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ABSTRACT Additive manufacturing using direct-write or screen printing represent low-waste methods
for fabricating antennas on low-cost flexible substrates. To realize rectennas using low-resolution printing
methods, high-impedance antennas with simple printable geometries are required. This article proposes an
electrically-small (0.212×0.212λ2) folded dipole antenna design with a scalable impedance for directly
matching energy harvesting rectifiers. The antenna is demonstrated in a high-efficiency sub-1 GHz rectenna,
with varying mesh fill-factors for optical transparency. The proposed solid (non-transparent) and meshed
(70%-transparent) rectennas achieve a Power Conversion Efficiency (PCE) of over 70% and 60% from
sub-1 μW/cm2 power densities, at 940 and 920 MHz, respectively. This represents a 37% improvement in
the PCE over state-of-the-art flexible rectennas while maintaining the smallest electrical size and simplest
design by not requiring a matching network. The 70%-transparent rectenna’s performance is investigated
in real-life use-cases showing its suitability for ambient RF energy harvesting with over 500 mV DC
output from a phone-call.

INDEX TERMS Antennas, dipole antennas, microstrip antennas, printed antennas, rectennas, rectifiers,
RF energy harvesting, transparent antennas, wireless power transfer.

I. INTRODUCTION

ADDITIVE manufacturing of antennas and passive
Radio Frequency (RF) components has attracted sig-

nificant interest. Low-cost planar antennas [1]–[11] as well
as 3D-printed complex antenna structures [12]–[16] have
been demonstrated using various low-cost additive manu-
facturing methods. The emerging high-density Internet of
Things (IoT) market, with wearable and flexible electron-
ics occupying a large sector [1], emphasizes the need for
low-cost rapid fabrication processes, and printing-optimized
antenna designs.
Direct-write dispenser printing is a thick-film deposition

technique which has previously been used to realize elec-
tronic systems [17]. Dispenser printing has also been used
to realize Ultra-high Frequency (UHF) antennas on flexible
substrates such as polymers [11] and textiles [9]. Dispenser-
printed antenna prototypes have shown similar performance
(<3% discrepancy) to etched antennas of the same design

on the same substrate [11]. However, dispenser printing has
only been used with standard antenna designs and no detailed
investigation of printing-friendly antenna designs has been
proposed. To explain, off-the-shelf low-cost dispenser print-
ers have a low resolution (often around 0.3 mm), which
may limit printing to antenna designs not requiring fine fea-
tures, such as microstrip patch antennas [6]. Moreover, unlike
subtractive manufacturing (e.g., etching or laser ablation), it
is desirable to deposit less conductive ink to reduce the
antenna’s cost and fabrication time.
An example of antennas requiring small fine fea-

tures are high-impedance co-designed antennas [18]. High-
impedance, namely inductive, antennas have been used
to match Metal-Oxide Semiconductor (MOS) devices, such
as Radio Frequency Identification (RFID) ICs, or Schottky
diodes, which have a highly-capacitive impedance. For
example, rectennas which use co-designed antennas to
directly match the rectifier’s impedance have achieved a
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higher Power Conversion Efficiency (PCE) than rectennas
with stand-alone matching networks [18], [19]. However,
recent electrically-small rectennas, [18], [20], [21], contain
critical features under 0.5 mm which cannot be resolved
using direct-write or screen printing. Another application of
fine-featured small dipoles is UHF RFID [22], with dipole
antennas incorporating built-in tuning loops becoming a
standard for RFID antenna design [23].
Optically-transparent antennas have attracted significant

interest recently for a range of applications such as smart
displays [24], [25] and solar cell antennas [26]. Instead
of relying on transparent conductive materials, transpar-
ent antennas can be realized using meshed non-transparent
conductors (such as copper laminates) etched using tradi-
tional circuit fabrication techniques [24]. For example, a
proximity-coupled patch antenna design was proposed based
on meshed patches, [27], and demonstrated on a standard
Rogers substrate. In addition, the effects of solar cell param-
eters on a microstrip patch were investigated using a meshed
patch [28]. Furthermore, the impact of mesh fill-factors on a
microstrip line’s impedance, over a solid ground plane, were
analyzed [29]. Nevertheless, there has been no investigation
of a high-impedance antenna, typical for antenna-rectifier co-
design [30] or RFID applications [23], based on a meshed
geometry.
Unlike subtractive manufacturing techniques such as pho-

tolithography or milling of antennas out of solid metal,
direct-write additive manufacturing techniques, such as
inkjet, dispenser, and 3D printing directly benefit from
meshed antennas. To explain, less ink is required to realize
a meshed antenna compared to a solid design [31]. Thus, a
lower mesh fill-factor not only enables optically-transparent
antennas but also reduces the cost and manufacturing time
of printed antennas.
This article presents a novel scalable high-impedance

optically-transparent antenna fabricated using a low-cost off-
the-shelf dispenser printer on a lossy substrate for energy
harvesting applications. The novel contributions of this
article can be summarized as:
1) A compact high-impedance dipole antenna design for

additive manufacturing, eliminating features smaller
than 1 mm. The antenna can be tuned parametri-
cally to match RF Energy Harvesting (RFEH) rec-
tifiers achieving State-of-the-Art (SoA) PCE while
occupying an electrically-small area.

