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Cost-Effective Fabry—Pérot Antenna via Conductive
Inkjet and Additive Printing

F. Anelli"?, A. M. Loconsole “, V. V. Francione

Abstract—The employment of unconventional and very cheap
materials is proposed for fabricating a complex radiating structure,
with the aim to test the actual feasibility. A partially reflective
surface (PRS) is designed to enhance the broadside directivity of an
inkjet printed V-slot loaded patch antenna, by means of the Fabry—
Pérot resonance effect. The proposed multilayer PRS is obtained
by means of ultrathin polyethylene terephthalate (PET) layers,
conductive ink patterns and all-dielectric 3-D printed polyethylene
terephthalate glycol (PETG) layers to achieve a positive reflection
phase gradient as a function of frequency f. A prototype of the
Fabry-Pérot antenna is fabricated for the first time with the de-
scribed materials and low-cost technology. The measurements are
in good agreement with the design, proving the intended perfor-
mance. The measured maximum gain is G, = 13.2 dBi, the 3 dB
gain bandwidthis B W = 24.5% within the impedance-matched
bandwidth BW¢;, = 31.3%. The obtained result promises low-cost
fabrication for conformal antennas exhibiting good performance
even when compared to high-quality substrates and more sophis-
ticated technologies.

Index Terms—Additive manufacturing, Fabry-Pérot resonator
antenna, inkjet printing, partially reflective surface, wideband
antenna.

I. INTRODUCTION

HE demand for cost-effective, compact, and lightweight
T antennas is rapidly increasing due to the spreading of
wireless communication systems and services such as Internet of
Things and wearable devices. In this context, conductive inkjet
printing has emerged as a promising candidate for fabricating
antennas [1], [2]. Advantages include the additive nature, the
cost-effectiveness, and the precise deposition of conductive
inks in desired patterns [1], [2]. Conductive inkjet printing has
been successfully investigated for the construction of conven-
tional antenna designs, e.g., in [2], [3], [4], while its use for
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more complex geometries, e.g., frequency selective surface- or
metamaterial-based antennas, is rather underexplored. Among
various structures, in the past decade, the Fabry—Pérot resonator
antennas (FPRAs) have gained significant attention thanks to
their high directivity, and low profile [5]. The broadside direc-
tivity of a simple radiator placed in the cavity can be increased by
leveraging multiple in-phase reflections between a total reflector
and a PRS [6]. This improvement is related to the reflective
properties, both magnitude and phase, of the PRS [6]. The latter
can be designed by considering different strategies, including
2-D metalized (printed) frequency selective surfaces (FSSs) [5],
[7], non-metalized (unprinted) all-dielectric slabs [8], [9], and
3-D electromagnetic bandgap structures [10].

In this letter, an unconventional fabrication technique for the
FPRA is proposed. In particular, the feed antenna is a V-slot
loaded patch fabricated via inkjet printing on two ultrathin PET
substrates, i.e., one for the ground plane and one for the patch. A
double-layer PRS is designed. It is constructed from two closely
spaced PRSs, each formed by two single-sided ultrathin PET lay-
ers, with a PETG layer sandwiched between them to improve the
PRS reflection phase response ¢. For the first time to the best of
our knowledge, the feasibility and repeatability of a double-layer
PRS with a tailored reflection phase response as a function of
frequency is demonstrated utilizing ultrathin, inkjet-printed PET
layers in combination with 3-D-printed PETG layers. The PRS
and the feeding antenna have been optimized to work in the
frequency range from 7.0 GHz to 9.5 GHz. The experimental
results are in good agreement with the simulation and prove
the possibility of exploiting inkjet printing for complex antenna
designs with performance very close to that achievable with con-
ventional fabrication methods and high-performance laminates
in the examined frequency range.

