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Unlike numerical resolutions of the governing ODE, the proposed integral equations
offer a physical insight on the behavior of the solutions θ(z). We will particularize the
following discussion to (4.25) due to its simplicity, but the same conclusions apply for
(4.22). Noting that θ(z = d/2) ≈ π/2 for high polarization voltages, the integral equation
(4.22) (4.25) that contemplates the cases k11 6= k33 and k11 = k33 = k, respectively, could
be further simplified to
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In (4.27), the term cos[2θ(z)] + 1
≥ 0 is greater or equal than zero for all the values of
the director tilt θ(z). This implies that the integral is a monotonically increasing function
in the interval 0 ≤ z ≤ d/2, and so does θ(z) (θp and β/2k are positive values). This
fact was already evidenced in Fig. 4.15 with the numerical resolution of ODE, but now
it has been directly extracted from the integral equation. Furthermore, the term β/2k
indicates that θ(z) saturates to its maximum value, π/2 (90o ), as the polarization voltage
and the dielectric anisotropy increase (note that β ∝ V 2 ∆ε) or the values of the elastic
constants decrease. This is in concordance with equation (4.12), where a lower voltage
for the activation and saturation of the LC cell is achieved for higher values of ∆ε and a
lower value of the elastic constant k11 .
The use of integral equations (4.22) and (4.25) present important advantages with respect to the numerical resolution of the original governing ODE (4.7):
1. The numerical resolution of the integral equations is much simpler compared to
that of the differential equation. Traditional techniques such as degenerate Kernels, Galerkin method, quadrature methods, or iterative methods [208, 209] can be
applied.
2. The boundary conditions (4.8) are already integrated in the integral equations,
which simplifies their numerical resolution.
3. Unlike purely numerical approaches, the proposed integral equations offer a physical
insight on the behavior of the director tilt angle as the electrical parameters of the
LC change.
However, note that solving (4.22) and (4.25) requires a previous estimation of the function at the midpoint value, θ(z = d/2). For high polarization voltages and dielectric
anisotropies, this value can be initially estimated as θ(z = d/2)|V >> ≈ π/2 rad (see Fig.
4.15). Nevertheless, the accuracy of this value can be improved by using an iterative
method.
Subsequently, we test the validity of the solutions obtained from the integral equations for all the parameters involved in the characterization of the liquid crystal; namely,
k11 , k33 , V, and ∆ε. As a reference, we will use Merck E7 LC [210]: k11 = 11.7 pN,
k33 = 17.1 pN, ∆ε = 0.47, ε⊥ = 2.7. Figs. 4.16 present the mean absolute error δ committed with the integral-equation formulation for different values of the parameters that
constitute the LC. The mean absolute error is computed as
δ=

M
1 X int
θi − θinum
M
i

(4.28)
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Fig. 4.16: Mean absolute error committed with the integral-equation formulation (a) as a function
of V and ∆ε (for k11 = 11.7 pN, k33 = 17.1 pN, d = 200 µm, and θp = 4o ), and (b) as a function
of V and k11 /k33 (for k33 = 17.1 pN, ∆ε = 0.47, d = 200 µm, and θp = 4o ). Source: [J6].

Table 4.5: Average tilt angle θm (o ) computed with two methods for some LC mixtures (θp = 4o ,
d = 200 µm)

LC MIXTURES
E7 [210]
MCL-6608 [211]
GT3-23001 [161]
MDA-00-3506 [210]
MDA-98-1602 [183]

APPLIED VOLTAGE
V=5 V
V=10 V
V=15 V
int = 16.41
int = 52.74
int = 64.48
θm
θm
θm
num = 16.46
num = 53.37
num = 65.38
θm
θm
θm
int
int
int = 52.73
θm = 5.68
θm = 32.61
θm
num
num
num
θm = 5.64 θm = 32.55 θm = 52.82
int = 55.76
int = 72.31
int = 78.01
θm
θm
θm
num
num
num
θm = 56.40 θm = 73.09 θm = 78.55
int = 21.62
int = 49.48
int = 61.20
θm
θm
θm
num
num
num
θm = 21.73 θm = 51.31 θm = 63.60
int = 65.59
int = 77.58
int = 81.58
θm
θm
θm
num
num
num
θm = 65.18 θm = 77.37 θm = 81.41

where M is the number of considered samples, θiint is the director tilt calculated with the
integral equations (4.22), and (4.25) and θinum is the director tilt calculated with the selfimplemented shooting method, considered as the reference value. The integral-equation
formulation shows a good performance in all the considered cases. Even for very different
values of the elastic constants (k11 /k33 < 0.2) and low polarization voltages, the mean
absolute error does not exceed 5o .
Subsequently, the results presented on E7 LC are extended to a wide variety of LC
mixtures in Table 4.5. A comparison is carried out between the average tilt angle, computed with equation (4.9) for different polarization voltages, obtained from the proposed
int ) and the numerical results of the self-implemented shootintegral-equation approach (θm
num ). As observed in the table, there is a good agreement between both
ing method (θm
methods.

4.4.5

Simulation of a Reconfigurable PPW Phase Shifter

Finally, we demonstrate that the proposed integral equation can be utilized in the design
process of LC-filled parallel-plate structures. In particular, we estimate the maximum

CHAPTER 4. LIQUID CRYSTAL

113

phase shift that can be achieved in a parallel-plate waveguide (PPW) filled with a liquid
crystal Merck E7 of thickness 200 µm [210]. A previous estimation of the average tilt angle
θm is always necessary to form the permittivity tensor (4.1) that models the electrical
behavior of the LC. This estimation is carried out with the simplified integral-equation
approach. Then, the phase shift is computed with the frequency-domain solver of CST
Microwave Studio. Fig. 4.17 presents the maximum achievable phase shift as a function
of the applied voltage V in a 10-cm-long PPW phase shifter operating at 30 GHz. In the
figure, V∞ states for a hypothetical infinite polarization voltage. As observed, the integral
equation accurately fits the reference numerical results. In addition, the proposed integral
equation improves the accuracy of the estimation provided with the analytical formulas of
[J5], named in Fig. 4.17 as “Previous Approach”. This is particularly appreciable for low
polarization voltages, where the approach of [J5] presents a high error in the computation.

Fig. 4.17: Maximum phase shift computed in CST at 30 GHz in the Merck E7 LC for different
polarization voltages. Source: Source: [J6].

4.5

Conclusions

In this chapter, we investigated a series of methods to facilitate the analysis and design
of reconfigurable RF devices based on the use of liquid crystal (LC).
First, we proposed the utilization of the multi-modal transfer-matrix method
(MMTMM) for the analysis of the dispersion features of periodic structures embedded
in LC media. More generally, the application of the MMTMM is not limited to liquid
crystals, as it can be utilized in generic anisotropic media. Traditionally, the anisotropic
and lossy nature of liquid crystals have prevented commercial frequency-domain eigenmode solvers to compute the dispersion diagrams of LC-based periodic structures in an
accurate manner. Thus, the proposed MMTMM overcomes the weaknesses of commercial
eigenmode solvers since:
1. Anisotropic materials described with non-diagonal permittivity and permeability
tensor, such as the liquid crystal or ferrites, can be analyzed. Commercial eigenmode
solvers can typically handle with diagonal tensor materials, but fail to take into
consideration off-diagonal terms.
2. The attenuation constant of the periodic structure can be easily computed. Furthermore, lossy materials can be included in the simulation. Commercial eigenmode
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solvers typically fail to include losses in the computation. This is of particular interest for a realistic analysis and design of LC/ferrite-based reconfigurable guided-wave
components, as losses can take into consideration.
3. Unbounded (open) structures, such as leaky-wave antennas, can be analyzed. Commercial eigenmode solvers usually need the structure to be shielded with electric/magnetic boundary conditions.
Some relevant works in the literature, ranging from canonical waveguides to LC-filled
microstrip lines, were selected to test the MMTMM. Then, we showed that the MMTMM
can be applied for the analysis of a complex LC-based reconfigurable gap-waveguide phase
shifter and a reconfigurable leaky-wave antenna (LWA). Furthermore, we demonstrated
that the MMTMM has also potential application for the design of reconfigurable elements,
as the radiation efficiency of a reported LC-based LWA was greatly improved.
Second, we derived two integral equations (4.22) and (4.25) that model the orientation of the molecules θ(z) in a LC when a quasi-static electric field is applied to the
structure. Computing the average tilt angle θm , i.e., the mean value of the director tilt
θ(z), is of capital relevance in order to form the permittivity tensor (4.1) that characterizes the electrical properties of the LC, and then calculate the S-parameters of a certain
structure. More specifically, the average tilt angle θm relates the effect of the polarization voltage V applied to the liquid crystal. This relation is described by means of the
second-order strongly-nonlinear ordinary differential equation (ODE) (4.7). However, the
strongly nonlinear behavior of the governing ODE provokes that its numerical resolution
typically becomes a complex task. Furthermore, (4.7) is subject to a boundary value
problem, which does not guarantee the unicity of the solutions. The proposed integral
equations are a promising alternative to the numerical resolution of the original governing
ODE, offering two clear advantages:
1. The numerical resolution of the integral equations is much simpler compared to
the original ODE. Traditional well-known techniques such as degenerate Kernels,
Galerkin method, quadrature methods, or iterative methods [208,209] can be applied
the resolution of the integral equations.
2. The boundary conditions (4.8) are already integrated in the integral equations. This
fact simplifies their numerical resolution.
Furthermore, unlike purely numerical estimations, the integral equations offer a physical insight on the orientation of the molecules in the LC as the electrical parameters
change. These equations were originally intended for application in parallel-plate waveguides (PPW), although they can be efficiently used in microstrip and ridge gap-waveguide
structures if the fringing field effects are neglected. Simulations showed good agreement
with the numerical solutions for a wide variety of commercial liquid crystals. Finally, we
made use of the integral equations to estimate the maximum achievable phase shift in
a 10-cm-long PPW reconfigurable phase shifter operating at 30 GHz when the polarization voltage is changed. The integral equation fitted well the reference numerical results,
demonstrating the validity of the proposed formulation.

