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ABSTRACT Despite the low cost and easy fabrication afforded by 3D printing technology, high dielectric
loss of the 3D printing filament degrades the performance of 3D printed radio frequency electronics at
high frequencies. In this paper, we propose a 3D-printed substrate-integrated waveguide (SIW) using a
lossy polylactic acid or polylactide (PLA) filament. To minimize the insertion loss of the SIW, a non-
uniform honeycomb is 3D-printed as the dielectric material of the SIW. The non-uniform honeycomb-shaped
substrate is composed of large unit cells, which achieve low insertion loss (0.01 dB/mm) because of the low
volume of the dielectric material. The performance characteristics of the proposed SIW is compared with
those of SIWs made of solid and uniform honeycomb-shaped structures. The average insertion loss of the
microstrip line-fed SIW with the proposed non-uniform honeycomb substrate is 0.92 dB in the frequency
range of 1.97 to 3.35 GHz and those of the solid PLA and uniform honeycomb substrates are 2.49 dB and
1.38 dB, respectively. The proposed 3D-printed SIW additionally has the advantages of light weight and low
cost.

INDEX TERMS 3D printing, polylactic acid, non-uniform honeycomb substrate, substrate integrated
waveguide.

I. INTRODUCTION
Three-dimensional (3D) printing technology, which is also
known as ‘‘additive manufacturing’’, is used to create 3D
objects with computer-aided design data by depositing suc-
cessive layers of materials. This innovative manufacturing
process enables the rapid, cost-effective, and environmen-
tally friendly production of prototypes without by-products
compared to conventional subtractive manufacturing [1]–[3].
Moreover, 3D printing technology supports design and mate-
rial flexibility; it can be applied in a wide range of research
areas. For example, bionic ears have been created with
3D printing technology for biological tissue mimicking [4].
Furthermore, by using 3D printing technology, microflu-
idic devices [5] and electrochemical energy storage devices
with highly resolved nanostructures and optimal performance
characteristics have been fabricated [6].
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approving it for publication was Kuang Zhang.

Microwave devices have been developed with vari-
ous manufacturing technologies to obtain inexpensive,
lightweight, and easily integrable devices. Traditionally,
radio frequency (RF) and microwave components are fab-
ricated by machining printed circuit boards (PCB) [7]–[10]
and using low-temperature cofired ceramic (LTCC) technol-
ogy [11]. Because the performance characteristics of passive
RF andmicrowave devices are closely related to the dielectric
properties of the substrate materials, LTCC technology has
been used to reduce the dielectric loss of the substrate and
obtain microwave devices with good performance charac-
teristics [12]. By combining many thin layers of ceramic
and conductive metal paste, LTCC technology allows the
implementation of multilayer stacked devices with low losses
and compact sizes [13], [14]. In addition, the technology
enables integrated circuit packaging and passive microwave
component integration. However, LTCC technology involves
complex fabrication processes and carefully selected
materials.
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By contrast, 3D printing technology has a simple manufac-
turing process and fewer constraints on the material selection
and structural design [15], [16]. Fused deposition modeling
(FDM) and stereolithography apparatus (SLA) methods are
the most commonly used 3D printing techniques for fabricat-
ing microwave devices [17]–[19]. The FDM method is used
to create 3D objects by heating a thermoplastic filament and
extruding it layer by layer [20]. The SLAmethod can be used
to fabricate 3D objects with a liquid photopolymer resin that
is cured and solidified by an ultraviolet laser [21]. The FDM
method has a simpler process than the SLAmethod because it
only requires a suitable extruder and printing bed temperature
that depend on the filament. Thermoplastic filaments used in
FDM include polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS), and Ninjaflex. Because of the easy process
and low cost, these filaments are mainly used to manufacture
microwave devices. For instance, a microstrip patch antenna
using ABS (dielectric constant of εr = 2.7 and loss tangent
of tan δ = 0.01), which exhibited a high gain and radiation
efficiency at 7.5 GHz, was reported [22]. However, meshed
wires had to be embedded in the ABS substrate to achieve
adequate performance. Based on the flexibility and ease of
use of Ninjaflex (εr = 3.0 and tan δ = 0.05), a bendable
patch antenna for wearable applications [23] and bandwidth-
enhanced substrate-integrated slab waveguide [24] were pre-
sented. In addition, a substrate-integrated waveguide (SIW)
interconnect has been built with the 3D printing technology
and a T-Glase filament [25]. However, the device perfor-
mance parameters such as the antenna efficiency and inser-
tion loss may degrade owing to the high dielectric loss of
the 3D printing filament. In [26], the researchers have used a
3D-printed perforated structure and constructed a lightweight
waveguide for RF applications. The X-band pyramidal horn
antenna fabricated with the 3D metal direct printing technol-
ogy achieved a gain of 9–13 dBi. Furthermore, an SIWwith a
3D-printed honeycomb substrate with low insertion loss and
high mechanical strength was reported [27]. However, there
must be a trade-off between the insertion loss and mechanical
strength in uniform perforated or honeycomb structures. For
instance, a large unit cell can reduce insertion loss; however,
its mechanical strength becomesweak. A smaller unit cell can
achieve a high mechanical strength; however, the insertion
loss and fabrication time are increased.