II. RECALL OF THEORY

By considering the ray-tracing method for an FPRA radi-
ating broadside, the Fabry—Pérot resonance is satisfied when
[11], [12]: ¢ + PBowom — e f = 2N, with N = 0,1,2, ...,
where ¢ is the reflection phase response of the PRS, ¢poom 1S
the phase introduced by the total reflector, h. is the thickness
of the cavity (i.e., the distance between the PRS and the total
reflector), ¢ is the speed of light, and f is the frequency. A
perfect electric conductor (PEC) exhibits ¢poyom = 7. There-
fore, the maximum broadside directivity Drpra is obtained
when the PRS reflection phase ¢ satisfies the following ideal
phase relation [7], [12]: ¢ = % f+ (2N — 1)m. More-
over, to achieve a low profile, N = 0 is preferred. When the
resonance condition is satisfied, the directivity of the FPRA
Drpracan be approximately calculated by considering the feed
antenna directivity Dy and the PRS reflection magnitude p
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Fig. 1. (a) Sketch of the FPRA, composed of a feed antenna, i.e., V-slot loaded
patch with ground plane and radiating layer, and a double-layer PRS; (b) sketch
of the unit cell of a single layer of the double-layer PRS, composed of a square
patch, a square aperture, both printed on two Novele 1J-220 substrates and an
embedded all-dielectric PETG substrate; and (c) sketch of the V-slot of the feed
antenna.
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[13] DFPRA (dBl) = DF (dBl) + DPRS (dB) DPRS (dB) =
10 x log1o((1 + p)/(1 — p))is the increase in directivity due
to the PRS. The ideal phase ¢p is linearly increasing with
frequency f. However, the PRS reflection phase ¢ is generally
characterized by a negative phase gradient, that makes the res-
onance satisfied only at a specific frequency, thus leading to
a very narrow 3 dB gain bandwith BW¢g [14], [15]. Several
approaches allow the improvement of the BW(. One option
is based on antenna array, but this solution is often considered
less appealing due to the requirement for a complicated feeding
network [16]. An alternative approach involves using a tapered
PRS to enable spherical-to-planar wave conversion [17]. Finally,
a PRS with a positive phase gradient as a function of frequency
f can be employed. Single-layer printed PRSs [5], [15], [18],
multilayer printed PRSs [7], [14], [19], and unprinted dielectric
slabs [6], [20] can be designed to this aim. The use of unprinted
dielectric slabs is relatively simple, but it frequently results in
bulky structures since it relies on half- or quarter-wavelength
slabs separated by air gaps of similar dimensions [21]. In this
letter, to achieve improved control over the reflection properties,
a multilayer printed PRS is designed [22].

III. DESING OF THE FPRA

The design of the PRS unit cell is focused on achieving: 1)
the desired phase response ¢rand 2) an appropriate magnitude
of the reflection coefficient p. This is crucial to obtain a good
improvement of the directivity. It is worth noting that a positive
phase gradient can be achieved in a frequency band around the
PRS resonance frequency: the stronger the resonance, the more
pronounced and steeper the associated positive phase gradient
becomes [14]. Strong resonances are not desirable because even
if the resonance relation, i.e., 1), may be satisfied, the reflection
coefficient magnitude p would be too low to obtain a good
directivity increase Dprs.

Fig. 1(a) illustrates the sketch of the FPRA, composed of a
V-slot loaded patch, and a double-layer PRS. In the proposed
design, the double-layer PRS is composed of two PRSs, namely
PRS; and PRS; (ordered going upwards along the z-axis).
Fig. 1(b) reports the sketch of the unit cell of one of the two
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Fig. 2.

Equivalent circuit of the proposed double-layer PRS.

layers of the double-layer PRS. Each layer is composed of
three sublayers: two ultrathin PET substrates with a mesoporous
coating, i.e., Novele! 1J-220, and a thicker PETG substrate
sandwiched between them. The conductive ink is deposited
on Novele 1J-220 substrates with a printed periodic array of
square apertures (inductive element) on one side, and a periodic
array of square patches (capacitive element) on the other side,
constituting a complimentary FSS [14], [23], [24]. In this way,
both PRS; and PRSy contribute to the antenna operation by
inducing a resonance. The 3-D-printed PETG inside the two
single-sided Novele 1J-220 substrates is introduced to further
control and optimize the PRS reflection phase ¢.

Fig. 2 reports the equivalent circuit of the double-layer PRS
[12].