2) Investigating the performance of meshed rectennas
based on the proposed dipole for applications requir-
ing optical-transparency, and for reducing the printing
cost and time by dispensing up to 70% less conductive
material.

The solid and meshed rectennas maintain over 60% PCE
from power densities as low as 1 μW/cm2 for all mesh
densities investigated (in Section V). The rectenna is then
demonstrated in a real-life scenario (in Section VI) harvest-
ing up to 12.5 μW with 500 mV, across an 8 k� load, from
the ambient emissions of a cellular phone.

This article presents the first investigation of a rectenna
based on high-impedance meshed antennas for RFEH appli-
cations. Compared to state-of-the-art flexible rectennas, the
proposed design achieves the highest PCE, with over 37%
peak PCE-improvement over SoA for low power densities.
The design maintains the smallest electrical size while hav-
ing the lowest overall complexity due to not requiring a
rectifier impedance matching or fine-featured antennas.

II. ANTENNA FABRICATION BY DIRECT WRITING
Direct-write dispenser printing represents a hybrid material
printing technique that combines the benefits of screen and
inkjet printing [17]. Conductive ink, commonly a silver paste,
is deposited directly on the substrate to form the conductive
traces. Unlike screen printing and subtractive photolithog-
raphy of copper sheets, dispenser printing is a zero-waste
process. Only the required ink is deposited on the substrate
and no conductive material is wasted.
With direct-write dispenser printing, it is possible to

fabricate thicker conductive layers than with inkjet print-
ing [2]. This reduces the surface resistivity, without printing
additional layers or using a more expensive ink such as
silver nano-wires (AgNW). It was previously shown that,
with inkjet printing, three conductive layers may be needed
to improve the radiation efficiency of a microstrip patch,
which can reduces its mechanical reliability [5]. Furthermore,
dispenser printing is more suitable for prototyping and low-
volume manufacturing compared to photolithography and
screen printing. Since no dark Ultra-Violet (UV) mask or
printing screen are required, the up-front cost and the lead
time can be minimized [11].
On the other hand, dispenser printing can have a lower

throughput than screen printing and is less-suited to mass
production. Nevertheless, being a thick-film technique,
dispener-printed antennas can be realized with screen print-
ing. Compared to conventional PCBs, printing eliminates the
need for photolithography equipment and photoresistive inks,
and is compatible with a wider range of organic substrates. It
was previously shown that by fabricating large-area systems
on glass and other low-cost substrates, the material cost can
reduce by up to 88%, compared to commercial RF laminates
such as Rogers “low-cost” antenna-grade laminate [32].
The printer utilized in this article is a low-cost commer-

cial Voltera V-One desktop printer, specified for prototyping
circuit boards with minimal calibration of parameters such
as the droplet size or the height of the dispensing nozzle.
A silver ink of bulk resistivity 9.5×10−7 �m is used. This
translates to about 12 m�/square. However, at UHF bands,
given the varying surface roughness of the ink, this can
increase to 0.5 �/square. The fabrication steps shown in
Fig. 1 are straightforward and can be summarized as:

a) Planarizing the flexible substrate by adhering (using a
spray or tape adhesive) it to a rigid surface.

b) Dispensing the antenna’s traces based on the CAD
design.

c) Thermal curing on a hot plate at 170◦C for 40 minutes.
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FIGURE 1. Flexible circuit fabrication steps using dispenser printing: (a) flexible
substrate adhesion to a planar surface, (b) dispensing the conductive silver ink layer,
(c) thermal curing of the ink, (d) mounting components and connectors using solder
paste or low-temperature solder.

(a) (b)

FIGURE 2. Micrograph of a 500 μm-wide trace printed using dispenser printed:
(a) trace edge, (b) continuous section of the trace.

d) Mounting the components using solder paste or low-
temperature solder.