To solve this problem, an SIW fabricated on a non-uniform
honeycomb substrate for minimizing the insertion losses
caused by 3D-printing materials while maintaining mechan-
ical strength is proposed. Because the planar SIW exploits
the advantages of a microstrip circuit (i.e., the easy fabri-
cation and compact size) and waveguide (i.e., the complete
shielding and high power handling capability), it is suitable
for implementing microwave components [28]. The honey-
comb geometry is suitable for 3D-printed substrate designs
because of its light weight, beneficial design, and structural
strength [29]. In this study, a non-uniform honeycomb-shaped
substrate composed of four differently sized honeycomb unit
cells was designed to present the proposed concept. To reduce

the volume of the 3D-printed substrate, large honeycomb unit
cells were chosen for the non-uniform honeycomb-shaped
substrate for the SIW and the transition sections. The low vol-
ume results in the low insertion loss of the SIW. The electrical
properties of the non-uniform honeycomb substrate were
characterized based on the honeycomb unit cell size. In addi-
tion, the insertion losses of the SIW, tapered transitions, and
microstrip feed line sections were examined with respect to
the honeycomb unit cell size. The performance characteristics
of the SIW on the proposed non-uniform honeycomb-shaped
structure were compared with those of SIWs on solid and
uniform honeycomb-shaped structure. Finally, microstrip-fed
SIWs were fabricated, and the proposed concept was numer-
ically and experimentally evaluated with S-parameters.

II. SUBSTRATE-INTEGRATED WAVEGUIDE (SIW) DESIGN
ON NON-UNIFORM HONEYCOMB-SHAPED SUBSTRATE
A. ELETRICAL PROPERTIES OF HONEYCOMB SUBSTRATE
Fig. 1 shows uniform honeycomb-shaped substrates with
unit cells of different sizes. To realize the non-uniform
honeycomb-shaped substrate, the electrical properties of the
uniform honeycomb-shaped substrates with different unit
cell sizes were characterized with an electromagnetic (EM)
analysis.

FIGURE 1. Schematic of PLA honeycomb substrate with differently sized
unit cells (Lh: honeycomb unit cell size, Th: honeycomb unit cell
thickness, Hsub: substrate height).

The solid PLA substrate, which was printed with a 100%
infill density, had a dielectric constant of εr = 2.2 and
loss tangent of tan δ = 0.05 within the frequency range
of 1–6 GHz [20]. When the substrate height Hsub increases,
the effective dielectric constant decreases because of the
increased fringing field effect of the transmission line [27].
The thicker substrate height and lower effective dielectric
constant result in a wider microstrip line on the substrate.
The wide microstrip line may increase the conductive loss
and require an additional 50 � impedance matching circuit.
Thus, the honeycomb substrate height Hsub was set to 1 mm.
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In addition, the unit cell thickness Th was fixed at 1 mm for
stable 3D printing and parametric studies of the honeycomb
unit cell size Lh. Two types of transmission line techniques
were used to characterize the dielectric constant and dielectric
loss of the honeycomb substrate. For a honeycomb unit cell
size Lh of 4 mm or less, the dielectric constant and dielectric
loss of the honeycomb substrate were determined with the
microstrip transmission line technique [30]–[32]. Compared
to the waveguide transmission line technique, the microstrip
transmission line method can characterize the dielectric con-
stant in a broader frequency band. Thus, the microstrip trans-
mission line method was chosen for the honeycomb substrate
with Lh = 4 mm or less. For a honeycomb unit cell size
Lh that exceeds 4 mm, the dielectric constant and dielectric
loss of the honeycomb substrate were determined with the
waveguide transmission line technique [33], [34] because it
is difficult to apply the microstrip transmission technique for
honeycomb substrates with larger unit cells.