Chapter 5

Inkjet Technologies for Printed
Radiating Elements
5.1

Introduction

The need of rapid and efficient tools for mass production of RF devices has led additive manufacturing to position as one of the most promising manufacturing techniques
for future-generation wireless communication systems. Additive manufacturing consists
in the construction of 3-D objects by progressively adding ultra thin layers of diverse
materials such as plastics, metals or concrete [212, 213]. As an advantage, additive manufacturing reduces the amount of required material and fabrication times compared to other
standard manufacturing techniques such as lithography-based technologies [214]. Furthermore, 3-D printing allows to create free-form 3-D objects that substractive manufacturing
techniques cannot construct. The two most recognized types of additive manufacturing
techniques are 3-D printing and inkjet-printing. 3-D printing on metals and metal-coated
plastics has revealed as a efficient and low-cost solution for the design of high-frequency
RF components [215–217], compared to traditional computer numerical control (CNC)
technologies. On the other hand, inkjet printing has found a niche of application in the
cost-effective development of lightweight and flexible prototypes. This can be attributed
to the ease of ink deposition over a wide variety of substrates, including paper, plastic,
glass and semiconductor wafers. Some examples of inkjet-printed electronic devices are
radio frequency identification (RFID) tags [218, 219], wideband antennas [220, 221] and
thin-film transistors [222]. In addition, the use of paper-based substrates and sustainable ink compounds make of inkjet printing a environmentally-friendly solution for the
implementation of efficient wireless electronic components [220, 223, 224].
Traditionally, inkjet printing has been employed in the editorial and publishing industries. Recently, the development of efficient conductive inks has led inkjet printing to
be applied for the manufacturing of electronic devices. The most used conductive ink
compounds are based on colloidal suspensions of metallic nanoparticles, organometallic solutions and conductive polymers [225]. Nanoparticle and organometallic inks are
typically preferred over conductive polymers for the design of RF elements as higher conductivity values can be achieved. Silver and gold compounds are widely used due to their
high chemical stability, high conductivity and facility to be integrated in organic solvents.
Alternatively, more exotic materials such as graphene oxide and carbon nanotubes are
being investigated for the creation of efficient conductive inks. As a general rule, all
conductive inks should be carefully formulated to meet specific fluid properties such as
116
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Fig. 5.1: Schematic showing the drop-on-demand (DoD) inkjet-printing process.
particle size distribution, viscosity and density [225, 228]. These properties determine in
great extent the “printability” of the ink solution on a determined substrate and should
be regulated in order to achieve stable droplets.
Current inkjet printers can work in two fundamental operational modes: continuous
and drop-on-demand (DoD) [228]. The continuous mode produces a ink jet that breaks
up into droplets via the Plateau–Rayleigh instability. This operational mode is intended
for high-speed operation, so it is commercially used for labeling and coding of products
and packages. The DOD mode is the dominant technique for patterning deposition in
electronics due to the higher precision involved. The droplet deposition is controlled
with piezoelectric or heating actuators in DoD printers, as illustrated in Fig. 5.1. When
piezoelectric elements are used, the deformation of the piezoelectric actuator induced with
the application of an external electric field causes the droplet to fall from the nozzle. When
heating elements are applied, the ink fluid is heated and bubbles of ink vapor are formed,
which turn into ink droplets.
Energy harvesting, defined as the process of collecting and storing free energy from
ambient sources (sun, wind, RF transmitters, etc.), is one of the technological challenges
proposed for improving the spectral efficiency of future 5G networks, together with resource allocation techniques, network planning and novel hardware design [229–231]. The
exponential increase in the number of RF transmitting sources over the past years has
turned RF energy harvesting into a feasible energy source for low-consumption electronic
devices, such as sensors, actuators or LCD displays. Thus, great efforts have been put into
the development of efficient antennas and RF circuits oriented for RF harvesting [234–236].
The most significant power contributions coming from the radio spectrum are grouped
in the frequency range covering from 0.1 GHz to 5 GHz. This can be appreciated in Fig.
5.2(a), where the spectral power belonging to the radio spectrum has been acquired by
an Archimedean spiral antenna in outdoor and indoor scenarios [237],[J8]. The antenna
dimensions typically limit the design of harvesting elements that operate in the frequencymodulated (FM) radio bands, 100 MHz. Furthermore, it can be appreciated that the
power contribution coming from the digital terrestrial television (DTT) bands is negligible
compared to other frequency bands. Ignoring these two contributions, the useful range of
the energy spectrum is concentrated between 0.6 GHz and 5 GHz. In addition, note that
most part of the collected power is currently located in the mobile communication bands
of 0.8 GHz and 0.9 GHz. Concretely, an 80% of the total harvested power, as Fig. 5.2(b)
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Fig. 5.2: (a) Spectral power acquired by a milled Archimedean spiral antenna in outdoor and
indoor scenarios (resolution bandwidth: 1 MHz). The most relevant frequency bands are remarked:
1. FM, 2. DTT, 3. LTE-800, 4. GSM-900, 5. GSM-1800, 6. LTE-2100, 7. WiFi, 8. LTE-2600, 9.
WiFi. (b) Distribution of the acquired spectral power. Source: [J8].
points out. In the near future, part of the 5G mobile communications will be allocated in
the frequency bands of 600 MHz and 700 MHz [238], and a significant power contribution
is expected from them from the energy harvesting standpoint.
When designing the harvesting element, multiband antennas are typically selected. Slots
or corrugations are made to the original antenna to create multiple resonances [239].
Example of this is the triple-band antenna (2.1 GHz, 2.4-2.48 GHz, and 3.3-3.8 GHz.)
presented in [240]. However, the design of multiband antennas is becoming increasingly
complex as the number of considered frequency bands is on the rise: 0.6-0.7 GHz, 0.8
GHz, 0.9 GHz, 1.8 GHz, 2.1 GHz, 2.4 GHz, 3.5 GHz, and 5.2 GHz. Furthermore, the
frequency assignment plan could differ between countries. This represents a problem for
multiband antennas, since their characteristic narrow-band operation could leave them
inoperative in other countries. Alternatively, wideband antennas are a better practical
solution, as most of the previously mentioned problems are solved [237, 251].
An efficient design of the complete RF harvesting system requires of a careful design
of the rectifier stage. A bad implementation of the rectifier circuit can be as detrimental
for the performance of the system as a low conductivity of the metallic ink. In fact, the
rectifier stage is the bottleneck of energy harvesting. The parasitic terms associated to
the circuit board and electronic components can reduce considerably the efficiency of the
complete system. Moreover, the losses and nonlinear effects of the diodes represent an
additional difficulty to the design, which is dependent, among other parameters, on the
antenna properties, input power, operating frequency, and considered load.
In this chapter, we present the design, manufacturing and measurement of different
ultrawideband inkjet-printed antennas for RF energy harvesting applications. The antennas are printed with a silver conductive ink on a polyethylene terephthalate (PET)
substrate. A parametric study has been carried out in order to determine how the conductivity and roughness of the metallic ink and losses on antenna substrates affect the
performance of the radiating element. Two different types of inkjet-printed ultrawideband antennas have been tested: Archimedean spirals and planar monopole antennas.
Both inkjet-printed Archimedean spiral and monopole antennas operate efficiently from
0.6 GHz to more than 8 GHz, especially, the inkjet-printed monopoles. Furthermore, a
series of guidelines are given for an efficient design of the rectifier stage. The nonlinearity
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of the diodes is taken into account and the parasitic elements of the circuit board and
electronic components are modeled in order to increase the efficiency of the harvesting
system.

5.2

Ultrawideband Inkjet-Printed Archimedean Spiral Antenna

In this section, we present the design, manufacturing and measurement of an inkjetprinted Archimedean spiral antenna. Antennas that are entirely defined by angles, such
as the Archimedean spiral or the equiangular spiral, possess a frequency-independent behavior; namely, they can operate in a wideband frequency range [241]. The impedance
of a large enough (theoretically infinite) Archimedean spiral antenna with a selfcomplementary design (the strip width w is equal to the slot width s) shows a constant
value over the frequency. According to the Babinet’s principle, it is fixed to [242]:
Zant = Zcomp = 60π ≈ 188 Ω

(5.1)

where Zcomp is the impedance of the complement of the antenna. The finite size of the
Archimedean spiral provokes a reduction on the operating bandwidth as the antenna is
progressively smaller.
The current distribution on the arms of the Archimedean spiral provokes that the antenna radiates a circularly-polarized wave [242, 243]. Furthermore, it is well known that
the current distribution progressively concentrates at the central part of the antenna as
the frequency increases. This is observed in Fig. 5.3. This fact allows to simplify the design of the Archimedean spiral antenna, since the upper fh and lower fl cutoff frequencies
of the operating band can be estimated as [243]
fh =

c0
√
2πrh εref f

(5.2)

fl =

c0
√
2πrl εref f

(5.3)

where rh and rl are the inner and outer radii of the antenna, and εref f is the effective
relative permittivity of the substrate.

(a)

(b)

Fig. 5.3: Current distribution on the Archimedean spiral antenna at (a) 10 GHz, and (b) 0.3
GHz.
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Antenna Design

Equations (5.2) and (5.3) are a good starting point to design the Archimedean spiral.
However, note that the upper and lower cutoff frequencies derived from these values are
mere approximations, since not all the current is located at the center or at the end of
the spiral antenna. In addition, it is not easy to estimate the effective permittivity of the
antenna, as no ground plane is utilized. Imposing that the antenna must cover from 0.3
GHz to more than 10 GHz and that εref f ≈ (εr + 1)/2, the obtained inner and outer
radii are rh = 2.55 mm and rl = 102.5 mm, respectively. Following the recommendations
in [237, 264], the arms of the spiral are extended in a straight line to miniaturize the
antenna; namely, in order to reduce the lower cutoff frequency. Numerical evaluations in
CST Microwave Studio determined that, maintaining the self-complementary of the spiral,
the optimal width of the strips and slots is w = s = 3.9 mm. Fig. 5.4 shows a schematic
of the considered Archimedean spiral antenna. The spiral shape lays on a polyethylene
terephthalate (PET) film of thickness 0.09 mm and dielectric constant εr = 3.4.
Fig. 5.5 illustrates the simulated voltage standing wave ratio (VSWR) of the inkjetprinted Archimedean spiral antenna. For the computation, a conductivity of σ = 6.2×106

Fig. 5.4: Schematic of the inkjet-printed Archimedean spiral antenna. The geometrical dimensions
are: rh = 2.55 mm, rl = 102.5 mm, w = s = 3.9 mm, and 2la = 94.15mm. The spiral has N = 6
turns.