To evaluate the accuracy of dispenser printing and sub-
sequently identify the minimum reproducable feature size,
multiple conductive traces have been printed and examined.
Fig. 2 shows micrographs of a dispenser-printed trace on a
flexible Kapton substrate (εr = 3.2, tanδ = 0.02) of 75 μm
thickness. It is observed that around 15 μm non-uniformity
can be observed on the edges of the printed line in Fig. 2-a.
This represents an acceptable tolerance and will not affect the
antenna’s response. However, an open-ended trace (Fig. 2-b)
may have variations in the width of up to 100 μm. Thus,
critical features of less than 0.5 mm need be avoided when
designing the antenna, which reduces the fabrication tol-
erance to less than 5% and minimizes any impact on the
antennas’ impedance.

III. ANTENNA DESIGN AND SIMULATION
A. HIGH IMPEDANCE ANTENNA DESIGN AND TUNING
A Folded-Dipole Antenna (FDA) can be designed with a
high complex impedance allowing it to directly match
capacitive loads such as MOS devices and Schottky

FIGURE 3. Layout and dimensions of the proposed high-impedance dispenser
printed FDA.

diodes. The designed antenna needs to be based on a
predominantly-inductive FDA or a compact loop to achieve
the desired highly-inductive input impedance. The antenna
design proposed in [18], despite being parametrically-
tunable, requires a fabrication process which can resolve
features smaller than 200 μm. Achieving such a high reso-
lution using printed conductors would limit the antenna to
high-resolution inkjet printing and certain conductive inks
with droplet size less than 10 μm. This would be impractical
and require multiple layers to achieve a good thickness for
the antenna to maintain high radiation efficiency [5], increas-
ing both the antenna’s cost and fabrication time. Therefore,
for a tunable high-impedance FDA to be realized using com-
mercial dispenser or screen printing, a novel design with a
minimum feature size of at least 0.5 mm is needed. While
the proposed antenna is realized using dispenser printing
for rapid prototyping, the design is compatible with screen
printing, which is more suited to mass production [6].
The proposed FDA geometry shown in Fig. 3 maintains a

minimum feature size of 1 mm. Therefore, the antenna will
be more resilient to fabrication imperfections such as non-
uniform edges. The large dipole folds, W1 and W2, along
with the thick shorting terminals B are parametrically-tunable
to achieve an input impedance matching that of a capaci-
tive rectifier or an RFID IC. Additionally the ratio of L1
to L2, controlled using X is used to control the resonant of
the antenna and will therefore have the biggest influence
on the real antenna impedance. Compared to a conventional
dipole antenna, the proposed antenna contains a closed cur-
rent return loop between the rectifier’s terminals, eliminating
the need for an additional shunt inductor [33]. In addition,
the inductive slot enables simpler input impedance tuning to
match rectifiers based on different diodes and for varying
power levels.
The antenna has been simulated in CST Microwave Studio

using a balanced feed to extract its input impedance. The
conductivity of the model has been adjusted based on
the measurements reported in the next section to improve
the simulation accuracy. As the antenna is designed for
sub-1 GHz RFEH and Wireless Power Transfer (WPT), the
antenna needs to match the rectifier around 915 to 940 MHz,
for it to be used for Industrial Scientific Medical (ISM)-
band WPT as well as GSM 900 ambient RFEH. Parametric

VOLUME 1, 2020 617



WAGIH et al.: MESHED HIGH-IMPEDANCE MATCHING NETWORK-FREE RECTENNA OPTIMIZED FOR ADDITIVE MANUFACTURING

FIGURE 4. Real (dashed) and imaginary (solid) input impedance of the FDA as a
function of the tuning parameters at 915 MHz; baseline parameters are L = 70, X = 10,
B = 10, W1 = 15, and W2 = 5.

studies of the antenna’s impedance at 915 MHz have been
performed to observe the variation based on scaling differ-
ent antenna parameters. As explained in [18], increasing the
width of the antenna’s folds W1 or the shorting strip W2
would result in reducing the impedance of the antenna due
to the increased fringing capacitance. Moreover the overall
length of the antenna L1, the length of the fold L2 and the
shorting folds width B can be adjusted to control the reso-
nance frequency of the antenna, which would in turn have the
maximum impact on the impedance at any given frequency.
Fig. 4 shows the antenna’s input impedance at 915 MHz
for variable L1, X, B, W1, and W2. The starting parameters,
in mm, for each sweep are L1 = 70, X = 10, B = 10,
W1 = 15, and W2 = 5. For the desired input impedance of
ZAntenna = 20 + j280� at 930 MHz, the chosen parameter
values (in mm) are L1 = 58, X = 2.5, B = 10, W1 = 15, and
W2 = 5. Meshing of the proposed antenna is investigated
in the next sub-section. ZAntenna was selected based on the
harmonic balance simulation of the rectifier, to maximize
the PCE under −10 dBm.