Fig. 2(a) shows the dielectric constant of the honeycomb
substrate with respect to the frequency. The dielectric con-
stants of the honeycomb-shaped substrate remain constant
within the frequency range of 1–8 GHz. As the honeycomb
unit cell size Lh increases from 3 to 12 mm, the dielectric
constant εr of the substrate decreases from 1.5 to 1.01 (similar
to that of air). In addition, the electrical properties of the
honeycomb-shaped substrate depending on the honeycomb
unit cell size at 3.5 GHz were investigated with EM simu-
lations. With increasing Lh, the PLA volume of the honey-
comb substrate, which has the same dimensions, decreases
from 47% to 16.2%. This reduces the dielectric loss from
0.035 to 0.013, as shown in Fig. 2(b). The 50 � microstrip
line width was designed for a microstrip feed line section
on the honeycomb substrate. When the honeycomb unit cell
size exceeds 3.5 mm, its effective dielectric constant and
dielectric loss become lower than 1.3 and 0.03, respectively.
However, the mechanical strength of the honeycomb-shaped
substrate decreases because of the large honeycomb unit cell.
Furthermore, the 50 � microstrip line width must exceed
4 mm, as shown in Fig 2(c). Because a wider microstrip line
width may increase the conductive loss, the honeycomb unit
cell size is 3mm (εr ≈ 1.5), which results in a 50�microstrip
line width of 3.75 mm.

B. SIW DESIGN ON HONEYCOMB SUBSTRATE
A transverse electric (TE10) mode SIW with a cut-off fre-
quency of 2.2 GHz was designed to study the insertion loss
of the PLA honeycomb substrate. For the TE10 mode SIW,
the cut-off frequency can be obtained from the following
simplified equation [35]:

fc =
c

2ad
√
εr
, (1)

where c is the speed of light in a vacuum, ad is the dielectric
filled SIW width, and εr is the dielectric constant of the SIW
material. The diameter (D) of the metal via hole and via

FIGURE 2. Electrical properties of honeycomb substrate with respect to
(a) frequency and (b) length of honeycomb unit cell Lh; (c) 50 �

microstrip line width with respect to effective dielectric constant.

pitch (P) of the SIW can be derived as follows [36]:

D <
λg

5
, (2)

P < 2D, (3)

where λg is the SIW cavity guided wavelength.
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FIGURE 3. Simulated results of (a) SIW on solid PLA and honeycomb
substrate, (b) transmission coefficients with respect to Lh and (c) Ls
(d) attenuation constant.

Fig. 3(a) shows the TE10 mode SIWs on the solid and
honeycomb-shaped substrates. The SIWs on the honeycomb-
shaped substrates were designed with different unit cell sizes,
and parametric studies were performed to investigate the
respective insertion losses. The SIW length Ls, via diameter
Dv, via pitch Pv, and substrate height Hsub are 64, 2.7, 3.17,
and 1 mm for the SIW designs on the solid and honeycomb-
shaped substrates, respectively. The SIW width Ws derived
from (1) depends on the dielectric constant of the SIW mate-
rial. Thus, the SIW widthWs was set to 48.5 mm for the solid
PLA substrate (εr = 2.2) and to 68.5 mm for the honeycomb
substrate with Lh = 15 mm (εr = 1.01). The honeycomb
substrate formed by the 2.5 mm unit cell was combined with
the SIW substrate to generate via walls. The average insertion
loss of the SIW with the solid PLA substrate is 2.37 dB in
the range of 3–6 GHz. When the LS is 64 mm, and the Lh
increases to 3, 9, and 15 mm, the average insertion losses
of the SIW with the honeycomb substrate are 1.35, 0.67,
and 0.46 dB, respectively, as shown in Fig. 3(b). Moreover,
Fig. 3(c) shows the transmission coefficients with respect to
the SIW length LS . The insertion losses of the SIW with
Lh = 12 and 15 mm decrease to 0.01 and 0.007 dB/mm;
the average insertion loss of the SIW with Lh = 3 mm is
0.021 dB/mm. Fig. 3(d) shows the attenuation constant of
the SIW with the solid PLA and honeycomb substrates with
Lh = 3 and 15 mm. The attenuation constant of the SIW can
be derived as follows [37]:

α =
k2

2β

(
tan δ +

2Rs
ωµh

+
4π2R′s

ωµk2weff 3

)
(4)

where k and β are the complex wave number in the substrate
material and propagation constant, respectively; tan δ is the
dielectric loss of the substrate material; h and weff are the

substrate thickness and equivalent width of the SIW, respec-
tively; moreover, Rs and R′s are the surface resistivity of the
SIW top and bottom surface and equivalent surface resistivity
of the via arrays, respectively. The insertion loss of the SIW is
mainly affected by the dielectric loss of the substrate material.
Thus, the attenuation constants of the honeycomb-shaped
substrates decrease with increasing honeycomb unit cells.
When the PLA volume in the honeycomb substrate decreases
from 42.8% to 12.4%, the insertion losses of the SIW with
the honeycomb substrate also decrease.

C. TAPERED TRANSITION DESIGN ON
HONEYCOMB SUBSTRATE
The microstrip-fed SIW must be required to verify its inser-
tion loss on the non-uniform honeycomb substrate. Therefore,
SIWs with tapered transitions for the conversion between the
quasi-transverse EM mode in the microstrip feed line and
transverse electric (TE) mode in the SIW were designed.
To design the transition section for the honeycomb substrate,
the size of the honeycomb unit cell Lhs for the SIW area was
12 mm for low dielectric loss, and the size of the honeycomb
unit cells Lhm for the microstrip line sections was 3 mm for
50 � impedance matching. Moreover, the via walls on the
substrate were designed with 2.5 mm honeycomb unit cells.
The transition width Wtr and length Ltr are determined by
the dielectric constant of the honeycomb substrate; hence, the
transitionwidth and length were optimized in an EM analysis,
as shown in Fig. 4(e).

The initial width of the taper transition was obtained with
curve fitting and the analytical equation for the impedance of
a microstrip line [38]:

1
we
=

4.38
WSIW

exp

 −0.627εr
εr+1
2 +

εr−1
2
√
1+12Hsub/Wm

 , (5)

whereWSIW is the width of the SIW, εr the dielectric constant
of the substrate, andHsub andWm are the substrate height and
microstrip line width, respectively.

The initial transition length is commonly assumed to be a
quarter wavelength of the operating frequency to minimize
the return loss. Thus, parametric studies were performed to
investigate the effects of the transition length Ltr and width
Wtr , as shown in Fig. 4(a). Figs. 4(b) and (c) show the return
and insertion losses for different transition lengths Ltr when
Lt = 6 mm and Wtr = 16.8 mm. When Ltr increases
from 18 to 26 mm, 50 � impedance matching is achieved
at 3–6 GHz. Furthermore, the average insertion losses of the
transition structures are 0.67, 0.55, and 0.57 dB, respectively.
Fig. 4(d) shows the insertion losses of the transition structure
on the honeycomb substrate for different unit cell sizes.When
the honeycomb unit cell Lt of the transition sections is 3,
6, or 9 mm, the insertion loss of the transition structure is
0.71, 0.57, or 0.54 dB, respectively. Thus, large unit cells
with Lt = 6 mm were used for the transition sections on
the honeycomb substrate to reduce the insertion loss. In addi-
tion, the microstrip-fed SIW with optimized Ltr andWtr was
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TABLE 1. Design Parameters for SIW with Solid PLA, Uniform Honeycomb Substrate, and Non-Uniform Honeycomb Substrate (in mm).

TABLE 2. Electrical Properties of Solid PLA, Uniform Honeycomb, and Non-uniform Honeycomb Substrates.

