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To demonstrate the high-speed demodulation capability
of the ED, an OOK receiver integrating the ED and an onchip D-band amplifier is tested for an air channel, as shown
in Figure 5. The simulated gain of D-band amplifier is 7 dB
at 120 GHz and the 3-dB bandwidth is 11.5 GHz. A 120GHz carrier is modulated with 29 PRBS by a D-band
switched-type modulator. The OOK-modulated signal is
transferred between two 20-dBi horn antennas apart by a distance of 0.11 m. The OOK receiver including the ED, followed by a baseband amplifier, demodulates the received
signal. Figure 6 shows the measured eye-diagram of the
baseband output when the data rate changes from 1 to 4
Gbps. It should be noted that the maximum data rate is limited by the narrowband on-chip D-band amplifier, not by the
ED that operates over the entire D-band.
An HD video signal is also transferred through the air
channel and is reconstructed by the receiver to validate the
practical application of the ED. The video signal is encoded
and decoded, following the SMPTE 292M standard with a
data rate of 1.485 Gbps. As can be seen in Figure 7, the
transmitted video signal is well reconstructed at the receiver
output.
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4 | CONCLUSION
A D-band ED is fabricated in a low-cost 65-nm bulk CMOS
process for high-speed OOK wireless communication. The
measured average responsivity and NEP are 1.16 kV/W and
234 pW/Hz1/2, respectively, over the entire D-band. The ED
effectively demodulates the OOK signal up to 4-Gbps over
an air-channel distance of 0.11 m. Moreover, an HD video
signal at 1.485 Gbps is successfully demodulated and reconstructed using an OOK receiver integrating this ED.
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Abstract
In this article, we propose a low-cost three-dimensional
(3D) printed metamaterial absorber. The proposed metamaterial consists of a periodic structure of circular
truncated cones. The dielectric materials supporting the
circular truncated cone are made from a poly(lactic acid)
filament using the 3D printer. The conductor of the circular truncated cone is developed by spraying silver-coated
copper. The performance of the proposed absorber is
numerically and experimentally investigated. The simulated and measured absorptivity are 91% and 95% at 10.8
and 10.81 GHz, respectively. As a result of the 3D printing and silver spray coating processes, the proposed
absorber can be easily fabricated at a low cost.
KEYWORDS

metamaterial absorber, three-dimensional electromagnetic absorber, threedimensional (3D) printing technology

1 | INTRODUCTION
Metamaterials are structures that are artificially designed to
possess characteristics that are not yet found in nature.1
Metamaterials are used in various fields such as super lenses
using a negative refractive index, invisibility cloaking using
electromagnetic wave diffraction, miniaturization of RF
parts, and stealth technology.2,3 Particularly, an electromagnetic wave absorber using a metamaterial can obtain a high
absorptivity with a thin thickness by matching its impedance
with the air and removing the reflected wave.4 Conventional
electromagnetic wave absorbers can only operate at certain
frequencies, or are bulky at low frequencies.5,6 In contrast,

FIGURE 1
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the metamaterial absorber can be fabricated on a printed circuit board (PCB), is very thin, and can exhibit high absorptivity over a wide frequency band.7,8
Recently, three-dimensional (3D) printing technology has
been applied to fabrication of an electrical small antenna and
ultra-wide band antenna.9,10 Currently, the fabrication of the
metamaterial absorber through the PCB technology was limited to design in planar geometry. The proposed metamaterial
absorber using 3D print technology can realize more efficient
and diverse designs on 3D geometry than using PCB technology. In this work, we demonstrate the feasibility of 3Dprinted absorber with a simple design.
For PCB fabrication, many steps have to be taken.11 For
this reason, the PCB manufacturing process is a long, complex, and expensive. Compared to PCB technology, the 3D
printing technology provides benefits of short manufacturing
time, low cost, simple process and no chemical waste.12 For
the 3D printing process, there are many methods of implementing conductive patterns have been introduced in recent
studies, such as metal printing,13 the use of a conductive filler,14 hybrid additive manufacturing (AM) build sequencing,15 and spraying conductive materials.16–21 Of these
options, the spraying method offers the advantages, such as
low cost, simplicity of fabrication, and short processing time.
In this article, we propose a low-cost 3D-printed metamaterial absorber. In order to achieve simple and low-cost fabrication, we apply 3D printing technology and use a silvercoated copper conductive coating instead of using conductive
ink. The unit structure of proposed metamaterial has a circular truncated cone shape pattern. The substrate and truncated
con shape is realized by poly(lactic acid) (PLA) filament
using the 3D printer. By spraying silver-coated copper on the
circular truncated cone, the conductive pattern of the metamaterial absorber is established.