Fig. 5.5: Simulated VSWR of the inkjet-printed Archimedean spiral antenna. The reference
impedance is set to 188 Ω.
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S/m is assumed in commercial simulator CST. The reference impedance is fixed to the
antenna impedance, 188 Ω. As observed in Fig. 5.5, the antenna shows an ultrawideband
response, operating from 0.4 GHz to 18 GHz. The ripple evidenced below 1.5 GHz is due
to the electrically small size of the spiral, which provokes that the antenna impedance is
no longer constant to 188 Ω.
Fig. 5.6 presents the 3-D radiation pattern of the inkjet-printed Archimedean spiral
antenna at the most relevant frequency bands in RF energy harvesting. The spiral shows
an omnidirectional pattern, which is highly desirable in situations where the location of
the RF transmitting sources is unknown. Note that the antenna becomes slightly more
directive as the frequency increases, preserving the original shape of the radiation pattern.
The simulated antenna efficiency is quite high, being over the 90% in all the considered
frequency range.

Fig. 5.6: 3-D radiation pattern of the inkjet-printed Archimedean spiral antenna.

5.2.2

Experimental Validation

In order to validate the simulation results, two prototypes of the Archimedean spiral
antenna have been manufactured with the inkjet-printing technique. These are shown
in Fig. 5.7. The deposition of the metallic ink has been carried out by the company
Tecnalia [244]. A silver conductive ink DuPont Solamet PV410 of thickness 50 µm and
surface resistivity Rs = 18 mΩ/sq/25 µm is used in the process [245]. The conductive ink
is printed on a PET film of thickness 90 µm and relative permittivity εr = 3.4. A foam
layer is used to give rigidity to the structure. The addition of the foam layer does not alter
the radiation performance of the spiral antenna, as the permittivity of the foam layer is
similar to air (εr ≈ 1) and has low losses (tan δ ). A SMA connector is welded to the
antenna arms to feed the radiating element.
Fig. 5.8 presents the VSWR measured in the laboratory of the two inkjet-printed
Archimedean spiral antennas. The antenna matching is not good as expected within the
considered operating frequency range, although the VSWR values are below 2.6 (|S11 | <
−7 dB) in both antennas. However, these values could be considered as valid in certain
contexts. This deviation with respect to the simulated results could be attributed to
imperfections in the manufacturing process, due to the complex geometry of the spiral.
Figs. 5.7(b)-(d) shows the imperfections of antenna I. As shown in Fig. 5.8(b), the selfcomplementarity of the spiral antenna is broken (w 6= s) in the manufactured prototype.
This can lead to degradation in the antenna performance, as the assumption that the
impedance of the Archimedean spiral is constant (188 Ω) is not true anymore. In addition,
the unintended corrugations and slots observed Figs. 5.8(c) and (d), respectively, could
alter the surface current distribution in the antenna, leading to a performance degradation.
Fig. 5.9 illustrates the acquisition of the power spectrum with the inkjet-printed
Archimedean spiral antenna in outdoor and indoor scenarios. The measurement is carried out at the facilities of the Higher Technical School of Telecommunication Engineers,
Universidad Politécnica de Madrid. The main power contribution is associated to the

CHAPTER 5. INKJET TECHNOLOGIES

122

(a)

(c)

(b)

(d)

Fig. 5.7: (a) Prototypes of the inkjet-printed Archimedean spiral antennas. (b)-(d) Details of
antenna I.

Fig. 5.8: VSWR measured in the laboratory of the two inkjet-printed Archimedean spiral antennas. The reference impedance is set to 188 Ω.

mobile bands of 800 MHz and 900 MHz, as previously discussed. In addition, note that
the harvested power is greater outdoors than indoors. This is due to the blockage of the
incoming energy that the elements of a building (windows, walls, etc.) provoke. The total
harversted power by the inkjet-printed spiral antenna can be calculated as the sum of the
spectral power over the considered frequency range. This leads to a total harvested power
of 1.35 dBm (1365 µW) outdoors and -3.95 dBm (400 µW) indoors. These values are
slightly lower compared to the Archimedean antenna fabricated with milling techniques
shown in [J7]. This is mainly due to the losses associated to the impedance matching,
which reduces the efficiency of the inkjet-printed antennas. Nevertheless, it should be
stated that the present harvested powers are enough to feed low-power electronic devices,
whose power consumption is generally less than 100 µW [232].
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Fig. 5.9: Spectral power acquired by the inkjet-printed Archimedean spiral antenna in outdoor
and indoor scenarios.

5.3

Ultrawideband Inkjet-Printed Monopole Antennas

In this section, we present the design, manufacturing and measurement of two inkjetprinted ultrawideband monopole antennas with circular and elliptical geometries oriented
for RF energy harvesting applications. Fig. 5.10 shows the schematic of the elliptical and
circular inkjet-printed monopoles. Both radiating elements are printed on a PET film
of thickness 0.35 mm and relative permittivity εr = 3.4. As for the Archimedean spiral
antennas, the inkjet-printed monopole antennas have been fabricated by the company
Tecnalia [244] with a silver conductive ink DuPont Solamet PV410 of thickness 50 µm
and surface resistivity Rs = 18 mΩ/sq/25 µm (equivalent to a conductivity of the order
of 106 S/m) [245]. In order to reduce losses and improve the efficiency, no dielectric is
used in the antennas. However, a foam layer (εr ≈ 1, tan δ ) of thickness 2 mm is
placed between the PET film and the aluminium ground plane to mechanically support
the structure.
Conventional circular and elliptical monopoles can support multiple resonances when

(a)

(b)

Fig. 5.10: (a) Elliptical and (b) circular inkjet-printed monopole antennas with a cut showing
their forming layers. The dimensions of the antennas are w = 10.10 mm, Le = 115.24 mm,
a = 40.63 mm, b = 30.83 mm, Lc = 115.37 mm, r = 35 mm, Lgp = 115 mm. Both assembled
antennas have equal and maximum dimensions of 250 mm × 225 mm. Source: [J7].
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(a)

Fig. 5.11: Multiple closely-spaced resonances in a monopole disk when the ground plane is cut.

(a)

(b)

Fig. 5.12: 3D radiation patterns showing the directivity of the (a) elliptical and (b) circular
inkjet-printed monopoles at some of the main frequency bands related to energy harvesting.
the ground plane of the antennas is cut at the height of the monopole. By cutting
the ground plane, multiple closely-spaced resonances (f1 , f2 , f3 , ..., fn ) are excited in the
structure, giving the monopole antenna a wideband behavior [246]. This is illustrated in
detail in Fig. 5.11. The first resonance f1 is fixed by the size of the circular and elliptical
monopole disks. In concrete, the disks behave as a quarter-wavelength monopoles at f1 .
Thus, the diameter and major-axis of the monopoles must be 2r = 2a = λg /4 at the
lowest operating frequency. As a design criteria, the lowest operation frequency is set to
be f1 = 0.6 GHz in order to cover future 5G mobile bands [238]. The width w of the
microstrip line is adjusted so that the characteristic impedance of the transmission line
is 50 Ω. Considering that the height of the foam layer is h = 2 mm and the effective
permittivity of the substrate (thin PET and thick foam) can be approximated as the
unity, the calculated width is w = 10.10 mm. The length of the microstrip line (Le for
the elliptical monopole and Lc for the circular monopole) and ground plane are estimated
in simulation, and their values can be found in Fig. 5.11.
The 3D radiation pattern of the elliptical and circular inkjet-printed monopoles is presented in Figs. 5.12 (a) and (b), respectively. We have plotted the main frequency bands
related to energy harvesting. As it can be appreciated, the similarity between the radiation
pattern of both antennas is appreciable. The fact of cutting the ground plane provokes
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Fig. 5.13: Surface current distribution of the circular inkjet-printed monopole at some of the
main frequency bands related to energy harvesting.

(a)

(b)

Fig. 5.14: Simulated reflection coefficients and efficiencies of the (a) elliptical and (b) circular
inkjet-printed monopoles when varying the conductivity of the metallic ink. Losses in the PET
film and foam layer are included in the computation. Source: [J7].

that the antennas can radiate below the structure. Thus, the inkjet-printed monopoles
show a fairly omnidirectional pattern at the lowest frequencies, which becomes slightly
more directive as the frequency increases. This can be explained by looking at the surface
current distribution of the circular monopole antenna in Fig. 5.13. As the frequency
increases, the current distribution changes on the surface of the monopole disk. Furthermore, the cut ground plane starts to radiate, contributing constructively and destructively
to the original radiation pattern depending on the considered region of space. Therefore,
the radiation pattern changes with an increasing frequency. The same conclusions apply
for the elliptical monopole.
The conductivity of the metallic ink is expected to play an important role in the performance of the inkjet-printed monopole antennas. In general, lower conductivity values
imply a reduction in the antenna efficiency. As the conductivity of the silver ink is lower
compared to other base metals, such as copper or aluminium, its impact on the ohmic
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losses of the antennas should be analyzed. Figs. 5.14(a) 5.14(b) present the reflection
coefficient and efficiency of the elliptical and circular monopole antennas, respectively,
computed with CST Microwave Studio as a function of the conductivity of the metallic
ink. As observed, both antennas operate in simulation in a wide bandwidth, from 0.6
GHz to more than 8 GHz. Concretely, the reflection coefficient is better at the lowest
frequencies for the elliptical monopole. This is due to the extra degree of freedom that
the semi-minor axis offers with respect to the circular monopole, which facilitates the
impedance matching of the antenna. The reflection coefficient is not very dependent on
the conductivity of the metallic ink, which in any case improves due to the present ohmic
losses. On the other hand, the efficiency of the antenna rapidly degrades for conductivity values below 6.20 × 104 S/m, although the average efficiency is above the 60% for
such reduced values as 6.20 × 103 S/m. Naturally, the antenna efficiency reduces as the
frequency increases, as the skin depth of the metallic ink reduces. Therefore, the conductivity value provided by the manufacturer should not significantly affect the performance
of both antennas.