FIGURE 4. Simulated results of (a) transition with microstrip line; (b) S11
and (c) S21 with respect to different transition lengths for Lt = 6 mm;
(d) S21 for different unit cell sizes of honeycomb substrate;
(e) microstrip-fed SIW on non-uniform honeycomb substrate; (f) S21 with
respect to Lt .

simulated to investigate the insertion loss depending on
the unit cell size Lt of the transition substrate, as shown
in Fig. 4(e). Fig. 4(f) shows the insertion losses of the
microstrip-fed SIW for different Lt . When the Lt values for
the transition substrate are 3, 6, and 9 mm, the average inser-
tion losses of themicrostrip-fed SIWon the non-uniform hon-
eycomb substrate are 0.85, 0.76, and 0.74 dB, respectively.

In the microstrip-fed SIW, the change in the average insertion
loss based on the honeycomb unit cell size is smaller than
that of the SIW because the microstrip line on the transition
substrate is less susceptible to dielectric losses. In addition,
the insertion loss of the microstrip-fed SIW increases slightly
at 6 GHz owing to impedance matching.

D. DESIGN OF MICROSTRIP-FED SIW ON
HONEYCOMB SUBSTRATE
Based on the parametric studies of the unit cell size of
the honeycomb substrate, the microstrip-fed SIWs on the
solid PLA, uniform honeycomb, and three types of non-
uniform honeycomb substrates were simulated, as shown in
Figs. 5(a), (c), (e), (g), and (i). Table 1 lists the geometrical
parameters of the microstrip-fed SIWs for these five types of
substrates. First, the substrate height Hsub was set to 1 mm
for the easy fabrication and design of the microstrip feed
line. Furthermore, the SIW length LSIW was fixed to 25 mm
(λ0/4) for all types of microstrip-fed SIWs. The SIW width
WSIW was determined to be 42.5, 47.9, and 57.2 mm based
on the dielectric constants of the substrates, respectively.
The electrical properties of each substrate are summarized
in Table 2. Because the non-uniform honeycomb-shaped
substrate is composed of four differently sized honeycomb
unit cells, the substrate has various dielectric constants from
1.03 to 1.5 and loss tangents from 0.013 to 0.035.

To examine the proposed non-uniform honeycomb sub-
strate, microstrip-fed SIWs on three types of non-uniform
substrates were designed. For cases 1 and 2, the non-uniform
honeycomb substrates were designed with three differently
sized honeycomb unit cells (3, 15, and 2.5 mm). For case 1,
a honeycomb unit cell size of 15 mm was used for the
SIW area on the substrate, and a honeycomb unit cell size
of 3 mm was used for the two transitions and microstrip
feed line sections. For case 2, uniform honeycomb unit cells
of 15 mm were used for the SIW area and two transition
sections. Subsequently, the microstrip feed line with hon-
eycomb unit cells of 3 mm was designed on the substrate.
For case 3 of the non-uniform honeycomb substrates, four
differently sized honeycomb unit cells (3, 6, 12, and 2.5 mm)
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FIGURE 5. Simulated results of microstrip-fed SIW with (a) solid PLA,
(c) uniform honeycomb substrate, (e) non-uniform honeycomb substrate
(case 1), (g) non-uniform honeycomb substrate (case 2), (i) non-uniform
honeycomb substrate (case 3); scattering parameters of SIW on (b) solid
PLA substrate, (d) uniform honeycomb, (f) non-uniform honeycomb
(case 1), (h) non-uniform honeycomb (case 2), (j) non-uniform
honeycomb (case 3).

were chosen for the microstrip feed line, two transition sec-
tions, SIW area, and via walls, respectively. Regarding the
uniform honeycomb substrate, a 3 mm unit cell structure was

applied for the easy printing and design of the microstrip
feed line. Figs. 5(b), (d), (f), (h), and (j) show the simulated
S-parameters of the microstrip-fed SIWs of each substrate.
The simulated 10 dB bandwidths of the microstrip-fed SIWs
of the solid PLA and uniform and three types of non-uniform
honeycomb substrates are 3.7, 3.23, 2.93, 4.1, and 3.05 GHz,
respectively. The average insertion loss of the SIW with the
solid PLA substrate is 2.45 dB, and that of the SIW with
the uniform honeycomb substrate is 1.42 dB at 2–4 GHz.
However, the average insertion losses of the SIWs with three
types of non-uniform honeycomb substrates are decreased
to 1.38, 0.76, and 1.02 dB in the same frequency range.
Moreover, the insertion losses with respect to the lengths of
all SIWs are 0.029, 0.018, 0.017, 0.009, and 0.011 dB/mm,
respectively. Therefore, low-loss SIW could be achieved with
the non-uniform honeycomb substrates of cases 2 and 3.

