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Abstract— This article introduces a novel method of laser abla-
tion patterning-based additive manufacturing (AM) to develop
a broadband planar antenna for sub-6 GHz wireless com-
munications applications. The presented technique consists of
fused deposition modeling (FDM) and the laser ablation cutting-
based metal patterning. The metal layer is transferred to a
thermoplastic-based ABS substrate without any postprocess-
ing. FDM and metal patterning are independent operations
in our procedure and therefore the proposed prototyping is
time-efficient compared to the current AM techniques. The
3-D printed antenna is in the form of the single-layer ABS
substrate–metal radiator fed by a coplanar waveguide (CPW).
The antenna is also printed on an FR-4 substrate using printed
circuit board (PCB) technology, and the radiation skills of the
3-D printed antenna are benchmarked with its PCB counterpart.
The numerical results obtained with a full-wave analysis tool are
verified by the experimental results. The proposed antenna oper-
ates on a broadband covering 2.54–5.84-GHz band with the peak
gain around 4 dBi and meets the requirements of the Worldwide
Interoperability for Microwave Access (WiMAX) and wireless
local area network (WLAN) band applications. The fabricated
3D-printed antenna is loaded to human body, and the reflection
coefficients are measured for off-body communication links. The
calculated electromagnetic power density profiles on the human
phantom are demonstrated for various operating frequencies.

Index Terms— 3-D printing, additive-manufacturing (AM),
body-area-networks, broadband antennas, fused deposition mod-
eling (FDM), laser ablation cutting, off-body communications,
Worldwide Interoperability for Microwave Access (WiMAX),
wireless local area network (WLAN).

I. INTRODUCTION

NOVEL additive-manufacturing (AM) or three-
dimensional (3-D) printing technologies are currently
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at the center of significant research interest, especially,
in radio frequency (RF) and microwave engineering
applications to meet the requirements of future wireless
communication systems [1]. AM-based RF circuits and
devices now push the boundaries of their counterparts
based on traditional manufacturing, and in some cases,
they pose better high-frequency characteristics. AM rapidly
prototypes RF tools with lower production cost and time
compared to the traditional machining or thin-film process.
The third dimension introduced by 3-D printing enables the
construction of any arbitrary nonplanar structures, which
is troublesome with conventional lithography techniques.
Thus, AM is a technology providing new skills to overcome
practical limitations and develop cost-effective, optimum RF
components [2].

Recently, 3-D printing technology has been investigated
for antenna applications based on two main approaches:
metallic and non-metallic 3-D printing. Metallic 3-D print-
ing techniques, for example, binder jetting and selective
laser melting (SLM), are compatible with single-print oper-
ation, and, in general, have been used to manufacture
bulky antennas such as horn and waveguide-based radia-
tors [3]–[6]. While SLM needs high-temperature chamber
operation, sintering is essential in binder jetting to opti-
mize conductivity. Both techniques require postprocessing
like micromachined process in the antenna implementations.
Non-metallic 3-D printing has been used to realize dielec-
tric parts of the antenna architectures, ranging from lenses
to substrates and antenna packages [7]–[13]. Metallization
is a critical task in non-metallic 3-D printing, which can
be accomplished with two major metallization techniques,
namely physical/chemical deposition and conductive ink
jetting.

Deposition of copper (Cu) films on planar 3-D printed
dielectric substrates using sputtering system has been inves-
tigated for the development of various passive RF cir-
cuits [14]–[17]. The dielectric surface is entirely coated in
sputtering, and unwanted metal is removed with a mechanical
process such as polishing or in situ lift-off masking. Another
but less complicated method is the chemical electroless plat-
ing. Electroless nickel plating is used in the production of
AM-based antennas; however, a second deposition of different
metal layer (copper) is required to ensure skin depth condi-
tion [18]–[20].
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Fig. 1. Fabrication process (a) 3-D printing with FDM, (b) metal patterning
with laser ablation cutting, and (c) transfer of copper pattern to the dielectric
substrate.