5.3.1

Experimental Validation

In order to test the validity of the results, the inkjet-printed elliptical and circular
monopole antennas are manufactured and characterized in the laboratory. Fig. 5.15
presents the manufactured prototypes. The field distributions are also marked in the
figure. Both antennas are fed with a SMA connector placed at the input of the microstrip line. Fig. 5.16 presents the measurement environment, located in the facilities
of the Signal Theory, Telematics and Communications Department of the Universidad
de Granada [247]. The elliptical and circular monopoles (antennas under test, AUT) are
placed in the positioning system of the rightmost part of the image, acting as the transmitters. The receiver element is an auxiliar HL040 log-periodic wideband antenna, placed
at the leftmost part of the image.
Figs. 5.17(a) and 5.17(b) shows the measured reflection coefficients of the elliptical
and circular monopoles. A comparison with the simulation results is also carried out,
where the conductivity provided by the manufacturer (σ = 6.20 × 106 S/m) is assumed.
The antennas presents an ultrawideband behavior, covering the main frequency bands of
interest in energy harvesting; namely, 0.6-0.9 GHz, 1.8 GHz, 2.4 GHz, 3.5 GHz, and 5
GHz. Note that the elliptical monopole shows a better impedance at the lower frequencies,
as previously discussed for the simulation results. However, the reflection coefficient is
higher at the upper band of the considered frequency range compared to the circular
monopole. This could be associated to slight variations in the length of the ground plane
Lgp , which delimits in great extent the operating bandwidth of the antenna.
Figs. 5.18(a) and 5.18(b) presents the measurement of the E- and H-planes for the
elliptical and circular inkjet-printed monopole antennas, respectively, at the frequencies
of interest. As previously discussed, the elliptical and circular monopoles share similar
radiation characteristics, since the geometry and dimensions of the designs are alike. Both
antennas show an omnidirectional pattern at the lowest frequencies, with two nulls at 0o
and 180o . This fact is also evidenced in Fig. 5.17. Omnidirectional patters are desirable
in RF energy harvesting, specially in those scenarios where the position of the radiation
sources is unknown.
The measured gain associated to the E- and H-planes shown in Fig. 5.18 is illustrated in
Fig 5.19. Uncertainties in the extraction of the antenna gain; i.e., a frequency-dependent
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(b)

Fig. 5.15: Manufactured prototypes of the (a) elliptical and (b) circular inkjet-printed monopoles.
Source: [J7].

Fig. 5.16: Measurement environment for the characterization of the inkjet-printed monopole
antennas (AUT). An auxiliary HL040 log-periodic wideband antenna is used in the measurement.
Source: [J7].

phase center of the log-periodic receiver antenna; are included in the error bars of the
figure. The simulated directivity is also represented in order to give an estimation of
the antenna efficiency. The measured average efficiency of the elliptical monopole is
+29.62%
53.47%+15.89%
−11.22%, while that of the circular monopole is 54.49% −3.25% . The drop in the
measured gain observed at 1.2 GHz is also evidenced in the simulated efficiency of Fig.
5.14. The measured average efficiency (around 60%) is less compared to the simulated
one (around 85%). This drop could be associated to a lower conductivity value than that
provided by the manufacturer, the surface roughness of the metallic ink, the losses of
the foam substrate and PET film, and the imperfect stacking of the different layers that
conform the structure. The average surface roughness µa is dependent on the material
on which it is deposited [248], but it is expected to be at most to a quarter or a third
of the thickness of the metallic ink. That is, µa < 20 µm for the present case. Fig.
5.20(a) presents a parametric study on the efficiency of the circular monopole when the
roughness of the metallic ink is considered. For the expected values, the degradation of
the efficiency due to the roughness of the metallic ink is not expected to exceed 5-10%.
Then, Fig. 5.20(b) shows the influence of the dielectric losses (PET and foam) on the
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(b)

Fig. 5.17: Measured reflection coefficients of the (a) elliptical and (b) circular inkjet-printed
monopoles. The simulation is performed with a conductivity σ = 6.20 × 106 S/m. Source: [J7].

(a)

(b)

Fig. 5.18: Measured E- and H-planes of the (a) elliptical and (b) circular inkjet-printed monopoles.
Source. [J7].
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(b)

Fig. 5.19: Measured gain in E- and H-planes for the (a) elliptical and (b) circular inkjet-printed
monopoles. Source: [J7].

(a)

(b)

Fig. 5.20: Simulated efficiency drop in the inkjet-printed circular monopole caused by (a) the
average surface roughness of the conductive ink, (b) losses in the dielectrics (foam: tan δ < 0.001,
PET: tan δ = 0.017).

antenna efficiency. Considering realistic values of the loss tangent [249], the degradation
of the efficiency due to dielectric losses would be around 2%.
Finally, a comparison is carried out in Table 5.1 between the performance of the presented elliptical and circular inkjet-printed monopoles and other inkjet-printed antennas
reported in the literature. In [251], a rectangular monopole printed with a silver metallic
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ink on a paper sheet is presented. The rectangular monopole operates efficiently from 1.5
GHz to more than 8 GHz. However, it fails to take into account the power contribution
of the radio spectrum associated to the 600-MHz, 800-MHz, and 900-MHz mobile communication bands. Similarly, a rectangular monopole is printed on a cardboard substrate
in [251]. This antenna operates from 0.8 GHz to 1.5 GHz, leaving aside significant power
contributions coming from 1800-MHz (GSM), WiMAX and WiFi bands. Two inkjetprinted narrow band designs oriented for energy harvesting applications are also included
in the comparative table [221, 250, 252]. As a difference with UWB antennas, the limited capabilities of narrow band antennas make them specific for a reduced number of
scenarios, so they are impractical for real implementations of energy harvesting systems.

Table 5.1: Comparison among different inkjet-printed antennas. Source: [J6].
Ref.

Antenna

Materials

[220]

Rect.
Monopole

Silver Ink
Paper

Rect.
Patch
3D Cube
(Patches)
Rect.
Monopole

Silver Ink
Resin
Silver Ink
Plastic
Silver Ink
Cardboard
Silver Ink
Kapton HN
Silver Ink
PET film
Silver Ink
PET film

[221]
[250]
[251]

5.4

[252]

Dipole

This
Work
This
Work

Elliptical
Monopole
Circular
Monopole

Freq. (GHz)
(RL > 10 dB)

Eff.(%)

1.5 − 5
5.5 − 7
8.5 − 12.5

80

1.55 − 1.65

−

2.25 − 2.35

−

0.8 − 1.5

72 − 80

0.43 − 0.46
0.48 − 0.52

−

0.6 − 6.4

53.47+15.89
−11.22

0.6 − 1.1
1.4 − (> 8)

54.49+29.62
−3.25

Parasitics Impact on the Performance of Rectifier Circuits

In order to obtain a high efficiency, it is important to characterize the properties of
the metallic ink but also those of the conditioning circuit, which includes the matching,
rectifier and storage circuits. The parasitic elements associated to the PCB and the
lumped elements can be extremely detrimental for the performance of the full system,
degrading the efficiency as well as a low conductivity of the metallic ink. Moreover,
the losses and nonlinear effects of the diodes represent an additional difficulty, as the
performance of the full system depends, among other parameters, of the input power,
operating frequency and selected antennas and load. In this section, we present a series of
guidelines for the design of efficient rectifier circuits. We take into account the nonlinearity
of the diodes and propose circuit models to predict and subsequently palliate the harmful
effects of the parasitic elements on the system performance.
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The design procedure followed for the maximization of the rectifier efficiency in the
harvesting system is presented in Fig. 5.21. First, the lumped components that are part
of the rectifier stage must be carefully chosen in order to meet the requirements of the
design and at the same time reduce losses and the output voltage ripple of the rectified
DC signal. For the selected components, the power transfer between the antenna and the
load must be maximized. In general, there exists an impedance mismatching between the
antenna and the rectifier circuit, which reduces the efficiency of the system. This is solved
with the introduction of a matching circuit. However, the design of the matching circuit
is a challenging task, as it suffers from the same problems derived from the nonlinearity
of the rectifier. For a given load ZL and input power Pin , the optimal source impedance
Zs of the matching circuit that maximizes the power transfer is computed. Then, a
matching network is designed in order to transform the antenna impedance Zant to the
calculated optimal source impedance Zs at the frequency of operation f . As previously
discussed, a proper modeling of the circuit parasitics is needed in order to ensure the
correct performance of the circuits. These parasitics can modify the original searched
value of Zs , reducing the efficiency of the system. Finally, the circuit is characterized in
the laboratory. In the case that measurements do not satisfy the expected requirements,
the value of the parasitics can be iteratively adjusted and the optimal source impedance
is recalculated with this new information.

(a)

Fig. 5.21: Design procedure for the efficient design of rectifier circuits. Source: [J9].

5.4.1

Choice of Components

From all the components that form the circuit, the diode is the most critical one. A
diode oriented for RF harvesting applications must switch quickly enough to ensure its
operation in the microwave range. Additionally, its power consumption must be low.
Schottky diodes are suitable for this purpose, as they can operate at GHz frequencies
with low forward drops (0.2-0.3 V) compared to traditional P-N diodes (0.6-0.7 V). Two
Schottky diodes that are commonly used in this context are the HSMS-2822 and the
HSMS-2850 [253]. The former is specially oriented for operation with input powers above
-20 dBm, up to a maximum frequency of 4 GHz. It can deal such low currents as 0.1 mA
with a maximum voltage drop of 0.22 V. The latter is specially designed for operation in
small-signal region, with input powers below -20 dBm, and frequencies below 1.5 GHz.
Similar to the HSMS-2822, the HSMS-2850 diode deals with currents of the order of 0.1
mA with a maximum voltage drop of 0.15 V. For the considered study, we will make use of
the HSMS-2822 diode, as the total collected power by the antenna is expected to be over
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-20 dBm [237, 254] (see Fig. 5.9). In addition to the previous Schottky diodes, different
works have reported the good performance of SMS-7630, SMS-7621 and MA40417 diodes
for RF energy harvesting [255, 256].
The choice of the filtering capacitors in the rectifier stage should be a trade-off between
the output voltage ripple and the self-resonant frequency (SRF) of the component. For a
correct performance of the load device (sensor, actuator, etc.), the voltage ripple should
be as small as possible. However, large capacitances provoke, in general, that the SRF of
the capacitor reduces in consequence. The SRF is related to the parasitics of a certain
component as
1
SRF [Hz] = √
(5.4)
2π LC
where in the case of a capacitor, L will be its associated parasitic (series) inductance,
and in the case of an inductor, C will be its parasitic (shunt) capacitance. According to
equation (5.4), the lower the SRF of a component is, the higher its parasitic element is
and the more harmful its effect on the system is.