A large cell size of the honeycomb unit is generally pre-
ferred for SIWs because of the lower dielectric loss. However,
the top conductive layer on the SIW is unstable in the case
of large honeycomb cells. Thus, to achieve low insertion
loss and robustness, the large cells were implemented at the
center where the electric field is strong. In addition, medium
cells were chosen for the sides for robustness, and the cell
size of the honeycomb in the microstrip section was adjusted
according to low insertion loss and high robustness. More-
over, the edges for the vias were constructed with small unit
cells. Therefore, the final non-uniform honeycomb substrate
was composed of four differently sized honeycomb unit cells
for each section: Lh1 of the SIW area was 12 mm, and Lh2
of the two transition sections was 6 mm. The honeycomb
unit cell of Lh3 = 3 mm was used for the two microstrip
feed line sections, which was determined by the characteristic
impedance of the microstrip line on the substrate. The via
walls were built on the honeycomb substrate with unit cells
Lv of 2.5 mm.

Figs. 6(a)–(f) show the electric and magnetic field dis-
tributions of the TE10 mode SIWs on the non-uniform and
uniform honeycomb substrates at 3.5 GHz, respectively. The
SIW supports only the TE mode because the surface currents
are interrupted by the via walls of the SIW in the transverse
magnetic mode. For the TE10 mode SIW, the electric field
is in the x-y plane (Ez), and the magnetic field is in the
y-z plane (Hx) and z-x plane (Hy). The magnitudes of Ez
and Hy are determined by the cut-off wavenumber, which
is related to the SIW width [35]. Therefore, the magnitudes
of Ez and Hy of the SIW with the non-uniform honeycomb
substrate are slightly lower than those of the uniform honey-
comb substrate; themagnitude ofHx is unaffected by the SIW
width and similar for both substrates, as shown in Fig. 6. The
reflection responses can be improved because of the similar
field distributions of the SIW and microstrip on the designed
substrate.

Fig. 7 shows the fabrication error analysis results of the via
insertion, transition length, and width. The manual insertion
of the metal vias causes a gap between the 3D-printed sub-
strate and metal vias, which ultimately leads to a reduction in

VOLUME 8, 2020 191095



Y. Kim, S. Lim: Low Loss SIW Using 3D-Printed Non-Uniform Honeycomb-Shaped Material

FIGURE 6. Simulated results of TE10 mode SIW field distribution at
3.5 GHz: (a) Ez on x-y plane, (b) Hy on z-x plane, (c) Hx on y-z plane for
non-uniform honeycomb substrate; (d) Ez on x-y plane, (e) Hy on
z-x plane, and (f) Hx on y-z plane for uniform honeycomb substrate.

FIGURE 7. Fabrication error analysis of: (a) via insertion, (b) S-parameters
of each case; (c) transition length and width, (d) S-parameters of each
case.

the bandwidth. To analyze the tolerance, three cases were dis-
cussed: corner vias denoted as ‘‘case 1’’, center vias denoted
as ‘‘case 2’’, and all vias denoted as ‘‘case 3’’, as illustrated

in Fig. 7(a). The tapered transition length and width can
be slightly different from the expected geometry. Fig. 7(c)
presents the effects of this tolerance on the S-parameters. The
effect of the transition length difference (22.5 and 23.5 mm)
was analyzed for cases B1 and B2. Furthermore, the effect
of the transition width difference (14.8 and 16.8 mm) was
analyzed for cases B3 and B4. Evidently, the S11 results
have slight differences depending on the transition length and
width.

III. RESULTS AND DISCUSSION
The microstrip-fed SIWs were deposited on uniform and
non-uniform honeycomb substrates to study experimen-
tally the performance of the proposed SIW. Fig. 8 shows
the fabricated microstrip-fed SIWs on the 3D-printed uni-
form and non-uniform honeycomb substrates. The widths
of the uniform and non-uniform honeycomb substrates were
75.3 and 72.6 mm, respectively. The total length of the uni-
form honeycomb substrate, including the microstrip line at
both ends, was 83 mm; that of the non-uniform honeycomb
substrate was 91 mm.