2 | ABSORBER DESIGN
Figure 1 illustrates a unit cell of the proposed absorber. The
unit structure consists of a silver-coated truncated cone, a

A, Top view and B, side view of the proposed unit cell: L 5 21, Di 5 4.8, Do 5 8.4, Tp 5 11, and Ts 5 0.55 (unit: mm) [Color figure can
be viewed at wileyonlinelibrary.com]
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F I G U R E 2 Simulation set up for the proposed metamaterial absorber: A, air box, material assignment for B, the top pattern and C, ground; D, Floquet
port; and E, master/slave boundary condition [Color figure can be viewed at wileyonlinelibrary.com]

substrate made of PLA, and a copper ground plane on the
bottom. The values of the parameters in Figure 1A are
L 5 21, Di 5 4.8, and Do 5 8.4 mm. Figure 1B shows the
side view of the designed unit cell of the proposed absorber.
We designed a truncated cone with a height of Tp 5 11 mm
and used a PLA substrate with a thickness of Ts 5 0.55 mm.
A 0.6 mm thick copper tape is used for the bottom ground.

In order to simulation of the proposed absorber, we used
a finite-element method (FEM)-based ANSYS highfrequency structure simulator and all material parameters for
EM simulation are characterized from the measurement
results. The surface resistance of the silver-coated conductor
is 0.04 ohms/square. Because the PLA dielectric material is
dispersive and isotropic, its dielectric constant and loss

F I G U R E 3 A, Simulated S11 of the proposed 3D circular truncated cone and 2D circular patch. B, Geometry of the proposed 3D circular truncated
cone. C, Geometry of the 3D circular patch [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 4 Simulated return losses of the proposed metamaterial absorber for different values of A, Di; B, Do; C, Tp; D, Ts; and E, loss tangent of
the PLA substrate [Color figure can be viewed at wileyonlinelibrary.com]

tangent are characterized from the waveguide measurement.
At 10 GHz, the extracted dielectric constant and loss tangent
of the PLA are 2.09 and 0.07, respectively. We designed the
unit cell after considering the minimum 3D printing resolution which is 200 lm. The EM simulation setup for infinite
periodic structure is illustrated in Figure 2. First of all, the air
box of larger than half-wavelength size is drawn in order to

satisfy the far field condition as illustrated in Figure 2A. The
material of the top pattern is assigned as the surface impedance with 0.04 ohms/square as shown in Figure 2B. The bottom ground is assigned as the copper material as shown in
Figure 2C. In order to excite the EM wave, the Floquet port
is used in order to realize a periodic structure. The distance
between the unit cell and Floquet port is 15 mm as shown in
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F I G U R E 5 Process of fabricating the proposed absorber: A, design; B, 3D printing; C, printed substrate; D, coat silver; and E, the fabricated sample
[Color figure can be viewed at wileyonlinelibrary.com]

Figure 2D. Finally, the master/slave boundary conditions are
assigned as shown in Figure 2E in order to realize an infinite
periodic structure.
The resonant frequency of the metamaterial absorber is
affected by the inductance (L) and capacitance (C) as shown
below

FIGURE 6
nelibrary.com]
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The resonant frequency can be reduced by the 3D geometry. The proposed 3D circular truncated cone in Figure 3B
is motivated from the 2D circular patch as shown in Figure
3C. We can decrease the footprint size of the unit cell by

Illustration of free-space measurement setup for A, normal incidence and B, oblique incidence [Color figure can be viewed at wileyonli-
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F I G U R E 7 A, Simulated and measured absorptivity of the proposed absorber under normal incidence. The measured absorptivity values of the fabricated sample B, for different polarization (u) values, under normal incidence and C, for different incidence angle (u) [Color figure can be viewed at
wileyonlinelibrary.com]

introducing 3D geometry by increasing effective
inductance. It is demonstrated from the simulated
S-parameters of the 2D circular patch and 3D circular cone.
As shown in Figure 3A, although their diameter on the footprint is same as 8.4 mm, the resonant frequency of the 3D
circular cone is 10.81 GHz while that of the 2D circular
patch is 12.65 GHz.
T A BL E 1

Figure 4 shows the simulation results of the proposed
absorber for different parameters. In Figure 4A, Di is varied
from 3.2 to 6.4 mm with fixed L 5 21, Do 5 8.4,
Tp 5 11 mm, and Ts 5 0.55 mm. It is observed that the resonant frequency is decreased with larger Di because of high
inductance. In Figure 4B, Do is varied from 8 to 8.8 mm
with fixed L 5 21, Di 5 4.8, Tp 5 11 mm, and