5.4.2

Efficient Design of the Rectifier and Matching Circuits

Now, we describe thoroughly the design procedure shown in Fig. 5.21 for the implementation of an efficient, lossless matching network that maximizes the efficiency of the
rectifier circuit. As a reference, we will particularize the study for the Cockcroft-Walton
(CW) and half-wave (HW) rectifiers, with the implementation of a L network. However, it
should be stated that the same conclusions still applicable for different matching-network
and rectifier-circuit topologies.
Cockcroft-Walton and Half-Wave Rectifiers
The most common and simple topology to implement a passive (not-externally-biased)
rectifier is the half-wave rectifier. As shown in Fig. 5.22(a), it is formed by a single diode
in series with a filtering capacitor C. In full-wave topologies [257], the voltage ripple
δV can be reduced by using two diodes (or four in the case of a bridge rectifier), at the
expense of increasing twice the losses of the rectifier. Unkike half-wave and full-wave
rectifiers, the CW multiplier is capable of elevating the output voltage while rectifying
[258]. This is of particular interest in RF harvesting, as the input voltages are normally
low and would be difficult to handle straightly without a previous amplification of the
input signal. Additionally, multiple stages can be cascaded to progressively increase the
output voltage. Nevertheless, the inclusion of several diodes provokes an increasing drop
in the rectifier efficiency, so it is not recommended to place more than one stage for the
present application. A single stage of a CW multiplier is formed by two subcircuits, as
shown in Fig. 5.22(b). The first subcircuit (shadowed in orange) is a diode clamping
circuit. It elevates the DC level of the RF input signal. The second subcircuit (shadowed
in blue) is a common HW rectifier with a filtering capacitor. The fact of raising the DC
level of the RF signal causes that, when rectified, the output DC voltage is doubled in
a CW multiplier. For this reason, a single-stage CW multiplier is also known as Villard
doubler.
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(b)

Fig. 5.22: (a) Half-wave rectifier and (b) N -stage Cockcroft-Walton multiplier. The operation
principle of both circuits is shown in the figure.

Optimal Source Impedance
From a circuit standpoint, the antenna impedance and the matching circuit can be
combined, and replaced together by a source impedance Zs = Rs + jXs . We must search
the value of Zs that maximizes; for a given input power, operation frequency and load; the
rectifier efficiency. Subsequently, the antenna impedance is transformed to the optimal
value of Zs with the L matching network. This is illustrated in detail in Fig. 5.23. For
narrowband antennas, the spectral power acquired by the harvester is modeled with a AC
signal generator with input power Pin and operating frequency f . For wideband antennas,
the different spectral peaks can be modeled by cascading multiple AC signal generators
with the corresponding input powers and operating frequencies [J7].
We will test the method by finding the optimal source impedances of two CW and HW
circuits constituted by a HSMS-2822 diode and filtering capacitors C = 33 pF and C 0 = 27
pF. The CW multiplier and the HW rectifier are loaded with two impedances ZL = 2.34
kΩ and ZL = 8 kΩ, respectively. For a fair comparison of the efficiency, the same input
power and frequency are considered in both circuits, Pin = 0 dBm and f = 870 MHz. The
simulation is performed with a harmonic balance solver [259, 260] in commercial software
ADS. See Appendix C for further information about the harmonic balance method.

Fig. 5.23: Search of the optimal source impedance Zs in the Cockcroft-Walton multiplier and the
half-wave rectifier. Source: [J9].

CHAPTER 5. INKJET TECHNOLOGIES

134

(a)

(b)

Fig. 5.24: Efficiency with respect to the source impedance Zs = Rs + jXs in the CW multiplier
(a) before and (b) after considering the parasitic elements of the circuit. Source: [J9].
.

(a)

(b)

Fig. 5.25: Efficiency with respect to the source impedance Zs = Rs + jXs in the HW rectifier (a)
before and (b) after considering the parasitic elements of the circuit. Source: [J9].

.
Inside the simulator, the optimal source impedance Zs can be found with heuristic or
metaheuristic optimization methods. However, due to the fact that Zs is a complex value,
the rectifier efficiency may be visualized for this simple case in a 3D plot as a function of
the resistance Rs and reactance Xs terms. Figs. 5.24(a) and 5.25(a) show the rectifier
efficiency of the CW and HW circuits, respectively. The optimal source impedances are
Zs = 42 + j120 Ω for the CW multiplier and Zs = 30 + j280 Ω for the HW rectifier. As
appreciated, the optimal reactance Xs is positive for both circuits. This fact indicates
that the behavior of the rectifier circuit is mainly capacitive (negative reactance), which
should be neutralized with the positive reactance Xs found for the matching network
in order to increase the efficiency of the circuit. Figs. 5.24(b) and 5.25(b) show the
efficiency after including the parasitic elements of the circuits. The effect of the parasitics
is noticeable. The maximum achievable efficiency has been reduced and the curves show
a steeper response compared to the ideal (parasitic-free) scenario of Figs. 5.24(a) and
5.25(a). This indicates that the operating bandwidth is reduced with the inclusion of the
parasitic terms. In addition, note that the optimal reactances Xs remain positive after
the inclusion of the parasitics but their values have decreased. As it will be detailed next,
this is due to the series parasitic inductances associated to the via holes in the PCB, which
already contribute with series reactance terms and slightly reduce the capacitive behavior
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Fig. 5.26: Model of the parasitics for the lumped elements. (a) Source: [J9].
of the rectifier circuit.

5.4.3

Modeling the Parasitic Elements

Modeling the parasitic elements of the circuit is fundamental in order to avoid a drop in
the efficiency and a shift of the operating frequency of the circuit. Below, some guidelines
are given in order to form a circuit model that accurately predict the harmful effects of
the parasitic terms. This is summarized for the lumped elements in Fig. 5.26.
Inductors and Capacitors
The parasitic series resistance Rp can be neglected in capacitors and inductors for
the considered frequencies in RF harvesting. As a consequence, the parasitic term of
a capacitor C can be modeled as a series inductance Lp , and the parasitic term of an
inductor L with a shunt capacitance Cp . The parasitic terms Cp and Lp can be estimated
by looking at the self-resonant frequency (SRF) of the component under consideration.
The SRF of the component can be measured in the laboratory, and then the parasitic
capacitance/inductance is extracted by using (5.4). A possible setup for the measurement
of the SRF is detailed in Fig. 5.27(a). It consists of a 50-Ω transmission line in whose
center, the capacitor/inductor to be characterized is placed. In a capacitor, the SRF
is determined with the non-reflection peak in the |S11 | parameter, as illustrated in Fig.
5.27(b). In the case of an inductor, the SRF is determined with the non-transmission
peak in the |S21 | parameter. The system must be calibrated previously in order to avoid
unwanted error terms added by the presence of the transmission line and connectors.
Table 5.2 presents the parasitic terms of inductors and capacitors used in the CW and
HW rectifiers extracted from the measurement of the SRF.
Diodes
Fig. 5.26 presents the equivalent circuit model for the diode. The resistances Rj (I) and
Rsd model the ohmic losses in the diode. The junction resistance Rj (I) varies according
to the current I flowing through the diode: the lower the current I is, the higher the
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(a)

(b)

Fig. 5.27: Extraction of the parasitic elements from inductors and capacitors through their selfresonant frequencies (SRFs): (a) measurement board and (b) S-parameters. The SRF of an
inductor is determined via the non-transmission peak in the |S21 | parameter. The SRF of a
capacitor is determined via the non-reflection peak in the |S11 | parameter. Source: [J9].
.
Table 5.2: SRF and parasitics of the lumped elements used in the CW and HW rectifiers.
Model
4841372 (Fair-Rite)
106-909 (Murata)
795-8290 (TDK)
464-6773 (AVX)
532-2945 (TE Connect.)
CW160808 (Bourns)
2310325 (Multicomp)
ATC 500S (ATC)
2809454 (Kemet)

Value
33 nH
8.2 nH
4.3 nH
33 pF
47 nH
27 nH
2.7 pF
4.7 pF
27 pF

SRF (GHz)
1.50
4.00
7.64
2.20
1.96
2.10
4.97
8.32
4.84

Parasitics
0.34 pF
0.19 pF
0.10 pF
0.16 nH
0.14 pF
0.21 pF
0.38 nH
0.078nH
0.040 nH

ohmic losses. According to the datasheet [253], the junction resistance is calculated as
Rj (I) =

8.33 · 10−5 N T
0.026
≈
@ 25o C,
Is + I
Is + I

(5.5)

where Is is the saturation current, N is an ideality factor, and T is the ambient temperature. For the considered HSMS-2822 diode [253], Is = 48 nA and N = 1.067. Ohmic
losses of the diodes are particularly high in RF harvesting scenarios, due to the low currents involved. For the currents level expected in this work, I ∈ [0.1, 1] mA, the junction
resistance will be in the interval Rj ∈ [26, 260] Ω. The series resistance Rsd is modeled
with a value of Rsd = 7.8Ω, which presents a much smaller contribution compared to Rj .
Thus, Rsd can be neglected for practical purposes.
In Fig. 5.26, Cj (V ) represents the junction capacitance, which is a function of the
potential difference in the diode V . For Schottky diodes, it can be modeled as
Cj0
Cj (V ) = q
,
1 − φVB

(5.6)

where, for the HSMS-2822, Cj0 = 0.65 pF is the zero-bias junction capacitance, and
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φB = 26.7V is the built-in potential. For the voltages handled in the work, V ∈ [0, 3] V,
the junction capacitances are expected to be in the range Cj ∈ [0.65, 0.70] pF.
The shunt capacitor Cpd models the capacitive coupling between the pins of the diode
package. As it will be shown later, this parasitic element is one of the most harmful to
the operation of the circuit. For the considered operating frequencies, the value of Cpd is
of the order of Cj . Concretely, a value of Cpd = 0.75 pF was found to fit the experimental
results.
PCB
The main parasitic term associated to the PCB comes from the via holes. This parasitic
inductance Lv depends of the diameter d and height h of the via hole. If the via is
considered as a perfect cylinder, Lv can be modeled as [261]


4h 
Lv [nH] = 5.08h ln
+1
(5.7)
d
An increase in the parasitic inductance of the via hole is directly related to an increase
of the height and a reduction of the hole diameter in the PCB. In addition, note that
variations in the height are more relevant compared to variations in the hole diameter, as
indicated by the logarithm involved in equation (5.7). For the CW multiplier, a PCB of
height 1.61 mm and hole diameter 1 mm is utilized. This leads to a theoretical parasitic
inductance of Lv = 0.92 nH. In the case of the HW rectifer, the height of the PCB is 1.51
mm and the hole diameter 0.90 mm, which leads to a theoretical parasitic inductance of
L0v = 0.88 nH. These values will be greater in manufactured circuits, since the vias are not
perfect cylinders and the welding process causes additional parasitic series inductances. It
was found in simulation that a value that fits better the experimental results is Lv = 1.30
nH for the CW multiplier and L0v = 1.20 nH for the HW rectifier.