The unit cell of the double-layer PRS is optimized through
full-wave electromagnetic simulations in the frequency domain
using CST Microwave Studio Suite. Periodic boundary condi-
tions are applied to the four walls of the unit cell. The antenna
is designed to operate in the considered frequency range from
about 7 GHz to about 9.5 GHz. The region where the phase
gradient is positive must include the aforesaid range. To ensure
accurate reflection phase evaluation, deembedding for the Flo-
quet ports is taken into account, with the phase referenced at
the closest surface of PRS, i.e., the square aperture of PRS;.
Novele 1J-220 PET-based substrate is characterized by substrate
height hAxnov = 0.14 mm, dielectric constante,, = 2.95, and loss
tangent tan = 0.025 [25]. PETG is modeled with dielectric
constant €,, = 2.85, and loss tangent tan § = 0.025 [26]. Since
the PETG is obtained via 3-D printing, its thickness can be
freely optimized. The conductive ink is Metalon JS-B25P with
silver content of 25 wt%. The following parameters have been
considered in the design optimization: length of the unit cell
(Lce11, equal for the two PRSs); lengths of the square apertures
(a1, and ag, ordered going upwards along z-axis); lengths of
square patches (b1, and b, ordered going upwards along z-axis);
PETG thickness (hpgra, equal for the two PRSs); distance
between PRS; and PRS, (hy). The optimized dimensions of
the PRS are: a; = 8.6 mm, ax = 7.7 mm, b; = 8.8 mm, by =
9.2 mm, hpgrg = 1.2 mm, hprs = 1.48 mm, h; = 2.52 mm,
Lcell =11.2 mm.

Fig. 3 reports the simulated reflection coefficient magnitude p
and phase ¢ of the double-layer PRS for incidence angle § = 0°
(solid line) and # = 20° (dashed line). The ideal reflection phase
¢1 when considering a cavity height h¢,, = 19.70 mm (i.e., half
wavelength at the frequency f = 7.6 GHz), calculated by using
(2) is also reported. The positive phase slope of PRS reflection
coefficient and the reflection amplitude coefficient higher than
0.5 ensure that the FPRA can resonate with high directivity
Drpra also in case of angled incidence. The equivalent circuit
analysis has also been performed on the double-layer PRS to
understand how the structure leads to a reflection phase with a
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Fig.3. Reflection magnitude p and reflection phase ¢ of the double-layer PRS
via: (i) CST Microwave Studio full-wave unit cell simulation, for incidence
angle 0 = 0° (solid line) and 6 = 20° (dashed line); (ii) equivalent circuit

model (dash-dotted line). Ideal reflection phase for an FPRA with cavity height
he = 19.7 mm (dotted line).
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Fig. 4. Simulated input reflection coefficient |S11 | and realized gain G of the
antenna w/o PRS (solid line) and w/ 7 x 7 PRS array size (dashed line).

positive slope as a function of the frequency. The following val-
ues are employed, finding an excellent agreement with the full-
wave unit cell simulations: Z = 377 Q, Z; =219.5 Q, Z, =
2233 Q, Csq1 = 0.055pF, Cp1 = 0.1 pF, Ly = 1.97 nH,
Ly,1 =031 nH, Cse2 =0.019 pF, Cpo =0.074 pF, L. =
2.76 nH, L,> = 0.4 nH, C),, = 0.039 pF, L,,, = 4 nH.

A realistic finite-size antenna is designed, based on this PRS.
A pin-fed rectangular patch antenna, with a V-slot to increase its
bandwidth, is optimized as primary radiator [27]. The top layer is
illustrated in Fig. 1(c). Dimensions are specified as follows: d; =
1.15mm, do = 1.65 mm, dgo = 6.45 mm, o = 5°, weet =
1.15 mm, wy, = 18.7 mm, [, = 13.5 mm, lgox = 9.7 mm. The
array size of the PRSis 7 x 7,i.e., 78.4 mm x 78.4 mm, approx-
imately 2.2 ¢ x 2.2 4o x 0.70 1 at the center frequency. The
same dimensions are chosen for the ground. The cavity height is
he = 19.7 mm, while the optimized distance between the patch
and the ground is hs = 3.3 mm. Fig. 4 reports the simulated
input reflection coefficient |:S;| and the realized gain G for the
antenna without (w/0) PRS (solid line) and with (w/) PRS, i.e.,
the FPRA (dashed line). The bandwidth of the primary radiator is
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almost entirely maintained, and an improvement of the realized
gain G, due to the Fabry—Pérot resonance, is obtained.

