. Fabrication and Results

Both the straight and the double 90◦ bend simulated aluminum W-band GW-MLWs
presented in the above sections were fabricated to validate the performance and provide
proof of concept. A single integrated waveguide that stacked eight layers of the waveguide
structure was manufactured, as represented in Figure 14. This step brought about three
pieces of each intermediary layer. However, the base and cover layers were manufactured
as single pieces, as seen in Figure 14a. All the layers were manufactured with the chemical
metal-etching process. This low-cost process is a corrosion process commonly used to
manufacture complex metallic structures. The layers were etched twice with an etch depth
of 0.1 mm, once below and then above, on a standard aluminum sheet with a thickness of
0.3 mm, yielding a minimum thickness of 0.2 mm at the intended segments of the layers.
The conventional UG-387/U flange clefts were incorporated on the layer’s sides to provide
a proper flange connection to the GW-MLW, as observed in Figure 14c. Aluminum flange
fixtures that provide flange connections to the GW-MLW were also manufactured. Guiding
holes and screw threads were drilled onto the prototype and the fixtures, after which the
layers were polished and the waveguide interface was smoothened. It is worth mentioning
that the screws had not been fixed along the waveguide length since the inherent wall
design of the prototype only used the dowels and the flange fixtures to fix the layers into
place. Firstly, the lower flange support was positioned, followed by the base. Subsequently,
the layers were sequentially stacked on top of each other before placing the cover. Next,
the upper flange support was added on top, and dowels were inserted into the alignment
holes. Finally, the flange supports were fastened together with screws. The walls of the
double-bend waveguide acted as supporting walls of the straight waveguide, preventing
the top layer from moving out of position after being stacked. Likewise, the walls of the
straight waveguide acted as the supporting walls of the double-bend waveguide.
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Figure 14. Photograph of the GW-MLW prototype fabricated via the metal-etching process. (a) Three
pieces each of the intermediary layers and single pieces of the base and cover layers. (b) Close-up
view of the etched top and bottom of the metal plates. (c) Final assembly of the gliding walled MLW.

The manufacturing tolerance was ±2 µm of the metal thickness, hence becoming
±0.66% for metal sheets of 300 µm or 0.3 mm. The surface roughness of the fabricated
prototype was 0.8 µm, which was included in the simulations. The lower and upper flange
attachments were screwed together, sandwiching the GW-MLW, and then measurements
were carried out. Moreover, the stacking was carried out without the application of any
adhesive. However, alignment dowel screws were employed to ensure accurate positioning
between all the plates, including the flange attachments. The fabricated prototype was
tested using Keysight VNA N5247B. The integrated prototype was excited using conven-
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tional W-band flange adaptors and transitions. Since there were no E-plane bends or
transitions in the structure, this adds to the advantages of the proposed structure. The
measurement of the air gap between the prototype was not controlled, although every
effort was taken to keep it as close to zero millimeters as possible.

The measured and simulated performance of the straight GW-MLW waveguide can be
observed in Figure 15. Figure 15a shows that the straight waveguide’s measured reflection
coefficient was less than −20 dB in the W-band frequency range, whereas the simulated
reflection coefficient was below −25 dB. The simulated transmission coefficient varied
between −3.1 and −4.88 dB in the same frequency band, as Figure 15b shows. However,
the measured transmission coefficient fluctuated between −3 dB and −4.5 dB, with an
average difference of approximately 0.45 dB throughout the frequency band and an average
insertion loss of 0.002 dB/mm. The double-bend GW-MLW waveguide’s measured and
simulated performance are compared in Figure 16a,b. The measured reflection coefficient
was less than −22 dB, whereas the measured transmission coefficient fluctuated between
−3 dB and −5.56 dB, with an average insertion loss of 0.003 dB/mm. The simulated
reflection coefficient was less than −30 dB in the lower half and less than −20 dB in the
upper half of the frequency band. Moreover, the simulated transmission coefficient stayed
around −0.5 dB throughout the entire frequency band.
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mission line. (a) Reflection coefficient. (b) Transmission coefficient.