5.4.4

Experimental Results

Afterwards, the model that takes into account the parasitic elements of the circuit and
the nonlinearity of the rectifier is validated with experimental results. Figs. 5.28 and
5.29 show the measurement setup and fabricated prototypes of the CW multiplier and

Fig. 5.28: Measurement setup for the characterization of the parasitic elements. Source: [J9].
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(b)

Fig. 5.29: Manufactured prototypes of the (a) HW rectifier, and (b) CW multiplier. The Final
HW rectifier is observed under the microscope. Labels “Test” and “Final” refer to the circuits of
Figs. 5.30-5.31 and Fig. 5.33, respectively. Source: [J9].

(a)

(b)

Fig. 5.30: Model for the parasitic elements in the CW multiplier (a) and their relevance in the
efficiency of the circuit (b). The values of the components are: Lv = 1.30 nH, Cp1 = 0.10 pF,
LL1 = 4.3 nH, Cp2 = 0.19 pF, LL2 = 8.2 nH, C = 33 pF, Lp = 0.16 nH, Cpd = 0.75 pF, RL = 2.34
kΩ. The input power is Pin = 0 dBm. Black and green dashed lines overlap. Source: [J9].

HW rectifier. The measurement setup is formed by a signal generator, an oscilloscope
and a multimeter. Two circuits (“Test” and “Final”) are manufactured for both the CW
and HW configurations. In the test circuits, the parasitic elements are experimentally
characterized. Then, the performance of the rectifiers is adjusted in the final circuits to
operate at 870 MHz, one of the mobile bands with the highest power contribution that can
be harvested from the radio spectrum. Both “Test” and “Final” circuits are prototyped
in perforated boards, with the main components placed in the top layer and the metallic
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tracks in the bottom layer.
Test Circuits
Figs. 5.30 and 5.31 presents the effect of the parasitic elements on the performance
of CW multiplier and HW rectifier, respectively. the The model for the parasitics of
inductors, capacitors, diodes and the PCB follows the rationale depicted above and summarized in Fig. 5.26. The frequency response of the experimental measurement (black
solid line) is quite distant from the simulation that does not include the parasitic elements
(black dashed line). This illustrates the harmful effect of parasitics on the circuit, and
the efficiency drop they cause. In order to quantify which of the parasitics is the most
harmful for the correct operation of the rectifier, the effect of each parasitic term has been
isolated.
As shown in Figs. 5.30(b) and 5.31(b), the effect of the parasitic series inductances, Lp
and L0p1/2 , associated to the capacitors (green dashed line) are completely negligible. The
parasitic shunt capacitance, Cp1/2 and Cp0 , associated to inductors (blue dashed line) in
the L matching network has little effect compared to other parasitic terms, but it cannot
be neglected as for Lp and L0p1/2 . The frequency displacement this term causes is a 9.67%

(a)

(b)

Fig. 5.31: Model for the parasitic elements in the HW rectifier (a) and their relevance in the
efficiency of the circuit (b). The values of the components are: L0v = 1.20 nH, CL0 = 2.7 pF,L0p1 =
0
0.38 nH, L0L = 47 nH, Cp0 = 0.14 pF, Cpd = 0.75 pF, C 0 = 27 pF, L0p2 = 0.04 nH, RL
= 8 kΩ. The
input power is Pin =0 dBm. Black and green dashed lines overlap. Source: [J9].
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(b)

Fig. 5.32: Monte Carlo analysis on the variability of the components in (a) the Cockcroft–Walton
multiplier and (b) the half–wave rectifier. Thenominal simulation and the measurements are also
plotted. Source: [J9].
of the total for the CW multiplier and a 26.57% for the HW rectifier. This appreciable
difference is due to the SRF of the utilized inductors in both rectifiers. In the case of
the CW multiplier, inductors with higher SRFs are employed and as a consequence, the
parasitic capacitance is less harmful for the correct operation of the circuit. On the other
hand, the parasitic inductances associated to the via holes affect the CW multiplier to
a greater extent. Concretely, the frequency deviation caused by the inductance term of
the via holes (yellow dashed line) is a 22.25% in the CW multiplier and only a 9.05% in
the HW rectifier. This can be explained by looking at the values of the inductors in the
matching networks of both circuits. The parasitic inductance terms of the via holes are
approximately a third of LL1 and a sixth of LL2 in the CW multiplier, while they are
only a forty-fifth of L0L in the HW rectifier. Therefore, this parasitic term modifies the
original value of the inductor placed in the matching network, causing a particularly large
deviation in the operation frequency of the CW multiplier.
The most damaging contribution comes from the parasitic shunt capacitance, Cpd , associated to the diode package (red dashed line): approximately a 64% of the total frequency
shift in both circuits. In that sense, a few recent works have demonstrated the benefits of
two-dimensional materials, such as molybdenum disulfide (MoS2), applied to RF energy
harvesting systems [262, 263]. In [263], it is shown a Schottky rectifying diode based on
the use of MoS2. This diode presents a much smaller junction and parasitic capacitances
(of the order of 35 pF) and increases the maximum operating frequency compared to
traditional Germanium Schottky diodes.
At this point, it is worth asking whether the variability of the components will have an
effect as detrimental to the performance of the circuit as that of the parasitic elements.
Thus, the actual value of the capacitors (C, C 0 and CL0 ), inductors (LL1 , LL2 , and L0L ) and
0 ) is assumed to follow a Gaussian distribution of standard
load resistances (RL and RL
deviation ±5% from the nominal value of the components. Figs. 5.32(a) and 5.32(b)
illustrate a variability (Monte Carlo) analysis on the degradation of the circuit efficiency
in the CW and HW rectifiers when considering the tolerances of the components. This
analysis is applied after including the parasitic terms in the circuit. As observed, the
measurement is included within the variability range of the components. Furthermore,
note that the deviation caused by the tolerances of the circuit components is significantly
smaller compared to the harmful effect of the parasitic terms.
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(b)

Fig. 5.33: . Model for the parasitic elements in the final (a) Cockcroft-Walton multiplier (b) halfwave rectifier. The values of the components in the CW multiplier are: Lv = 1.30 nH, Cp = 4.7
pF, Lp1 = 0.078 nH, Cp 1 = 0.10 pF, LL1 = 4.3 nH, Cp2 = 0.19 pF, LL2 = 8.2 nH, C = 33 pF,
Lp = 0.16 nH, Cpd = 0.75 pF, RL = 2.34 kΩ. The values of the components in the HW rectifier
are: L0v = 1 nH, CL0 = 4.7 pF, L0p1 = 0.078 nH, L0L = 27 nH, Cp0 = 0.21 pF, Cpd = 0.75 pF,
0
C 0 = 27 pF, L0p2 = 0.04 nH, RL
= 8 kΩ. The input power is Pin = 0 dBm. Source: [J9].

Final Circuits
Once all the parasitic terms have been properly modeled and characterized in the laboratory, this information is used to redesign the operation frequency of the whole circuit to
870 MHz and cover the main spectral contribution of the LTE mobile band. The complete
model for the final CW and HW circuits is shown in Figs. 5.33(a) and 5.33(b), respectively. Subsequently, Fig. 5.34 presents the efficiency of the final CW and HW circuits as
a function of the input power. A comparison is carried out between the rectifier efficiency
extracted before and after modeling the parasitic terms in the circuit. After modeling the
effect of the parasitics, the efficiency has increased by more than 20% in both rectifier
circuits. This makes us understand the importance of a correct circuit model capable of
predicting the harmful effect of the parasitic terms in order to avoid the degradation of
the circuit efficiency. The nonlinearity of the circuits is also appreciated in the figure as
the input power changes. In a completely linear scheme, the efficiency curves would be
completely flat as Pin varies. Furthermore, the nonlinear effects are more prominent in
the CW multiplier (blue curve) compared to the HW rectifier (red curve). This is due to
the presence of an additional diode in the CW multiplier. Finally, note that there is a
drop in the efficiency for Pin > 13 dBm in both HW and CW configuration, as the diodes
saturate with high input powers and the performance of the circuits degrade.

Fig. 5.34: Efficiency (measured at 870 MHz) as a function of the input power in the CW multiplier
(blue) and the half-wave rectifier (red). Source: [J9].
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Proof of Concept: Complete Energy Harvesting System

Finally, Fig. 5.35 presents the development of a complete energy harvesting system.
The system is formed by an inkjet-printed Archimedean spiral antenna acting as the
RF harvester, by a rectifier stage (L matching network and CW multiplier), and by
a temperature sensor acting as the load. The design of the rectifier stage followed the
guidelines detailed in previous section, for the modeling of the detrimental parasitic terms
and nonlinearities of the diode. However, the antenna impedance is 188 Ω in the case of
the Archimedean spiral. Thus, a different matching circuit from the one shown in Fig.
5.33(a) is needed. The reader is redirected to [264], [J8] for further details about the
configuration and design of the rectifier stage.
Fig. 5.36 shows the efficiency of the rectifier stage developed in [264], [J8] as a function
of the input power and considered load. The rectifier stage is designed for operation
between 800 MHz and 950 MHz, where the main power contribution coming from the
radio spectrum is located. The circuit is originally intended for application with input

(a)

Fig. 5.35: Complete RF energy harvesting system, formed by an inkjet-printed Archimedean
spiral antenna, a L matching network, a CW multiplier circuit and a temperature sensor.

(a)

Fig. 5.36: Efficiency of the rectifier stage as a function of the considered input power and load.
The measurement frequency is 870 MHz.
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Fig. 5.37: Measurement for the validation of the complete system: the receiving (RX) RF energy
harvesting system is placed in front of a transmitting (TX) wideband Vivaldi antenna at a distance
of 30 cm. A multimeter measures the DC voltage in the load, 1.607 V. The sensor turns on
indicating a relative humidity of 17% and an ambient temperature of 27.1o C inside the room.