IV. FABRICATION AND CHARACTERIZATION OF THE FPRA

A. Experiment and Results

EPSON Ecotank ET-M1170 is utilized for printing on the
Novele 1J-220 substrate using the conductive inkjet Metalon
JS-B25P. The SMA connector is glued via MG Chemicals
83318 silver conductive epoxy adhesive and cured for 2 hours
at 65°C. A low-cost Creality K1C 3-D printer, based on fused
deposition modeling, is used to print the PETG at 100% infill
density, serving for the PRS and as spacer, utilizing a nozzle
with a 0.2 mm diameter. Pictures of the fabricated prototype are
reported in Fig. 5; (a) the top layer of the V-slot loaded patch
antenna; (b) image taken with Dino-Lite Digital Microscope;
(c) a detail of the periodic array of square apertures of PRSy;
(d) a detail of the periodic array of square patches of PRSs; (e)
the assembled FPRA in the anechoic chamber. The material cost
for the FPRA fabrication is approximately a few percent of the
cost of a similar antenna made with conventional materials and
technologies. Currently, it is about i) 0.5 $ for a single ultrathin
PET sheet, which allows printing the ground, the patch antenna,
and the 4 arrays of square patches/apertures; ii) 5.0 $ for the
corresponding conductive ink consumption; iii) 1.0 $ for the
PETG substrates and support. The FPRA weight, including the
SMA connector, is 52 g. The scattering parameter S1; of the
antenna w/o and w/ the PRS has been measured with the Agilent
Technologies N5224A PNA Network Analyzer. The radiation
performance measurement of the antenna w/o and w/ the PRS
has been accomplished using the anechoic chamber StarLab
SATIMO.

Fig. 6(a) reports the simulated (solid line) and measured
(dashed line) input reflection coefficient |S11| of the antenna
w/o PRS (black line) and w/ PRS (red line). There is a good
agreement between simulation and measurement, apart from
a slight shift towards higher frequency. A set of ten FPRAs
has been constructed, exhibiting a good degree of repeatability.
The frequency shift probably depends on the connector gluing.
Indeed, by simulations, changes in the dielectric constant has
no substantial effect on the patch antenna input reflection coef-
ficient, due to the very thin thickness of the PET substrates. The
measured impedance bandwidth of the FPRA is in the frequency
range from 7.0 GHz to 9.6 GHz. Fig. 6(b) reports the simulated
(solid line) and measured (circle markers) realized gain G and
total efficiency 7 of the antenna w/o PRS (black) and w/ PRS
(red). For the FPRA, a high gain G, = 13.2 dBi has been
measured at the frequency f = 8.2 GHz. The FPRA measured
3 dB gain bandwidth is BWg = 24.5% within the impedance
bandwidth of the FPRA. Furthermore, the measured aperture
efficiency is approximately 35.3%. Fig. 7 shows the H-plane,
and the E-plane of the simulated and measured radiation patterns
for the antenna with PRS at the frequency f = 8 GHz.

The radiation pattern reveals an antenna capable of transmit-
ting a single broadside beam with acceptable sidelobe level and
cross-polar discrimination.