B. MESHED ANTENNA DESIGN
As the antenna incorporates a large metal plane, this will
increase the printing time and consume more ink, increas-
ing the cost of the antenna. Furthermore, the antenna cannot
be integrated in a transparent system such as solar cell-
integrated antennas or display antennas [34]. Meshing the

FIGURE 5. Layout of the FDA with different mesh spacing.

conductor, by perforating the antenna using variable fill-
factors, can be introduced without significantly altering the
antenna’s performance. The mesh density or fill factor rep-
resents the ratio of the mesh lines to the grid-spacing. Fig. 5
shows the layout of the proposed solid antenna and for dif-
ferent mesh densities. The layout also shows the traces for
a voltage doubler based on the SMS7630-079LF Schottky
diode. The line width has been set to 0.3 mm, the smallest
reproducable line using the Voltera V-One printer.
By reducing the mesh fill-factor, antennas of varying opti-

cal transparency can be realized. The optical transparency
TMesh of a meshed antenna design is defined

TMesh =
(

1 − Wt

Wt +WG

)2

, (1)

where Wt is the trace width and WG is the size (length
and width) of the gaps. This definition of an antenna’s
transparency is widely used and represents the ratio of
metal-to-gaps [24]–[26], [29], [34], [35]. Therefore, the
transparency of the antenna (mesh density) can also be
regarded as the percentage of material reduction compared
to a solid antenna. This is highly desirable for additive man-
ufacturing to reduce the printing costs. After meshing, the
printing time of the rectenna was reduced by over 80% to
under 10 minutes for TMesh = 70%, down from 55 minutes
for the non-transparent antenna.
While the substrate used in this article is Kapton, which

is only optically-translucent rather than transparent, various
highly transparent variants of polyimide have been presented
with similar dielectric properties to Kapton [36]. Kapton
polyimide was used due to being commercially available
widely from various vendors. In addition to transparent poly-
imide [36], other optically-transparent flexible substrates can
be used without altering the antenna’s response. For example,
the PET substrate used for a microstrip antenna array in [37]
has similar dielectric properties (εr = 3.25, tanδ = 0.02 [37])
to the Kapton film used in this article. Thus, the proposed
antenna’s impedance and efficiency would not change if it
was printed on PET. PDMS, a flexible but usually mm-thick
substrate, has a tanδ = 0.021 at 2.5 GHz [38]. Therefore,
printing this antenna on PDMS will also not result in any
performance degradation.
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FIGURE 6. Dispenser-printed FDA prototypes photographs: (b) printed uncured ink
on the polyimide substrate; (c) the cured solid and meshed FDAs; (d) demonstration
of the assembled meshed rectenna’s translucency; (e) differential impedance
measurement with a coaxial jig and two-port VNA; (f) the assembled rectenna showing
a >1.7 V DC output lighting an LED.

The antenna prototypes are shown in Fig. 6 during (a)
and after (b) printing, and after curing (c). In Fig. 6-d and e,
the rectenna/antenna is shown with highly-translucent traces.
Video 1 in the attached supplementary material shows
the assembled rectenna in Fig. 6-f while producing over
1.7 V DC output required to light the LED at varying
distances, 0.1 < d < 1 m, from a Powercast transmit-
ter (3 W, 915 MHz) with various bending and crumpling
radii.

C. ANTENNA RADIATION PROPERTIES
The proposed antenna, being an electrically-small dipole,
is expected to have omnidirectional radiation properties.
The radiation patterns of the antenna were simulated in
CST Microwave Studio. Fig. 7 shows the normalized sim-
ulated patterns over the azimuth and elevation planes.
On both planes, the antenna achieves a high co/cross-
polarization isolation. The peak directivity of the antenna is
1.85 dBi.
To investigate the impact of meshing on the antenna’s

performance, the gap width WG was swept from 1 to 10 mm.
It is expected that with a lower fill factor the antenna’s
(Ohmic) loss resistance will increase, which can reduce the
radiation efficiency and gain. Fig. 8 shows the simulated
radiation efficiency and gain as a function of WG. Therefore,
it is expected that antennas with a higher transparency will
have a lower PCE.

FIGURE 7. Normalized radiation patterns of the proposed antenna: co-polarized
(solid) and cross-polarized (dashed).

FIGURE 8. Simulated gain (solid) and radiation efficiency (dashed) of the antenna
for varying WG .