Many antenna groups have investigated the conductive ink
jetting, based on ink-jet printing or aerosol/air-jet technol-
ogy [19], [21]–[24]. Jetting systems commonly use silver-
based conductive ink solutions, and they limit high-frequency
skills of the host dielectric due to the resistance level of the
silver ink (five to ten times greater than that of copper after
sintering) [25]. Ink deposition can also be applied by hand with
a brush as reported in [26] and [27], though the size of the used
brush restricts the dimensions of the metallic pattern. Indeed,
brushing is a blind method to optimize the metal thickness.
All these metallization techniques, indeed, pose a bottleneck in
the fast prototyping of RF and microwave radiators, stemming
from sophisticated fabrication, dispersive ink response, and
limited antenna geometries.

To overcome current limitations, we present a novel fabri-
cation technique based on tape transfer of laser ablation pat-
terned metal radiator on 3-D printed substrate. The proposed
technique is implemented to develop a broadband coplanar-
waveguide (CPW)-fed planar antenna for sub-6 GHz wireless
communications applications. A 1064-nm pulsed laser is used
to ablate copper layer and pattern the complex metallic layer of
the antenna. The patterned copper layer is transferred without
any postprocessing to the 3-D printed ABS substrate fabricated
with fused deposition modeling (FDM). The antenna perfor-
mance is compared with that of the identical PCB counterpart.
Experimental results prove that the 3-D printed antenna shows
efficient broadband radiation skills in sub-6 GHz frequencies.
The wearable application of the printed antenna is also exper-
imentally demonstrated. The SAR analysis is carried out, and
the SAR outcomes satisfy the global standards. The proposed
antenna is cost-effective, lightweight, low-profile, and easy-to-
use, which is highly desirable in Worldwide Interoperability
for Microwave Access (WiMAX) and wireless local area
network (WLAN) band applications.

The article is organized as follows. In Section II, the
fabrication process is presented. Section III introduces the
antenna design and simulation analysis. Section IV reports
experimental results. Section V investigates the antenna per-
formance on human body. Finally, Section VI concludes the
article.

II. FABRICATION

The fabrication process of the proposed CPW-fed antenna
is shown in Fig. 1. Before fabrication, the digital model of
the antenna design in CST Microwave Studio is exported
to an.STL file. It is then transferred to the slicing software
in order to generate the G-code file required in the 3-D
printing and laser ablation patterning process. The dielectric
substrate is fabricated using conventional FDM technology
[see Fig. 1(a)]. The density of the commercially available T3D
3-D printer is set to 100% infill and 0.2-mm-layer thickness.
The thermoplastic used in the 3-D printing process is Preperm
3-D ABS450 acrylonitrile butadiene styrene (ABS) [28]. The
filament is printed on the pre-heated glass of the printer’s hot
table at 110 ◦C. The support layer is not used in 3-D printing.
Instead, the top of the glass is covered with a polyimide film
(Kapton), enabling homogeneous heat distribution and high-
quality 3-D manufacturing.

The commercially available EMI/RFI shielding copper foil
tape (Wurth) is used in metallic layer fabrication. The used
tape consists of a copper foil backing and acrylic adhesive on
a removable silicone liner. The thickness of the copper and
adhesive layer is 40 and 30 μm, respectively. The copper foil
is ablated with a 1064-nm pulse fiber laser equipped cutting
machine [see Fig. 1(b)]. The pulse duration and the output
power of the used laser source is 120 ns and 20 W, respectively
(Tipo-IDEA Machines, n.d.). The whole patterning process is
completed in less than 1 min, and it directly yields the final
form of the metallic pattern without any additional processing.
The proposed laser ablation cutting technique dramatically
decreases the duration of the metal patterning process com-
pared to the current methods including thin-film fabrication,
electroless deposition, and jetting systems [14], [19], [21].

Furthermore, the current printing techniques have sequential
fabrication procedures such that the metallization starts only if
3-D printing is finished. In the proposed technique, however,
3-D printing and metallic pattern operations progress hand
in hand, since they are independent. Therefore, the proposed
technique indicates an overwhelming harmony with fast-
prototyping.

The metallic layer is transferred onto the dielectric substrate,
as depicted in Fig. 1(c). It is observed that a strong and
stable adhesion is achieved between the smoothed surface
of the ABS dielectric and the metal layer of the antenna.
The final step is connecting a 50 � SMA connector to the
antenna.