B. Performance Comparison With Literature

The slight difference between simulation and measurement
can be attributed to the fabrication process, including factors
such as the precision of the inkjet printing, control of the exact
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(a) Picture of the fabricated V-slot loaded patch via conductive inkjet printing. (b) Microscope image of the fabricated V-slot loaded patch via conductive

inkjet printing with an enlargement. (c) Enlargement of the periodic array of square apertures, bottom layer of PRS>. (d) Enlargement of the periodic array of
square patches, top layer of PRSs2. (¢) Mounted FPRA with V-slot loaded patch and double-layer PRS in the anechoic chamber.
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coefficient |S11| of the antenna w/o PRS (black line) and w/ PRS (red line) and
(b) simulated (solid line) and measured (circle markers) realized gain G and
total efficiency 7 of the antenna w/o PRS (black) and w/ PRS (red).
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Fig.7. Simulated and measured normalized radiation patterns at the frequency
f = 8 GHz of the antenna with PRS: (a) H-plane and (b) E-plane.

position of the SMA pin, alignment of the four PET layers of the
PRS, slight tilting of the patch top layer, the use of conductive
glue for soldering the connector, etc. Nonetheless, in some ap-
plications, the versatility provided by the fabrication techniques
can outweigh the small performance lowering. Table I shows
the comparison between the proposed FPRA to other already
proposed FPRAs fabricated with conventional techniques, i.e.,
printed circuit board (PCB) technology. Compared with the
FPRAs in [14], [19], and [28], the gain and impedance per-
formance are similar. Compared with the FPRAs in [6], [7],
[12], and [30], the proposed one exhibits a lower profile. The
comparison between the proposed FPRA to other conductive
inkjet printed antennas is provided in Table II. Compared to [1],
the proposed antenna exhibits a lower planar size and does not
need the complex feeding network. With reference to [2], and
[31], the wideband performance is traded with higher gain.

Compared to [32], the proposed antenna shows better perfor-
mance in terms of both bandwidth and gain.

TABLE 1
PROPOSED FPRA COMPARED TO LITERATURE FPRAS

(%) (%) __(dBi) o)*

[6] 151, x 1.54, X 1.74, > 30 217 182 58.4

[7] 3.9 X 3.9, X 1.74, 15.1 150  20.0 53.1

[12] 232 X 231 X 1.344, 317 258  15.0 47.6
[14] 2.4, X 242, X 0.66A, 37.0 323 140 319
[19]  3.745 X 3.7 X 0.76, 10.9 109 163 25.4
[28] 224 X 221 X 0.544, 25.1 335 139 404
[30]  3.04y X 3.64, X 1.32, 20.4 122 156 26.8
vva;i 2.2 X 2.249 X 0.702, 313 247 132 36.2

TABLE II

PROPOSED FPRA COMPARED TO LITERATURE INKJET-PRINTED ANTENNAS

. Imped. 3-dB Max Aperture

l};f. (;ILZZ) BW BW  Gain  Efficiency
(%) (%) (dBi) o)*
[1] 252, X 2515 X 0.054, 75 75 167 59.6
2] 1.615 X 1.9, X N.A. 1330 >90 78 7.0
[31] 132X 121,x0014, >34 >42 85 36.1
[32]  1.04 X 1.04, X 0.044, 11.6 120 92 54.6
This 5 92y X 224 X 0.702, 313 247 132 36.2

work

* The aperture efficiency is evaluated at the frequency corresponding to the
max gain.

V. CONCLUSION

This letter illustrates the design of a high-gain antenna, based
on Fabry—Pérot resonance. The prototype is constructed by
considering a hybrid fabrication technique consisting of both
inkjet printing and 3-D printing. In particular, the printed array
of square patches and apertures (used for the PRS) and the
primary radiator were obtained by depositing conductive ink on
single-layer mesoporous coated ultrathin PET substrates, while
the dielectric PETG layers used for the PRS, and the spacers
were obtained by fused deposition modeling 3-D printing. Mea-
sured results are in good agreement with the design, with a
maximum gain Gy = 13.2 dBi at f = 8.2 GHz. The measured
impedance bandwidth is BW¢, = 31.3%, and the 3 dB gain
bandwidth is B W = 24.5% inside the impedance bandwidth.
The obtained results are particularly promising, showing the
possibility to construct complex antenna by employing low-cost
and fast prototyping techniques. Future work can be devoted
to studying conformal Fabry—Pérot cavities, conformal/flexible
metasurfaces, and shapes that are not realizable with conven-
tional techniques.
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