IV. ANTENNA MEASUREMENTS
A. SOLID ANTENNA MEASUREMENTS
A meshed FDA prototype, with 1 mm mesh spacing and
0.3 mm trace width has been fabricated to experimentally
characterize its input impedance. The differential balanced-
feed input impedance of the FDA has been measured using a
two-port Vector Network Analyser (VNA) and a common-
ground co-axial jig, using the method described in [39].
Fig. 6-e shows the balanced impedance measurement setup
of the antenna. The feed point of the antenna resembles the
position of the connection to the rectifier. Fig. 9 shows the
simulated and measured impedance of the antenna up to
3 GHz. The frequency response of the fabricated antenna is
observed to closely match the simulation model. However,
around resonance, the fabricated antenna demonstrates lower
imaginary and higher real impedance components compared
to the simulation model. This indicates that the fabricated
antenna has a lower quality factor compared to the simulation
model due to additional resistive losses. The loss-discrepancy
can be attributed to the conductivity utilized in the simula-
tion model, and the surface roughness of the conductive
ink, as the polyimide model utilized is material-accurate at
the simulation frequency. Nevertheless, at the frequencies of
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FIGURE 9. Simulated (dashed) and measured (solid) input impedance of the FDA
with a 1 mm mesh spacing from 0.5 to 3 GHz (a) and around the 868/915 MHz
ISM-bands (b).

interest, around 900 MHz, it is observed that the discrepancy
in the imaginary impedance is less significant.
To achieve higher accuracy in the simulation model for

optimizing the antenna, the surface resistance of the conduc-
tors in simulation has been varied to match the measured
antenna impedance. The closest match between the simula-
tion and measurements was obtained using a conductivity of
2×105σ /m and a surface roughness of 10 μm, this translates
to about 0.1 �/square sheet resistance at 900 MHz.

B. VARYING TRANSPARENCY INPUT IMPEDANCE
MEASUREMENTS
The three meshed and the solid FDA have been fabricated
to experimentally quantify the impact of the mesh density
on the antenna’s input impedance. Through this process,
the mesh density could be utilized as an additional tuning
parameter of the FDA’s impedance.
The input impedance of the FDAs has been measured

using the same balanced-feed coaxial jig. Fig. 10 shows the
measured input impedance of the FDAs shown in Fig. 5. It is
evident that the antenna’s impedance is directly linked to the
mesh density, where a lower mesh density results in higher
input impedance. However, for up to 2.5 mm mesh-spacing,
the variation in the reactance is less than 10% compared to
the solid antenna. Therefore, the antennas with a mesh gap
equal to or smaller than 2.5 mm are used in the rectenna
evaluation without further tuning. The effect of a higher

FIGURE 10. Measured real and imaginary input impedance of the proposed antenna
based on varying mesh spacing for the same dimensions.

real input impedance on the rectifier’s PCE is minimal, as
discussed in the next section.

V. RECTENNA MEASUREMENTS
A. RECTIFIER DESIGN AND SIMULATIONS
A voltage doubler rectifier is selected for the printed rectenna
implementation. In [19], it has been shown that a rectifier of
predominantly reactive impedance can achieve higher PCEs.
In addition, the UHF rectenna yielding the highest PCE using
Schottky diodes in [18] has been designed based on antenna-
rectifier co-design optimized at −20 dBm RF power level
based on a voltage doubler configuration.
The diode selected in this article is the Skyworks

SMS7630. The rectifier can achieve high PCEs at sub-mW
power levels owing to its very low measured forward voltage
of 130 mV. The rectifier has been simulated using harmonic
balance in Keysight ADS with the optimal input impedance
Zrect. optimized to achieve the lowest reflection coefficient
below −10 dBm [18]. An optimum input impedance of
Zrect. = 20 + j280� has been extracted from harmonic bal-
ance simulation to achieve maximum PCE below −10 dBm.
While the rectifier’s input impedance is expected to vary with
frequency, optimizing the impedance at power levels below
−15 dBm results in maximizing the PCE for sub-μW/cm2

power densities. The rectifier is tuned for 930 MHz to be
able to harvest ambient RF power from GSM signals as
well as Continuous Wave (CW) power at 915 MHz from a
dedicated transmitter (e.g., Powercast/RFID reader).
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FIGURE 11. Simulated PCE of the rectifier including (solid) and excluding (dashed)
mismatch, at 930 MHz with a 20 k� load, for varying �{ZAnt }.

Fig. 11 shows the rectifier’s simulated PCE at 930 MHz
for varying real antenna impedances, at different RF power
levels. The solid lines represent the PCE calculated as
PDC/PRF, inclusive of impedance mismatch losses. On the
other hand, the dashed lines represent the maximum achiev-
able PCE exclusive of mismatch, calculated as PDC/Paccpeted.
As observed in Fig. 10, the real impedance of the antenna
can vary significantly based on the mesh fill-factor (i.e.,
the transparency). Therefore, the rectifier’s PCE has been
simulated as a function of �{ZAnt}. In Fig. 11, it can
be seen that for up to 5 mm WG, the PCE, inclusive of
impedance mismatch, stays within 10% of the peak PCE of
the rectifier.