III. PRINCIPLE AND DESIGN

The proposed antenna is inspired by a resonant structure
consisting of a rectangular loop and a circular ring. The
ground plane is fed by a coplanar waveguide (CPW), which
is designed to obtain a good impedance stability over the
operation band [29].

The proposed antenna is illustrated in Fig. 2. The low-loss
ABS thermoplastic filament (Preperm ABS450) is used as a
substrate. The dielectric properties of the used ABS are shown
in Table I [28].
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(a) (b)

Fig. 2. Proposed antenna: (a) Top view and (b) 3-D view with the SMA
connector.

TABLE I

DI ELECTRIC PROPERTIES OF THE USED ABS AT 2.4 GHZ

TABLE II

OPTIMIZED ANTENNA PARAMETERS∗

The antenna is thin, 0.8 mm, with the area of 23 mm ×
37 mm. The numerical optimization is performed to achieve
the broadband operation. The optimized dimensions of the
antenna are summarized in Table II. Electromagnetic charac-
terization is carried out using 3-D full-wave electromagnetic
solver CST Microwave Studio 2019 based on the finite inte-
gration technique (FIT) [30]. The simulation setup settings are
as follows: Adaptive mesh refinement is active. The number
of pulses is 200. The number of cells per wavelength is 15.
The time domain solver is used.

Fig. 3 depicts the development stages of the proposed
antenna with the reflection coefficient performance. Antenna-1
and antenna-2 show reflection coefficient (S11) of the bare ring
and bare loop resonator, respectively. While antenna-1 has a
dual-band characteristic (around 2.9 and 5.4 GHz), antenna-2
only resonates at around 2.9 GHz.

The response of the proposed antenna is plotted by the red
straight line. It is clearly seen that the collective response
of both resonators is active over a broadband covering
2.75 − 6.0 GHz with the reflection coefficient less than
−10 dB. Moreover, the final design poses two dips in S11

around 3.2 and 5.4 GHz, which also indicates the collective
response of the resonators.

Fig. 3. Simulated reflection coefficient of the proposed antenna. Antenna-1:
bare ring. Antenna-2: bare loop. The red solid line shows the collective
response.

The parametric analysis was carried out for the four fun-
damental antenna parameters involving R2, W5, L2 and h,
respectively. The reflection coefficient S11 slightly changes
with the outer radius of the circular ring resonator (R2) as
shown in Fig. 4(a). It is evident that variations in R2 effects
the position of the first resonance dip. The width of the signal
path (W5) is optimized to 2 mm considering the impedance
stability over the operation band as illustrated in Fig. 4(b).
Slight variations are observed in the position of both dips of
S11 with W5. As the length of the ground plane (L2) varies
from 9.2 to 10 mm, the reflection coefficient stays relatively
stable around the operation band [see Fig. 4(c)]. After opti-
mization, L2 is set to 9.6 mm. The antenna thickness (h)
is varied from 0.2 to 1.4 mm with an increment of 0.3 mm.
As shown in Fig. 5, the response of the antenna shifts to lower
frequencies with h. The optimized values of h is 0.8 mm
enabling a thin and low-profile design.

Fig. 6 illustrates the surface current density distribution of
the proposed antenna to explain the resonance mechanism.
As shown in Fig. 6, the current is mainly distributed around
the rectangular loop/circular ring resonators, which forms an
electromagnetic energy loop. We observed similar current
distribution characteristics at other frequencies within the oper-
ation band. It is also observed that the rectangular loop hosts
more currents at higher frequencies. Collective resonation skill
of the loop/ring radiators is the origin of the broadband spectral
response.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed antenna is also printed on an FR-4 substrate
using conventional printed circuit board (PCB) technology.
FR-4 (εr = 4.4, tan σ = 0.02) with 0.8 mm dielectric thick-
ness and 35-μm copper is used. The 3-D printed antenna [see
Fig. 7(a)] and its PCB counterpart are identical in dimension,
as shown in Fig. 7(b). The radiation characteristics of the
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Fig. 4. Parametric analysis. Variations of S11 with (a) outer radius of the
circular ring R2, (b) width of the signal path W5, and (c) length of the ground
plane L2.