FIGURE 8. Fabricated 3D-printed microstrip-fed SIWs with uniform (top)
and non-uniform (bottom) honeycomb substrates.

Moreover, a PLA filament provided by ColorFabb R©

(Belfeld, TheNetherlands) was used to 3D-print the substrate.
The PLA filament requires a temperature of 210 ◦C for the
extrusion nozzle and 50 ◦C for the print bed; thus, it is less
sensitive than other thermoplastic filaments. Hence, the pro-
totype of the 3D-printed substrate can be easily and rapidly
fabricated. In addition, PLA filaments are biodegradable,
which enables the environmentally friendly fabrication of
prototypes [39]. Because of their mechanical properties such
as the flexibility and light weight, PLA filaments are suitable
for the dielectric materials of microwave circuits. The con-
ductive patterns for the microstrip-fed SIWs were deposited
on the 3D-printed substrates with adhesive copper films. The
brass via pins, the diameters of which were 2.5 mm, were
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TABLE 3. Performance Comparison of SIWs fabricated on Uniform and Non-uniform Honeycomb Substrates.

FIGURE 9. Simulated and measured results of SIWs for (a) uniform and
(b) non-uniform honeycomb substrates.

inserted into the 3D-printed substrates to generate the via
walls of the SIWs. Moreover, subminiature version A (SMA)
connectors were mounted on the substrate to measure the
S-parameters of the microstrip-fed SIWs; the via pins and
SMA connectors were fixed onto the substrates with silver
epoxy.

Fig. 9 shows the simulated and measured results of the
two fabricated samples. The simulated and measured average
insertion losses of themicrostrip-fed SIW on the non-uniform

honeycomb substrate are 0.96 and 0.92 dB in the range
of 1.97–3.35 GHz, respectively, whereas the simulated and
measured average insertion losses of the microstrip-fed SIW
on the uniform honeycomb substrate are 1.74 and 1.38 dB
for the same frequency range, respectively. Furthermore,
the insertion loss of the microstrip-fed SIW on the non-
uniform honeycomb substrate is 0.010 dB/mm, whereas that
of the microstrip-fed SIW on the uniform honeycomb sub-
strate is 0.018 dB/mm. Thus, the proposed non-uniform hon-
eycomb substrate exhibits a good insertion loss performance.
The simulated 10 dB bandwidths of the microstrip-fed SIWs
for the uniform and non-uniform honeycomb substrates are
3.23 and 3.05 GHz, whereas the measured 10 dB bandwidths
of the microstrip-fed SIWs for the two substrates are 2.65 and
2.3 GHz, respectively. Because of the via hole fabrication
tolerance, the measured 10 dB bandwidth results of both
microstrip-fed SIWs are decreased. Although the simulated
and measured results of the microstrips agree well, they
exhibit a slight difference because the conductive pattern
and inserted via pins for the via walls were manually pre-
pared. In addition, because the material was characterized at
3.5 GHz, the difference between the simulation and measure-
ment results is greater at higher frequencies.

Table 3 compares the performance of the microstrip-fed
SIWs fabricated on uniform and non-uniform honeycomb
substrates. Large honeycomb unit cells reduce the dielec-
tric constant and dielectric loss of the honeycomb substrate.
Consequently, the wavelength of the SIW for the non-uniform
honeycomb substrate increases. As shown in Table 3, the total
sizes of the devices may be increased. However, the average
insertion loss of the microstrip-fed SIW for the proposed non-
uniform honeycomb substrate is reduced by 22.1% compared
to that of the uniform honeycomb substrate. The microstrip-
fed SIWs on these two types of substrates achieve broad band-
widths of over 2 GHz, which can be used for various S-band
applications. The overall weight of the microstrip-fed SIW
on the non-uniform honeycomb substrate, including those
of the SMA connector and via, is only 12.38 g; moreover,
the thin 3D-printed substrate of 1 mm thickness simplifies
the realization of a planar configuration. Regarding the man-
ufacture, the non-uniform honeycomb substrate can reduce
the printing time by 50% compared to the uniform substrate.
Furthermore, the proposed non-uniform honeycomb sub-
strate is more cost-effective than the uniform substrate
because it requires less filament.
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TABLE 4. Comparison of Proposed and Common SIW Transmission Lines.