B. RECTENNA DC MEASUREMENTS
To characterize the rectennas’ DC output and PCE, a 10 dBi
directional antenna with a CW input are used to wirelessly-
power the rectenna with varying power densities S. The
rectenna is placed at 1.1 m from the source, which satisfies
the minimum Fraunhofer far-field distance of 0.88 m based
on the transmitting antenna’s length of 40 cm. Fig. 12 shows
the schematic and photograph of the rectennas’ test setup.
The power density S at the antenna was calculated based

on the electric field E given by

E =
√

30PTGT
d

(2)

S = E2

120π
(3)

where PT and GT are transmitted power and gain, respec-
tively, and d being the transmitter-rectenna separation. The
received power is subsequently calculated based on the
antenna’s effective area given by

Aeff = GR
λ2

4π
(4)

where GR is the rectenna’s gain obtained from the CST
simulation. Aeff of the non-transparent, 50%-transparent

FIGURE 12. Wireless measurement setup of the meshed high-impedance rectenna
using a directional transmitter.

FIGURE 13. Measured PCE of the proposed non transparent, 50% and 77%
transparent rectennas from S = 0.88μW/cm2 for a 7 k� load at variable frequencies.

and 70%-transparent rectennas were calculated using a
peak directivity of 1.6, 1.4, and 1.0 (linear dimensionless),
respectively. The PCE is then calculated using

PCE = V2

ZL
× 1

PRX
(5)

where V is the DC voltage across a load of ZL impedance.
This setup has been widely used to evaluate recten-
nas [40]–[42], and includes the rectification as well as
impedance mismatch losses. By using the antenna’s loss-
less directivity as GT , the antenna losses are factored in the
PCE which enables holistic evaluation of the rectenna. This
prevents overestimation of the PCE due to any inaccuracies
in the gain or radiation efficiency figures obtained from the
CST antenna simulations, due to variations in the material
properties.
A frequency sweep was carried out for a fixed transmit-

ted power (12 dBm−0.5 dB cable loss) corresponding to
0.88 μW/cm2. Fig. 13 shows the rectennas’ PCE across the
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FIGURE 14. Simulated rectifier PCE for a varying load and rectenna measurements
for 77% and 50%-transparency from S = 1 μW/cm2.

sub-1 GHz license free 868/915 MHz and GSM900 bands. It
can be seen that with increasing transparency the rectennas’
resonance shifts to a lower frequency. This is attributed to
the increasing �{ZAnt} and �{ZAnt} with reducing fill-factor
previously measured in Fig. 10. The results in Fig. 13 were
measured across a 7 k� load.

A resistive load sweep was carried out to identify the
maximum power transfer point of the rectennas. Fig. 14
shows the simulated and measured PCE as a function of the
load impedance. It is observed that the antennas’ varying
transparency does not affect the optimal load despite having
different �{ZAnt.}. The rectennas’ optimal measured load of
7 k� is suitable for integration with commercial and custom
boost converters such as [42] and [43], respectively.
Three rectennas were characterized under varying S: a

non-transparent solid rectenna, a 70%-transparent (2.5 mm
mesh-spacing) rectenna, and a 50%-transparent (1 mm mesh-
spacing) rectenna. To demonstrate the rectenna’s high PCE
at low power levels, the CW input was varied from −11 to
15.5 dBm, to present the rectenna with 0.005<S<2 μW/cm2.
Fig. 15 and 16 show the PCE and the DC voltage output of
the rectennas.
As observed in Fig. 15, the solid rectenna has an improved

PCE and sensitivity, achieving PCE = 50% at approximately
50% lower power than its transparent counterpart. The
PCE of the 70%-transparent rectenna reaches 60% for
S = 0.66 μW/cm2. Additionally, the DC voltage output
of all three prototypes of varying transparency exceeds
325 mV from S = 0.25 μW/cm2. This represents over
2× sensitivity improvement over SoA compact rectennas
designed for ultra-low power transmission [42], where a
minimum of S = 0.62 μW/cm2 was required to achieve
the 330 mV required for starting-up a commercial DC-DC
boost converter.

C. RECTENNA RADIATION EFFICIENCY CALCULATION
From the calculated PCE in Fig. 15, it is possible to esti-
mate the antennas’ radiation efficiency. At −15 dBm, the

FIGURE 15. Measured PCE of the proposed non transparent, 50% and 70%
transparent rectennas from an incident plane wave S, for a 7 k� load.