3-D printed antenna are compared with those of the PCB
counterpart for experimental verification.

Fig. 8 presents the measured and simulated reflection
coefficients. A good agreement is observed between both

Fig. 5. Parametric analysis. Variations of S11 with the thickness of the
dielectric substrate h. The optimized h is 0.8 mm.

Fig. 6. Surface current density distribution on the top plane of the proposed
antenna at 5.4 GHz.

measured responses. In all tests, WiMAX and WLAN bands
were covered. The 3-D printed antenna shows a very good
impedance matching performance with the measured S11 less
than −10 dB within 2.54–5.84 GHz (1:2.30 BW) band. It is
evident that the proposed method of metal patterning qualifies
the impedance matching condition in the broadband, in line
with the simulation results. A similar characteristic is observed
for the PCB antenna within 2.53−5.96 GHz (1:2.35 BW)
band.

The gain patterns are measured within the operation band.
The measurements are performed with 1◦ angle resolution
at φ = 0◦ and φ = 90◦ planes for θ ranging from −90◦
to 90◦. The measurement setup in an anechoic chamber is
shown in Fig. 9. Fig. 10 compares the simulated and measured
E- and H-plane radiation patterns at 3.8, 4.6, and 5.4 GHz,
respectively. As seen in the results, similar co-polarization
characteristics are observed in E and H plane patterns of
ABS based 3-D printed antenna and its PCB counterpart
in the band of interest. Furthermore, cross-polarization iso-
lation better than 20 dB is achieved. Furthermore, better
isolation is observed with the PCB antenna. The observed
differences in the radiation patterns might originate from
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Fig. 7. Fabricated antennas: (a) 3-D printed antenna and (b) PCB (FR-4)
counterpart.

Fig. 8. Comparison of simulated and measured results for the 3-D printed
antenna and its PCB counterpart.

various fabrication uncertainties including surface roughness,
ambient conditions, deformation of ABS substrate and the
resolution of the 3-D printer [3], [17], [22]. The radiation
pattern tends to become omnidirectional, though the maximum
field intensity is observed in broadside direction. Comparison
of the measured peak gains with simulation results is also
reported in Fig. 11. The measured gain of the 3-D printed
broadband antenna varies between ∼ 3.1−6.3 dBi, and the
peak gain is 3.14, 6.37, and 6.35 dBi corresponding to 3.8-,
4.6-, and 5.4-GHz bands, respectively. On the other hand,
the measured peak gain is higher than the simulated peak
gain. We can conclude that the test fixture in the measurement

Fig. 9. Measurement setup in anechoic chamber.

Fig. 10. Comparison of simulated and measured radiation patterns of 3-D
printed and PCB antenna (E and H planes) at (a) 3.8 GHz, (b) 4.6 GHz, and
(c) 5.4 GHz.

setup might enhance the measured peak gain. Although the
3-D printed antenna shows better peak gains than its PCB
counterpart, the fabrication uncertainties and conductor losses
might limit the achieved peak gain.

V. WEARABLE APPLICATION FOR BODY AREA

NETWORKS

A. Antenna Performance on Human Body

While the proposed 3-D printed antenna can be a
good candidate for various sub-6 GHz broadband wireless
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Fig. 11. Comparison of measured and simulated peak gains of the proposed
antenna fabricated with 3-D printing and PCB technique.

1

2

Fig. 12. Illustration of the 3-D printed antenna placed on the (a) shoulder
and leg for off-body communication. (b) Measured reflection coefficient of
the antenna on body, that is, on the shoulder (1) and the leg (2).

communications systems, its suitability for wearable body
area network (BAN) devices is further investigated when
the antenna is in close proximity to human body. BANs
require high-quality links for off-body operations of on-body
devices [31]–[33]. A series of experiments were carried out to

Fig. 13. Multilayer phantom for SAR calculation and the 3D-printed antenna
mounted on top of it.

Fig. 14. (a) Simulated SAR profiles over 1 and 10 g of human tissue at
4.6 GHz, respectively. (b) Comparison of the free space and on-body antenna
radiation efficiency.

measure reflection coefficient, while the on-body antenna was
connected to the VNA.