4. Discussion

We simulated and manufactured a novel multilayer transmission line that uses walls
to prevent field leakage while providing interlocking ability between the layers. The
fabricated aluminum W-band GW-MLWs, including straight and double 90◦ bend con-
figurations, were manufactured using a low-cost chemical metal-etching process. The
integrated waveguides consisted of eight stacked layers with additional UG-387/U flange
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attachments to provide a connection to the measurement equipment. The prototype was
tested using Keysight VNA N5247B. The prototype showed favorable performance re-
garding reflection and transmission coefficients within the W-band frequency range. The
straight waveguide section exhibited a measured reflection coefficient of less than −20 dB,
and the measured transmission coefficient fluctuated between −3 dB and −4.5 dB. The
double-bend waveguide also exhibited a measured reflection coefficient below −22 dB and
a transmission coefficient between −3 dB and −5.56 dB. Fluctuations were observed due to
the uncontrolled air gap measurements during testing.

The measured results concluded in Figures 15 and 16 validate the performance of
the fabricated prototype. It had decent performance, demonstrating the effectiveness
of the proposed waveguide transmission line. Although offering simplicity in design,
scalability among different waveguide sizes, and affordability, the multilayered structure
was effective in suppressing field leakage and performed as expected. Although the
measured results had slightly higher losses than the simulation results, they were due to
the differences in conductivity of aluminum in the simulation and measurements and due to
fabrication errors and assembly tolerances. The performance of the proposed transmission
line can further be improved if materials such as silver and gold, which were shown to
have lesser conductivity losses than aluminum, are used inside the waveguide channel in
manufacturing. Different interlocking wall configurations can be implemented to further
reduce the effects of fabrication and assembly tolerances.

Nonetheless, the proposed architecture has a low profile and low cost and is lightweight.
It also does not require the use of dielectric materials. The manufacturing method is the
least expensive method, whereby the metals are chemically etched precisely and with high
accuracy and can be mass-produced quickly.

Lastly, Table 4 compares several state-of-the-art technologies used for waveguide
fabrication and the proposed walled MLW concept. The 3-D printed waveguides have
losses comparable to the micromachined waveguides. The waveguides that used chemical
etching performed better than the 3-D-printed and micromachined waveguides. The
proposed walled structure of multilayer waveguides performed around ten times better
than the glide symmetric holey waveguides used in [23] using the same sophisticated and
cost-effective manufacturing technology.

Table 4. Comparison between state-of-the-art and proposed waveguide technology.

Ref. Frequency (GHz) Split-Block Technology Loss (dB/mm) Simulated/
Measured Loss

This work

75–110 (gold) H-plane - 0.0018 Simulated
110–170 (silver) H-plane - 0.0054 Simulated

75–110 (aluminum) H-plane (straight) - 0.002 Simulated
75–110 (aluminum) H-plane (bend) - 0.002 Simulated
75–110 (aluminum) H-plane (straight) MLW (etching) 0.002 Measured
75–110 (aluminum) H-plane (bend) MLW (etching) 0.003 Measured

[23] 110–170 (brass) H-plane MLW (etching) 0.02 Measured
[25] 75–110 (copper) E-plane 3-D printing 0.011 Measured
[26] 110–170 (silicon + gold) H-plane Micromachining 0.016 Measured
[35] 110–170 (copper + bronze) - 3-D printing 0.019 Measured
[36] 110–170 (silver + SU8) H-plane Micromachining 0.03 Measured

5. Conclusions

A new transmission line structure for millimeter-wave applications is presented in
this paper. The proposed design entails stacking etched metal plates with walls to contain
the field within the structure. The simulations were conducted on two bands, namely, the
D-band and the W-band, using gold, silver, and aluminum, which demonstrated the struc-
ture’s scalability to any band and metal. The W-band aluminum model of the simulations
was fabricated via chemical metal etching, and lower and upper flange layers were also
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manufactured to support the flange fixture, which provided enhanced rigidity in the struc-
ture. The walled waveguide channel architecture concept was effective in suppressing field
leakages. The prototype’s performance measurements supported the proposed idea, and it
displayed good agreement between the simulated and measured results. The proposed
architecture offers low-loss characteristics, affordability, and simple manufacturability on a
mass scale for millimeter-wave applications. The proposed design can serve as a substitute
for current multilayer technologies and can be utilized in waveguide components.
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