FIGURE 16. Measured DC voltage of the non-transparent, 50%-, and
70%-transparent rectennas from an incident plane wave S, across a 7 k� load.

rectifier has a simulated PCE of 57% with the optimum
source impedance of 20+j280 �. Using the non-transparent
antenna’s simulated directivity of 1.6, −15 dBm can be
received from a power density S = 0.18 μW/cm2. At
S = 0.18 μW/cm2, the proposed rectennas achieve 50%,
42%, and 43%, PCE, for 0%, 50% and 70% transparency,
respectively. Therefore, the radiation efficiency of the anten-
nas can be estimated, relative to the PCE achievable by
a loss-less source. The calculated radiation efficiency is
88%, 74%, 75% for the non-transparent, 50%-transparent
and 70%-transparent antennas.
The drop in the radiation efficiency between the non-

transparent and transparent rectennas correlates with the
simulated results in Fig. 8, and with the previously reported
observations in [26]. Between the 50%- and 70%-transparent
rectennas, the variation in the calculated radiation efficiency
could be attributed to fabrication tolerances and uncertainties
in the test setup, resulting in minimal impact of the antenna’s
transparency on its effective PCE. It was previously noted
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TABLE 1. Comparison of the proposed rectenna with flexible, transparent and printed harvesters.

that wireless testing of rectennas can incur ±1 dB error in
the incident power [43].

D. COMPARISON WITH PREVIOUS WORK
The proposed rectenna is compared, in Table 1, to SoA
printed, flexible, or textile-based RF energy harvesters,
as well as a complex 3D transparent rectenna. It can
be observed that despite the overall low complexity of
the design, and its implementation using silver inks with
relatively low conductivity on lossy (tanδ = 0.02) sub-
strate, the proposed rectenna achieves the highest PCE
for S<1 μW/cm2, compared to rectennas operating at
similar frequencies such as [40], [41], [44], owing to the
precise antenna co-design with the rectifier achieving min-
imal reflection and a high voltage input at the rectifier’s
terminal. It can also be seen that despite being electrically
smaller than other implementations (at similar and higher
frequencies), the proposed rectenna achieves a surpassing
DC voltage showing improved RFEH performance. Finally,
the proposed rectenna is the only transparent 2D rectenna
built entirely using low-cost materials on a flexible substrate
while maintaining a high PCE from sub-μW/cm2 power
densities.
Compared to the high-efficiency textile rectenna in [40],

the proposed rectenna achieves over 20% higher peak PCE,
at the same S, due to the improved impedance matching
and avoiding lumped components. While [26] achieves a
very high DC voltage from ultra-low power densities, this
is only achieved when the output of eight antenna ele-
ments, each having an individual rectifier, is combined;
the output from a single port does not exceed 0.5 V for
S as high as 5.5 μW/cm2. In addition, the size of the
proposed rectenna is more compact, when compared to

the wavelength, than the individual patch elements in [26].
This would results in a higher DC output from a large-
area rectenna array implementation based on the proposed
antenna.
The complexity of the proposed rectenna is the lowest

compared to other rectennas in Table 1 due to:
1) the ability to be directly printed on any conformable

thin and light substrate;
2) not utilizing a standalone matching network;
3) having the smallest electrical size (area and volume)

with the ability to be meshed for optical transparency
and material-reduction.

Other conformable rectennas on low-cost substrates (tex-
tiles and paper) such as [40], [41], [44] utilize lumped
components, namely inductors, for impedance matching.
Such inductors not only occupy additional space but also
significantly increase the cost of the rectenna in mass
production, compared to passive low-cost printed antenna
traces. Finally, the proposed rectenna (70%-transparent
and non-transparent) achieves the highest PCE compared
to the rectennas in Table 1, showing its suitability for
low power RFEH applications. In the next section, the
proposed antenna is demonstrated in a practical RFEH
use-case.

VI. INDOOR UP-LINK AMBIENT ENERGY HARVESTING
Ambient RFEH from cellular networks has been
investigated [45]–[48]. In multiple reported wireless
Power Spectral Density (PSD) surveys, the GSM 900 band
consistently had the highest available power [45], [47],
[49]. RFEH from the up-link (i.e., from a phone) has
previously been investigated showing up to 17× higher mean
RF PSD in busy indoor environments, such as a train,
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compared to down-link [48]. By observing the transient
DC output of the rectenna in time-domain, for a vari-
ety of real cellular emissions, it is possible to assess
the validity of RFEH from the up-link. In addition, by
calculating the transient harvested DC power, it is pos-
sible to predict and model the behavior of low-power
intermittent systems such as [50], when powered using
rectennas.
The proposed rectenna, with a 70% transparency, was