Compared performance of the proposed metamaterial absorber with previously reported metamaterial absorbers using other fabrica-

tion process
Resonant frequency

Fractional bandwidth

Fabrication process

Price

Proposed work

10.81 GHz

2%

3D Printing—silver spray

Low

Ref. [22]

0.8 GHz

4.3%

3D Printing: liquid metal

Medium

Ref. [23]

9.09 GHz

7.2%

Inkjet printing on paper

High

Ref. [24]

10.07 GHz

5%

Optical lithography

High

Ref. [25]

10.44 GHz

4%

Single-layer PCB etching

High

Ref. [26]

10.28 GHz

2%

Multi-layer PCB etching

Very high
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Ts 5 0.55 mm. It is observed that the resonant frequency is
decreased with larger Do because of high inductance. The
effect of Do on the resonant frequency is higher than Di. In
Figure 4C, Tp is varied from 0.5 to 1.7 mm with fixed
L 5 21, Di 5 4.8, Do 5 8.4, and Ts 5 0.55 mm. It is
observed that the resonant frequency is decreased with
thicker Tp because of high inductance. In Figure 4D, Ts is
varied from 0.35 to 0.75 mm with fixed L 5 21, Di 5 4.8,
Do 5 8.4, and Tp 5 11 mm. As Ts increases, capacitance
between the top and bottom plates is decreased. Therefore,
the frequency is increased with thicker Ts. The effect of the
loss tangent of the PLA dielectric material is investigated. At
different loss tangent of 0.007, 0.07, 0.7, and 7, the absorptivity is simulated while fixing L 5 21, Di 5 4.8, Do 5 8.4,
Tp 5 11 mm, and Ts 5 0.55 mm. As shown in Figure 4E,
when loss tangent is 0.07 and 0.007, the absorptivity is 91%
and 58%, respectively. Therefore, the highest absorptivity is
observed when the loss tangent is 0.07.

3 | FABRICATION AND RESULTS
Figure 5 shows the fabrication process of the proposed metamaterial absorber sample. First, we designed a model of the
substrate using a 3D modeler program, as shown in Figure
5A. We then printed the substrate using a 3D printer (Ultimaker2, Geldermalsen, The Netherlands), as shown in Figure
5B. Figure 5C shows the printed substrate.
The truncated cone is coated by Super ShieldTM Silver
Coated Copper Conductive Coating (MG Chemicals, Surrey,
B.C., Canada), as shown in Figure 5D. To accurately coat
the silver spray onto the truncated cone, we used a mask, as
shown in Figure 5D. Figure 5E shows the fabricated prototype, with 8 3 8 unit cells. The size of the overall prototype
is 168 mm 3 168 mm. Copper tape is attached to the bottom
plane of the 3D printed substrate.
Figure 6 illustrates the test setup to measure the absorptivity of the proposed absorber. We measured the reflection
coefficient with an Anritsu MS2038C vector network analyzer (VNA), wedge-tapered absorber, and 2 horn antennas.
The horn antenna was positioned 1 m from the sample in
order to satisfy the far field condition. Our measurements
indicated that the signal from the horn antenna was reflected
from the target. The wedge-tapered absorber was installed on
the backside to remove other waves not going to the target
When the sample is measured for different polarization
angles (u) under normal incidence, a single horn antenna is
used and the sample is rotated as shown in Figure 6A. In order
to measure the absorptivity at different oblique incidence
angles (u), the sample is fixed and the 2 horn antennas are
rotated as shown in Figure 6B. The receiving antenna is placed
at the specular angle of the transmitting antenna’s angle.
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The absorptivity can be calculated from the reflection
coefficient (C(x)) and the transmission coefficient (T(x)).
The absorptivity is calculated as
AðxÞ512CðxÞ2TðxÞ

(2)

Because we attached copper tape to the bottom plane of
the absorber, the magnitude of transmission coefficient is
zero. Therefore, the absorptivity can be calculated from the
reflection coefficient alone, by assuming zero transmission.
The reflection coefficient of the sample can be determined
by subtracting the magnitude of the signal reflected from the
sample from the magnitude of the signal reflected from a
metal plate (which is of the same size as the sample).
Figure 7A shows the simulated and measured absorptivity values of the proposed absorber under normal incidence.
It shows 95% absorptivity at 10.81 GHz from the empirical
results, and 91% absorptivity at 10.8 GHz was obtained from
the simulation. The fractional bandwidths are 1.11% and
1.94%, from the simulation and measurement results,
respectively.
The fractional bandwidth is calculated as
Fractional Bandwidth 5

ðfhigh 2flow Þ=ðfhigh 1flow Þ
3100%;
2
(3)

where fhigh and flow are highest and lowest frequencies when
the absorptivity is 90%.
Figure 7B shows the measured results of the sample for
different polarization angles under normal incidence. We varied the polarization angle from 08 to 908 at 108 intervals. At
each angle, we varied the resonant frequency from 10.74 to
10.84 GHz. Our finding is that the absorptivity is maintained
above 90% at all throughout the test. Figure 7C shows the
measurement results of the sample for different incidence
angles (u). The absorptivity of the sample is found to be
more than 90% for incident angles of up to 208.