Fig. 12(a) illustrates the positions of the antenna mounted
on different parts of the body, that is, shoulder and leg, during
the experiments. The measured reflection coefficient responses
presented in Fig. 12(b) show that the fabricated antenna pro-
vides similar S11 characteristics for the body loading scenarios.
The impedance matching is still well maintained through the
band where the measured S11 is less than −10 dB within
2.39–5.39 GHz (1:2.26 BW) and 2.39–5.44 GHz (1:2.28 BW)
bands for the shoulder and leg loading cases, respectively.
These outcomes reveal that the broadband radiation skill of the
fabricated antenna is active for wearable BAN applications.
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TABLE III

SIMULATED MAXIMUM SAR RESULTS FOR 1 AND 10 G OF TISSUE AT 3.8,
4.6, AND 5.4 GHZ

TABLE IV

PHYSICAL PROPERTIES OF SKIN, FAT, MUSCLE, AND BONE AT 3.8, 4.6,
AND 5.4 GHZ

B. Specific Absorption Rate (SAR) Analysis

The antenna is going to be further investigated to evaluate
the specific absorption rate (SAR) level for off-body opera-
tions. SAR is a standard measure used to analyze electromag-
netic power absorption in human tissues. The SAR value is
assessed using (1)

SAR = σ |E |2/ρ (1)

where σ is the conductivity of the tissue in S/m, E is the rms
electric field in V/m, and ρ is the mass density of the tissue
in kg/m3.

The SAR value should not exceed the predefined limits.
According to the federal communications commission (FCC),
SAR must be no greater than 1.6 W/kg averaged over 1 g
of tissue. The second standard is regulated by International
Electrotechnical Commission (IEC/IEEE), and the threshold
is 2 W/kg averaged over 10 g of tissue. To perform SAR
analysis, a 100 mm × 100 mm × 40 mm layered numer-
ical phantom emulating the human body was built in CST.
As shown in Fig. 13, the SAR model consists of four layers
in the form of the rectangular phantom. The layered model
represents skin (2 mm), fat (5 mm), muscle (20 mm), and
bone (13 mm), respectively. The dielectric properties of body
tissues are listed in the lookup table given in Appendix [34].
The antenna is separated from the phantom model by 15 mm.
As a benchmark, the antenna input power of 100 mW (20 dB)
is selected.

Fig. 14(a) shows the generated SAR profiles. The maximum
values of 0.65 and 0.28 W/kg are achieved over 1 and 10 g
of human tissue at 4.6 GHz, respectively. It is clearly seen
that SAR profiles are in line with the radiation patterns of
the antenna. Furthermore, all SAR results for the operation
bands of 3.8, 4.6, and 5.4 GHz. are summarized in Table III.
The outcomes shown in Table III prove that the proposed 3-D
printed antenna complies with FCC and IEC specifications,
and hence it is safe for wearable applications of BNA devices.
The radiation efficiencies of free space and on-body wearable
antenna are illustrated in Fig. 14(b). While the free space
radiation efficiency is above 80%, on-body radiation efficiency
exceeds 70% after 4 GHz.

VI. CONCLUSION

We present a novel 3-D printing prototyping technique using
laser ablation cutting-based metallic patterning for RF antenna
applications. As a proof of concept, a CPW-fed broadband
planar antenna was fabricated for sub-6 GHz wireless commu-
nications. The experimental results prove that the fabricated 3-
D printed antenna shows very similar radiation skills compared
to its PCB counterpart, which operates in broadband covering
2.54–5.84 GHz. The ABS-based antenna is robust, easy-to-use
and low-profile, and its performance meets the requirements of
WiMAX and WLAN applications. We reveal that the proposed
metal deposition procedure is highly fast with respect to the
current 3-D printing procedures. Flexible profile of the used
metal foil is compatible to integration with substrates such as,
stretchable fabrics, polydimethylsiloxane (PDMS), and poly-
imide (PI) film. We also proved that the 3D-printed antenna
complies with international SAR standards and shows a good
potential for off-body communication applications. Hence, the
proposed technique can be applied for the development of
further RF/microwave circuits and antennas using flexible and
wearable dielectrics.

APPENDIX

See Table IV.
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