Table 4 compares the proposed and other SIW transmission
lines. A folded SIW with compact size and a double layer
PCB substrate and a SIW interconnect for 3D integration with
commercial PCB were reported in [7], [8]. In [9], [10], an air-
filled SIW made of a multi-layer printed circuit and ridge
empty SIW for low losses in broadband applications were
presented. These SIW transmission lines can be applied to
the high-frequency range. However, the conventional PCB
fabrication process is more complicated than 3D printing.
In this study, the honeycomb-shaped structure resulted in
a low insertion loss (0.01 dB/mm) and reduced the effec-
tive dielectric loss (0.018). The insertion loss of the SIW
proposed in [7] is higher than that of the proposed SIW
because of the multi-layer and folded SIW configuration
used for miniaturization in [7]. Moreover, broadband SIWs
and SIW interconnect have been produced with 3D print-
ing. Those prototypes could not reduce the insertion loss
because of the high dielectric loss of the 3D printing filament.
In [40], [41], SIWs with various materials such as conductive
textile and fused silica were proposed. In addition, a folded
SIW for wearable electronics with closed-cell expanded
rubber and the conductive textile Taffeta was presented.
However, all prototypes had to be fabricated manually.
Furthermore, a SIW on a glass-based substrate for mm-wave
applications was created. It is obvious that PCB is mechan-
ically stronger than plastics such as PLA and ABS. The
proposed microstrip-fed SIW exhibits low insertion loss and
sufficient bandwidth at low operating frequencies compared
to other SIW transmission lines. In addition, its fabrication
with 3D printing is easy, fast, and inexpensive.

IV. CONCLUSION
Three-dimensional (3D)-printed structures are inexpensive,
easy to produce, and lightweight. However, filament mate-
rials used for 3D printing are lossy at high frequencies.
Therefore, a novel honeycomb-shaped substrate for mini-
mizing the dielectric loss and maintaining the mechanical
strength is proposed.More specifically, large honeycomb unit

cells were chosen for the SIW and transition sections on
the non-uniform honeycomb-shaped substrate. The volume
of the non-uniform honeycomb-shaped substrate is reduced
by 65% and 26% compared to those of a solid PLA sub-
strate and uniform honeycomb-shaped substrate. In addition,
the SIW on the non-uniform honeycomb-shaped substrate
exhibits low insertion loss because of the low substrate
volume.

According to the numerical and experimental study results,
the proposed non-uniform honeycomb substrate reduces the
dielectric loss of the 3D-printed structure fabricated with
PLA filaments. Moreover, the proposed microstrip-fed SIW
for non-uniform honeycomb substrates was compared with
that for uniform substrates. The average insertion loss of
the microstrip-fed SIW with the non-uniform honeycomb
substrate decreases to 0.92 dB at 1.97–3.35 GHz, which
is comparable to that of the SIW fabricated on a commer-
cial PCB. The 10 dB bandwidth of the proposed SIW for
the non-uniform substrate is approximately 2.3 GHz in the
microwave frequency range of 1.92–4.22 GHz. In addition,
the proposed non-uniform honeycomb structure results in
a 10% reduction in the weight and 50% reduction in the
printing time. Although the conductive pattern of the SIW on
the 3D-printed substrate requires additional post-processing,
the proposed SIW can be easily, rapidly, and cost-effectively
realized with 3D printing. Based on these advantages, the
3D-printed non-uniform honeycomb substrates may be inter-
esting candidates for the manufacture of various RF compo-
nents such as antennas, filters, and sensors, particularly for
S-band applications. Moreover, the proposed SIW is suitable
for space applications owing to its lightweight. A multi-
material electronic 3D printer capable of 3D-printing PLA
and conductive silver inks has recently been presented. This
3D printer enables the creation of true 3D printing structures
without post-processing for conductive patterns [42]. Owing
to the technical progress of multi-material printers and con-
ductive filaments, the application of the proposed structure
may be extended to 3D-printed RF systems.
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