(a)

Fig. 5.38: DC voltage in the temperature sensor for the measurement setup of Fig. 5.37 as a
function of the frequency.

power above 0 dBm, as evidenced in the figure. In addition, note that the efficiency
degrades as the considered load is over 10 kΩ. This is because the current increases as
the value of the load does, and the antenna is not able to provide the required current
level due to the low input power considered. As a consequence, the efficiency of the
system degrades. However, note that the efficiency maintains stable around 30% for a
considerable range of load impedances.
Afterwards, the operation of the complete system is tested in the laboratory. Fig.
5.37 presents the measurement setup for the validation of the complete system. The RF
harvesting system is placed in front of a transmitting Vivaldi antenna at a distance of
30 cm. The power injected from the signal generator to the Vivaldi antenna is 20 dBm.
The present sensor turns on if the input voltage is over 1.2 V. In addition, it is expected
to consume currents between 50 µA and 80 µA, depending on the requirements of the
scenario. Therefore, the sensor can be seen as a dynamic load whose impedance is in
the range of 20-30 kΩ. Unfortunately, this provokes that the rectifier stage works in a
suboptimal situation, as previously discussed in Fig. 5.36, and the efficiency of the circuit
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reduces. A multimeter measuring the DC potential difference in the sensor indicates that
the voltage drop is 1.607 V. Thus, the LCD display illuminates and gives information
about the ambient relative humidity, 17%, and the temperature inside the room, 27.1o C.
Additionally, Fig. 5.38 represents, for the considered measurement setup, the DC voltage
in the sensor as a function of the frequency selected in the signal generator (frequency of
the incident signal in the inkjet-printed antenna). As evidenced, the sensor turns on if
the considered frequency is in the range 780-875 MHz (green-shadowed area).

5.6

Conclusions

In this chapter, it is shown the potential of inkjet-printed technologies for the production
of efficient ultrawideband RF radiating elements applied to wireless communications systems. Concretely, the advantages of inkjet-printing, such as the flexibility and lightweight
of substrates ,are brought to the design of energy harvesters. Energy harvesting, defined
as the process of collecting and storing energy from ambient sources, is one of the trend
approaches under consideration for the increase of the energy efficiency of present and future wireless networks. This comes associated with the exponential increase over the past
years in the number of RF transmitting sources, which have allowed RF energy harvesting
to become a reliable power source for low-consumption electronic devices.
A silver conductive ink printed on a PET film was used for the design of various ultrawideband antennas: an Archimedean spiral antenna, and two circular and elliptical
monopole antennas. Both antennas are shown to operate efficiently in a wideband range,
from 0.6 GHz to more than 8 GHz, covering the main power contributions coming from
the radio spectrum. The Archimedean spiral is used as a starter test to control the inkjetprinted process applied to the design of RF radiating elements. The impedance matching
is not good as expected in the manufactured Archimedean spirals within the considered
operating frequency range, although the VSWR values are below 2.6 (|S11 | < −7 dB).
Taking into consideration the imperfections of the first prototypes, the manufacturing process was refined for the fabrication of the monopole antennas. As a result, the impedance
matching of the inkjet-printed monopoles is improved, and they demonstrated to operate
with measured radiation efficiencies over 60%.
It is shown that the nonlinear effects and parasitic terms associated to the circuit can
be as detrimental for the performance of the harvesting system as a low conductivity of
the metallic ink. Thus, a series of guidelines for the choice of components and model of
the parasitics are given in order to enhance the efficiency of the rectifier circuit. As an
example, two rectifier stages are considered: a Cockcroft-Walton (CW) multiplier and a
half-wave (HW) rectifier. The frequency deviation caused by each parasitic element has
been quantified in order to give an estimation of how damaging is. In general, it is shown
that most significant deviations are caused by the circuit components and not from the
PCB. This allows to reduce costs by employing cheaper PCBs, if carefully chosen considering the design frequency. The most harmful parasitic term is the shunt capacitance
associated to the diode package, contributing with two-thirds of the total frequency deviation in both CW and HW circuits. In that sense, the associated parasitics of future MoS2
diodes are quite reduced compared to traditional Germanium Schottky diodes, which
could help to improve the efficiency of the recitifer stage. Moreover, the parasitic series
inductance associated to the capacitors does not affect the performance of the circuit at
the considered frequencies, and its presence can be neglected from the parasitics’ model.
Therefore, higher values of the filtering capacitor can be used in the rectifier circuit, in
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order to reduce the output voltage ripple when feeding the load. Finally, a comparison is
carried out on the performance of the circuits before and after considering the effect of
the parasitic terms. After modeling the parasitics, the efficiency has increased by more
than a 20% in both rectifier circuits, four times the original efficiency.
Finally, a complete energy harvesting system is developed as a proof of concept. The
system is formed by an inkjet-printed Archimedean spiral, a Cockcroft-Walton rectifier
stage and a temperature sensor acting as the load. We followed the guidelines for the
modeling of the parasitic terms and nonlinearities of the diodes, in order to improve
the performance of the complete system. In order to test the RF harvesting system, the
inkjet-printed spiral is placed in front of a transmitting Vivaldi antenna. The Archimedean
spiral acquires the incoming energy and subsequently feeds the temperature sensor. The
sensor charges over 1.2 V and turns on the attached LCD screen, displaying the ambient
temperature of the room. This test shows the capabilities of inkjet-printed antennas for
use in practical RF energy harvesting system.

Chapter 6

General Conclusions & Future
Work
This chapter presents the main conclusions extracted from the development of this work
and some future lines in which the thesis could be continued.

6.1

Conclusion

These are the general conclusions extracted from the thesis:
• Chapter 2: Analysis of Holey Metasurfaces and Higher Symmetries:
A general mode-matching technique is developed in this chapter for the analysis
of mirror-symmetric and glide-symmetric holey metasurfaces with arbitrary holes.
Then, the formulation is particularized to the study of periodic structures composed by triangular holes and elliptical holes. Glide-symmetric holey configurations
are shown to offer higher equivalent refractive indexes and lower frequency dispersion compared to conventional mirror-symmetric structures. This is suitable for the
design of ultrawideband devices oriented for 5G applications. Contrary to expectations, holey metasurfaces composed of triangular holes show a high degree of isotropy
over a large bandwidth, despite the propagation paths over the triangle are clearly
different. This is due to the particular field distribution of the modal functions and
the small electrical size of the triangular hole compared to other well-known geometries. This can be taken as an advantage for the design of isotropic metalenses and
EBG structures. Conversely, elliptical holes arranged in a glide-symmetric configuration can provide wideband anisotropy in an easy and cost-effective manner. This
is desirable for some specific applications, such as wave front transformation, cloaking or lens compression. As a proof of concept, we take advantage of the wideband
anisotropy related to glide-symmetric elliptical holes to compress, via transformation
optics techniques, a Maxwell fisheye lens that operates in a large bandwidth, from
2.5 GHz to 10 GHz. Thanks to the use of glide symmetry, the equivalent refractive
index is increased over conventional configurations, and as a consequence, the maxGlide = 43% vs β Mirror = 3.05%).
imum achievable compression factor is increased (βmax
max
Furthermore, the results show that anisotropic materials can ease the compression
of the lens compared to isotropic materials, as the maximum required refractive
index is lower.
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• Chapter 3: Analysis of Multilayered Frequency Selective Surfaces formed
by Aperture Arrays: This chapter presents a rigorous formulation based on the
equivalent circuit for the efficient computation of the scattering parameters of multilayered 1-D and 2-D FSSs formed by arbitrary apertures. Furthermore, the dispersion relation of Bloch modes in infinite periodic stacks can be easily derived from
the unit-cell equivalent circuit. This general-purpose formulation is shown to be 100
faster than commercial simulators and still works under oblique incidence conditions.
It is shown that stacking and misaligning several layers can report remarkable benefits compared to traditional single-layer FSSs embedded in layered media, such as
the existence of rejection/transmission bands, creation of negative-index materials,
and the increase of the operating bandwidth. This is of great interest for the efficient
design of high-frequency wideband polarizers, filters, phase shifting cells, compact
metamaterial-based stirrers, and thin matching layers oriented for 5G systems. We
have tested the formulation in different scenarios, and a good agreement is observed
with commercial software CST, experimental results, and previously reported works
in the literature.
• Chapter 4: Liquid Crystal Techniques for Reconfigurable Radiofrequency
Devices: Typically, the analysis of liquid-crystal-based reconfigurable devices is a
complex task due to the anisotropic (non-diagonal permittivity tensor) and lossy
nature of the material. This chapter presents a series of techniques to facilitate the
analysis of reconfigurable RF devices based on the use of liquid crystal. First, the use
of the multi-modal transfer-matrix method (MMTMM) is proposed for the computation of the dispersion diagram in LC-based periodic structures. New possibilities
are opened with the MMTMM compared to conventional eigenmode solvers: (i) nondiagonal tensor materials can be analyzed; (ii) lossy materials can be included in the
simulation and the attenuation constant can be computed ; (iii) unbounded (open)
structures can be analyzed, such as reconfigurable leaky-wave antennas. Some relevant works in the literature were selected to test the MMTMM, demonstrating the
validity of the method for the analysis and design of electronically reconfigurable
devices. Secondly, we study the relation between the applied external field and the
reconfiguration of the molecules in the liquid crystal. This study is fundamental
in order to form the permittivity tensor that characterizes the electrical properties
of the LC from a RF standpoint. We propose the use of an integral equation that
simplifies the numerical resolution of the original governing differential equation and
that additionally provides physical insight on the problem. This formulation can be
applied in parallel-plate waveguides, microstrip structures and ridge gap waveguides
as long as the fringing-field terms are neglected. The integral equation accurately
fits the reference numerical results, demonstrating the validity of the proposed formulation for application in practical implementations.
• Chapter 5: Inkjet Technologies for Printed Radiating Elements: This
chapter shows the potential interest of inkjet-printing techniques for the production of efficient, low-cost, flexible and lightweight RF radiating elements applied to
wireless communication systems. We brought the advantages of inkjet printing to
energy harvesting, which is one of the current technological challenges to increase
the spectral efficiency of 5G wireless networks. We present the design of various
inkjet-printed ultrawideband radiating elements applied to energy harvesting: an
Archimedean spiral antenna and two monopole antennas. The antennas, printed
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with a silver conductive ink on a PET film, operate efficiently from 0.6 GHz to more
than 8 GHz, covering the main power contributions in RF energy harvesting coming
from the radio spectrum. Specifically, the inkjet-printed monopole antennas demonstrate to be a suitable option for energy harvesting applications. On the other hand,
it is shown that the parasitic terms of the components and PCB and nonlinearities
of the rectifier stage can be as detrimental for the performance of the harvesting
system as a low conductivity of the metallic ink. Thus, a series of guidelines are
given for the modeling of the parasitic terms in order to enhance the efficiency of
the rectifier circuit. The most significant deviations are caused by the parasitics of
the circuit components and not from the PCB. Concretely, the most harmful parasitic term is the shunt capacitance associated to the diode package, contributing
two thirds of the total frequency deviation. Finally, we take advantage of the proposed circuit models to design an efficient energy harvesting system formed by an
inkjet-printed Archimedean spiral antenna, a Cockcroft-Walton rectifer circuit and
a temperature sensor acting as the load. The correct functioning of the RF energy
harvesting system is validated in the laboratory. This test shows the capabilities of
inkjet-printed antennas for use in practical RF energy harvesting scenarios.