4 | CONCLUSION
In this work, we propose a low-cost three-dimensional (3D)
printed metamaterial absorber. The proposed absorber has a
circular truncated cone shape to minimize size. The proposed
absorber is fabricated by using 3D printing technology; while
the silver-coated copper conductive coating spray is used to
minimize cost. To test the performance of the proposed
absorber, a sample of size 168 mm 3 168 mm (8 3 8 unit
cells) is fabricated. The measured absorptivity is 91% at
10.81 GHz for normal incidence. In Table 1, we compared
the performances and manufacturing cost of the proposed
metamaterial absorber with previously reported MM absorbers built in other fabrication technology. The proposed metamaterial absorber has a benefit of low manufacturing cost
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with acceptable absorptivity. In order to improve the bandwidth of the proposed metamaterial absorber, we will build
the 3D printed structure with resistive patterns as a future
work.
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Abstract
This article proposes a design technique to increase the sensitivity of Bluetooth headset antennas. A planar inverted F
antenna was designed on the top printed circuit board (PCB)
of a two-board PCB. Digital noise was designed as a looptype source on the bottom PCB, representing general noise
derived from digital circuits and digital noise generated
from the main cable line. The proposed antenna design was
analyzed by means of simulation and verified by means of
measurements of a fabricated antenna. The proposed technique increased the measured sensitivity by 2.23 dB.
KEYWORDS

digital noise, ground shorting pin, planar inverted-F antenna, total isotropic sensitivity, total radiated power
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1 | INTRODUCTION
With the advent of Bluetooth services, wireless headsets
have become more common. However, designing a highly
sensitive antenna in a small Bluetooth headset is a great challenge for antenna designers. The performance of a receiving
antenna is affected by bit error rate and signal-to-noise ratio.
Noise performance is an important factor affecting the minimum signal level the receiving antenna can recognize.1–3 In
a wireless communication system, the noise source that affect
the antenna performance are usually man-made, arising from
high-speed digital circuits. In an active measurement, total
isotropic sensitivity (TIS) is affected by the antenna efficiency, noise interference, and conductive sensitivity.1 To
increase the sensitivity of the receiving antenna, either the
efficiency of the antenna has to be increased or the interference of the noise has to be reduced.
Many studies have focused on the use of parasitic slots
and characteristic modes for decoupling in a multi-input and
multi-output (MIMO) systems4–6 and increasing TIS on a
single board.7,8 In this letter, the concept of decoupling digital noise from the antenna is discussed. As an example, modeling of a two board Bluetooth headset was conducted based
on commercial board. Simulation was conducted using full
wave simulator and measurement data were verified using
active measurements of Bluetooth headsets in a 6 m 3 3 m
3 3 m three-dimensional (3-D) Cellular Telecommunications and Internet Association over the air (CTIA OTA)
chamber using a TC-3000B Bluetooth tester.

2 | ANTENNA DESIGN AND
OPERATING MECHANISM
As shown in Figure 1, the proposed PIFA (10 mm 3 5 mm)
was designed on the top PCB (10:5 mm 3 19:5 mm) ground
plane of a Bluetooth headset. This PIFA had the form of a
bended radiator to be made applicable to an actual commercial board. The top PCB was connected to the bottom PCB
through a signal connector. The signal connector is usually a
complicated board-to-board connector as shown in Figure 4,
but for simulation the signal connector was simplified to
a line connecting top and bottom PCB. For simulation, a
loop-type resonator was formed on the bottom PCB
(10:5 mm 3 15 mm) to represent digital noise. The digital
noise occurring on commercial boards is mostly undefinable,
but takes a form of a loop. Therefore, for simulation, it was
simplified and designed as a loop type resonator on the bottom PCB.7,8 Digital noise is coupled to the antenna through
the signal connector, thereby degrading the antenna sensitivity. Thus, to reduce the coupling between the digital noise
and the antenna, an additional ground shorting pin was
designed to distribute the current path.