used to harvest the ambient radiation from a smartphone in
an office environment. The down-link PSD was measured,
using a spectrum analyzer and a simple dipole, to be under
−40 dBm in the room where the test was carried. Hence,
in this environment, the down-link RF power level is too
low to be harvested using any of the rectifiers reported in
literature [51]. The phone was placed at 7 cm from the
rectenna adhered to a wooden desk demonstrating a potential
use-case in an office. The DC output of the rectenna was
measured using an oscilloscope (×10 probe) across a 20 k�
load. The inset in Fig. 17-a shows the indoor ambient RFEH
test setup; the supplementary videos show the DC voltage
measurements for the traces in Fig. 17.
The measured DC output of the rectenna was recorded

for various phone activities. First of all, the DC output was
measured when the phone was idle, before and after receiv-
ing a text message (SMS), shown in Fig. 17-a. The peak
DC power generated from the idle phone is 1.2 μW with
155 mV. While such output can supply a commercial power
management circuit such as the Analog ADP5090 (minimum
operational voltage = 80 mV) with sufficient DC voltage and
current, the output is highly varying and comes in <50 ms
bursts. However, when the idle phone is receiving an SMS,
the DC power harvested peaks at 3.8 μW with >250 mV
over a longer stable 4 s period. This represents a 15 μJ DC
energy yield which can enable intermittent computation on
a commercial low-power micro-controller, while the power
is being generated [50].
The second case considered is voice-calls. Before the

phone rings the “idle” DC power harvested increases to
4.5 μW (300 mV), in 30 ms periods. While the phone is
ringing, the DC output stabilizes at 12.5 μW (500 mV)
for the entire duration, as shown in Fig. 17-b. To demon-
strate the variations that could arise from movements of the
phone, the phone was moved in the 20×20×15 cm space
surrounding the rectenna. The phone was also rotated by
90◦ while moving to demonstrate potential polarization mis-
alignment between the phone and the rectenna. Fig. 17-b,
from 16 s, shows the effects of moving the phone on the
DC output. The sharp drop observed around 17 s is caused
by the phone’s linear polarization being cross-polarized with
respect to the rectenna, resulting in a very low polarized gain.
When aligned, it is shown that the variations in distance can
reduce the DC voltage by around 50%. The incoming call is
declined at 49 s showing a drop in the DC output to <20 mV.
Video 2 in the supplementary multi-media file shows the
movement of the phone while measuring the output in

FIGURE 17. The rectenna’s DC output when harvesting ambient RF power from a
GSM-connected phone: (a) idle phone emissions and short message reception, inset
shows the measurement setup; (b) voice call while moving the phone around the
rectenna; (c) end of a voice call.

Fig. 17-b. The same process is repeated for a voice-call
which is accepted. It can be seen in Fig. 17-c that as soon
as the call is accepted, at 4.5 s, the stable RF transmission
is interrupted and the harvested voltage shows up in 30 ms
bursts instead.
A previous demonstration of a flexible rectenna harvest-

ing from a ringing phone at GSM frequency was reported
in [41]. The output of the paper rectenna in [41] (previously
compared in Table 1), when put in contact (<1 cm clear-
ance) with the phone, was 360 mV. The proposed rectenna
on the other hand has a 500 mV output at over 7 cm from the
phone, and 300-500 mV DC output with the phone moving
up to 20 cm away from the rectenna. This is due to the
improved voltage sensitivity at lower power levels, as well
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as improved PCE, as characterized with a power-calibrated
CW source in the previous section.

VII. CONCLUSION
In this article, a direct-write high impedance printed antenna
is proposed for energy harvesting applications. The antenna’s
geometry, designed with >1 mm features to accommodate
all low-cost printing processes, can be tuned to match high-
impedance capacitive rectifiers. The proposed antenna has
been meshed using various fill factors to demonstrate the
feasibility of optically-transparent RFEH without matching
networks. The rectenna achieves a SoA PCE of 70% and
60%, for the non-transparent and 70%-transparent recten-
nas, respectively, for power densities below 1 μW/cm2.
A 1 V DC output is achieved by the non-transparent
and 50%-transparent rectennas from 1.5 μW/cm2 with an
optimal input impedance less than 7 k�, in line with
commercial and SoA boost converters. The rectenna has
been demonstrated for ambient RFEH with a 12.5 μW
DC output with 500 mV harvested from a phone call.
It is concluded that meshed rectennas are suitable for
RFEH applications with less than 14% lower PCE com-
pared to their solid counterparts despite using up to 70%
less conductive material and maintaining a high optical
transparency.
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