6.2

Future Work

The present work could be continued in the following directions:
• Manufacture and measurement of directive lenses compressed with transformation
optics through the use of elliptical holes implemented with the recently developed
substrate integrated hole (SIH) technology [265], where the metallic walls walls are
replaced by vias.
• Study of degenerate band edge (DBE) resonances in coupled periodic waveguides
with higher symmetries applied to the design of high-Q oscillators and filters [266–
268].
• Study of the inclusion of multiple spatial profiles (multiple base functions) in the
circuit model of the multilayered FSS to increase the useful frequency bandwidth of
the formulation.
• Application of the circuit model presented in Chapter 3 to the computationallyefficient design of ultrawideband polarizers and antenna radomes, and unit cells of
reflectarray/transmitarray antennas.
• Fabrication and measurement of electrically-reconfigurable phase shifters based on
the use of liquid crystal. Integration of periodic structures to enhance the properties
of the device.
• Research on other tunable materials such as graphene and ferroelectrics for the
design of electronically-reconfigurable RF devices.
• Application of inkjet printing to the design and manufacturing of planar periodic
structures. Integration of higher symmetries.
• Research on 3-D printing techniques applied to the design of high-frequency antennas
and microwave devices.

Appendix A

Extraction of the Constitutive
Parameters of a Metamaterial
In this appendix, we illustrate the procedure followed to extract the constitutive parameters of a generic metamaterial slab. In order to retrieve the effective constitutive
parameters, the metamaterial is characterized as a effective homogeneous slab. Considering that the structure, of thickness (period) d, is illuminated with a normally incident
plane wave, the effective impedance Z and refractive index n can be directly extracted
from the S-parameters as [66]
s
2
(1 + S11 )2 − S21
Z=±
(A.1)
2 ,
(1 − S11 )2 − S21
n=


1 
Im{ln(ejnk0 d )} + 2mπ − jRe{ln(ejnk0 d )} ,
k0 d

(A.2)

where Re{·}, Im{·} denote the real and imaginary part of the real number, m is an integer
defining the branch index of Re{n}, and
p
ejnk0 d = X ± 1 − X 2 ,
(A.3)
2 + S 2 ). The effective permittivity and permeability of the
with X = 1/2S21 (1 − S11
21
metamaterial slab can be directly derived from the effective impedance and refractive
index as
n
ε=
(A.4)
Z
µ = nZ
(A.5)

The readers are referred to [66] for further details involving the selection of the roots in
(A.1), the determination of the branch of Re{n}, and the considerations about approximating the inhomogeneous metamaterial as an effective homogeneous slab.
For the particular case of the holey metasurface composed of glide-symmetric elliptical
holes in Section 2.4, the extraction of the S-parameters that leads to the effective permittivity and permeability values is detailed below. Fig. A.1 illustrates the procedure.
A plane wave that propagates along x direction in the parallel plates impinges a single
row (period along the y direction) of unit cells. The structure under consideration acts
as a scatter, and the resulting S-parameters are utilized to compute, together with equations (A.1)-(A.4), the constitutive parameters of the holey metasurface. As commercial
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simulators do not typically allow to place the input/output ports directly at the surface
of an inhomogenous structure, it is recommended to add two parallel-plate waveguide
sections to change the reference plane of the ports. For 2-D anisotropic structures, x and
y components of the impedance and refractive index must be extracted separately. Thus,
the orientation of the elliptical holes determines which component of the permittivity and
permeability tensor is obtained. If the semi-major axis of the ellipse is oriented along the
x axis (Fig. A.1(a)), the set {µyy (f ), εz (f )} is derived. Note that the effective refractive
indexes are cross-related with the effective permittivity and permeability, as discussed in
Section 2.4 for equation (2.51). If the semi-major axis of the ellipse is oriented along the y
axis (Fig. A.1(b)), the set {µxx (f ), εz (f )} is derived. The same permittivity value εz (f )
is obtained from both configurations since the electric field is oriented along z direction in
the parallel plates. In order to ease the extraction of the S-parameters, periodic boundary
conditions (PBC) may be replaced by several cascaded unit cells in y direction at the
expense of a small loss of accuracy in the computation.

(a)

(b)

Fig. A.1: Setup for the extraction of the constitutive parameters of the metamaterial from the
S-parameters. (a) Extraction of the set {µyy (f ), εz (f )}. (b) Extraction of the set {µxx (f ), εz (f )}.
Periodic boundary conditions (PBC) are applied in y direction at the boundaries of the unit cell
and PPW sections.

Appendix B

Spatial Profiles of Some Canonical
Apertures
This appendix describes the considered spatial profiles Ea , and the subsequent Fourier
transforms Ẽa , that model the tangential electric fields in a series of 2-D canonical apertures.

Rectangular Apertures
In the case of a rectangular aperture of dimensions a × b, the following spatial profiles
may be considered [140]:
x
y 
Ea1 (x, y) ∝ rect
rect
,
(B.1)
a
b


 πx 
x
y 
Ea2 (x, y) ∝ cos
rect
rect
,
(B.2)
a
a
b

 x 
y 
1
Ea3 (x, y) ∝ p
rect
rect
,
(B.3)
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1 − (2x/a)2

 x 
y 
cos( πx
)
a
Ea4 (x, y) ∝ p
rect
rect
,
(B.4)
a
b
1 − (2x/a)2
where the rectangular function is defined as
α
= 1, −β/2 ≤ α ≤ −β/2
rect
β

(B.5)

Fig. B.1 illustrates in detail the considered spatial profiles. The Fourier transforms of
these spatial profiles are:
# "

#
" a
sin 2 kxn
sin 2b kym
Ẽa1 (kxn , kym ) ∝
(B.6)
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kxn − π/a
2
2
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(B.9)

with J0 being the Bessel function of the first kind of order zero. Assuming that the
tangential electric field is oriented along y direction (TM illumination: φ = 90o ; TE
TM/TE
illumination: φ = 0o ), the transformer turn ratios Nnm
can be extracted from (3.17)
and (3.18) as
2
kym
Ẽa (kxn , kym ) 2
TM
Nnm
= 2
(B.10)
2
kxn + kym
Ẽa (0, 0)
TE
Nnm
=

2
Ẽa (kxn , kym )
kxn
2
2
kxn + kym
Ẽa (0, 0)

2

(B.11)

Annular Apertures
From the point of view of spatial profiles, annular apertures share a great similarity with
rectangular apertures and they can be defined with cosine functions. The only difference is
that the field variation occurs in the azimuth direction φ, rather than in x or y directions.


Eal (φ) ∝ cos l(φ − φ0 ) ρ̂
(B.12)
where φ0 is the incident azimuth angle, and l states for the considered mode. Fig. B.2
shows the considered spatial profiles for the annular apertures. This approximation is valid
as long as the slot width is narrow (1 ≤ b/a / 1.5). For the fundamental mode (l = 1),
TM/TE
the following expressions for the transformer turn ratios Nnm
are given in [115, 136]:
TM
Nnm




−kxn cos(φ0 ) + kym sin(φ0 )
= 2π
kt,nm



J0 (b kt,nm ) − J0 (a kt,nm ) + kt,nm bJ1 (b kt,nm ) − aJ1 (a kt,nm )
(B.13)
×
2
kt,nm
TE
Nnm



kxn sin(φ0 ) + kym cos(φ0 )
= 2π
kt,nm



−J0 (b kt,nm ) + J0 (a kt,nm )
2
kt,nm



Fig. B.1: Considered spatial profiles Ea for the rectangular apertures.

(B.14)
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Fig. B.2: Considered spatial profiles Ea for the annular apertures. The parameter l indicates the
order of the considered mode. The fundamental mode is described with l = 1.

Appendix C

Harmonic Balance Method
The harmonic balance method (HBM) [259] is a widely implemented technique for the
analysis of the steady-state response in nonlinear circuits. It is particularly useful for
the analysis of RF circuits in energy harvesting, where time-domain methods fail due to
the large amount of cycles (high frequency) that need to be computed before reaching
the steady state. In the HBM, the circuit under consideration is divided in two different
subcircuits, which include the linear and nonlinear components separately. Both linear
and nonlinear terms are treated as a multiport. The former is described by means of the
Y parameters, and the latter is typically described with the I-V or Q-V characteristics of
the device. Thus, the circuit is divided in N + 2 ports; namely, the input port (1), the N
ports related to the linear and nonlinear subcircuits (2, ..., N + 1), and the output port
(N + 2). This is illustrated in detail in Fig. C.1(a) and conceptualized in Fig. C.1(b) for
a simple nonlinear circuit formed by a lumped element and a series diode. The process for
the application of the HBM to the circuit of Fig. C.1(b) is summarized in the following
pseudocode. Note that k = 0, 1, ...K is a integer number representing the k-th harmonic,
with k = 0 describing the DC harmonic, ∆k is the error term for the k-th harmonic, and
δ is the maximum error allowed in the calculation.

Input: Vs (t), Zs (kωp ).
Output: I1 (kωp ), Iˆ1 (kωp ).
Initialize V1 (kωp ), k = 0, 1, ...K ;
while ∆k > δ do
Obtain I1 (kωp );
Apply the inverse Fourier transform to Vˆ1 (kωp ) to obtain Vˆ1 (t);
Obtain the currents expressions of the nonlinear components, Iˆ1 (t), from the
ˆ
voltage values Vˆ1 (t). Use the diode equation Iˆ1 (t) = Is (eV1 (t)/(mVT ) − 1);
Apply the Fourier transform to Iˆ1 (t) to obtain Iˆ1 (kωp );
Use I1 (kωp ) + Iˆ1 (kωp ) = ∆k for all k;
Modify and reduce ∆k , for all k, using appropriate numerical methods;
end
Algorithm 1: Pseudocode for the application of the HBM to the circuit of Fig. C.1(b).
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(a)

(b)

Fig. C.1: (a) Multiport for the implementation of the harmonic balance method (HBM). The
circuit is partitioned in two linear and nonlinear subcircuits. (b) Example of use of the HBM
for the analysis of a simple circuit formed by a diode connected to a lumped element under a
sinusoidal excitation.
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