7))
@
O
3
2
<
=
<

A metamaterial electromagnetic energy
rectifying surface with high harvesting
efficiency

Cite as: AIP Advances 6, 125020 (2016); https://doi.org/10.1063/1.4972121
Submitted: 25 August 2016 « Accepted: 29 November 2016 - Published Online: 15 December 2016

'@ Xin Duan, Xing Chen and Lin Zhou

D P ()

OpenaCcid View Online Fxport Citation CrossMark

AN

ARTICLES YOU MAY BE INTERESTED IN

Metamaterial electromagnetic energy harvester with near unity efficiency
Applied Physics Letters 106, 153902 (2015); https://doi.org/10.1063/1.4916232

A metasurface for conversion of electromagnetic radiation to DC
AIP Advances 7, 035112 (2017); https://doi.org/10.1063/1.4978321

Metamaterial particles for electromagnetic energy harvesting
Applied Physics Letters 101, 173903 (2012); https://doi.org/10.1063/1.4764054

AIP Advances

Mathematical Physics Collection

READ NOW

AIP Advances 6, 125020 (2016); https://doi.org/10.1063/1.4972121 6, 125020

© 2016 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1857063&setID=378289&channelID=0&CID=683467&banID=520740869&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=b199dc9a1699d095151e69aa161c89367dfa542f&location=
https://doi.org/10.1063/1.4972121
https://doi.org/10.1063/1.4972121
http://orcid.org/0000-0002-1636-2511
https://aip.scitation.org/author/Duan%2C+Xin
https://aip.scitation.org/author/Chen%2C+Xing
https://aip.scitation.org/author/Zhou%2C+Lin
https://doi.org/10.1063/1.4972121
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4972121
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4972121&domain=aip.scitation.org&date_stamp=2016-12-15
https://aip.scitation.org/doi/10.1063/1.4916232
https://doi.org/10.1063/1.4916232
https://aip.scitation.org/doi/10.1063/1.4978321
https://doi.org/10.1063/1.4978321
https://aip.scitation.org/doi/10.1063/1.4764054
https://doi.org/10.1063/1.4764054

@ CrossMark
AIP ADVANCES 6, 125020 (2016) o

A metamaterial electromagnetic energy rectifying surface
with high harvesting efficiency

Xin Duan, Xing Chen,? and Lin Zhou
College of Electronics and Information Engineering, Sichuan University,
Chengdu 610064, China

(Received 25 August 2016; accepted 29 November 2016; published online 15 December 2016)

A novel metamaterial rectifying surface (MRS) for electromagnetic energy capture
and rectification with high harvesting efficiency is presented. It is fabricated on a
three-layer printed circuit board, which comprises an array of periodic metamaterial
particles in the shape of mirrored split rings, a metal ground, and integrated recti-
fiers employing Schottky diodes. Perfect impedance matching is engineered at two
interfaces, i.e. one between free space and the surface, and the other between the
metamaterial particles and the rectifiers, which are connected through optimally posi-
tioned vias. Therefore, the incident electromagnetic power is captured with almost no
reflection by the metamaterial particles, then channeled maximally to the rectifiers,
and finally converted to direct current efficiently. Moreover, the rectifiers are behind
the metal ground, avoiding the disturbance of high power incident electromagnetic
waves. Such a MRS working at 2.45 GHz is designed, manufactured and measured,
achieving a harvesting efficiency up to 66.9% under an incident power density of 5
mW/cm?, compared with a simulated efficiency of 72.9%. This high harvesting effi-
ciency makes the proposed MRS an effective receiving device in practical microwave
power transmission applications. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4972121]

In 1968, Dr. Peter E. Glaser proposed the Solar Power Satellite (SPS), which generates electrical
power from sunlight in geosynchronous orbit and wirelessly transmits it to the earth by microwaves. !
Driven by this concept, as well as other potential applications such as remotely powered unmanned
aerial vehicles (UAVs), the microwave power transmission (MPT) has been theoretically and exper-
imentally researched by many countries including the United States, Japan and China.” In such a
system, the receiving device is a key element that collects incident electromagnetic (EM) waves and
then converts the EM power into direct current (DC).>0 So far the rectenna has mainly been utilized,
which is typically composed of two components - a receiving antenna and a rectifying circuit, for
energy capture and rectification, respectively.’

The rapid research progress of functional metamaterials has provided a new approach for EM
energy reception. Metamaterials, consisting of sub-wavelength periodic particles, are manmade mate-
rials that possess desired bulk effective permittivity (&,) and permeability (u,) enabling a variety of
functional applications.®'® Among many applications, the metamaterial rectifying surface (MRS) has
been proposed in recent years as a novel EM energy harvester.!”~'° Quite different from the rectenna,
the MRS collects the EM power by an array of periodic metamaterial particles instead of a receiving
antenna, and the metamaterial particles in the MRS normally have much smaller electrical dimen-
sions (usually 1/14—1/4 wavelength!’~1?) than the radiation elements (usually 1/2 wavelength®~") in
the antenna.

In the MRS, the metamaterial particles are designed to have identical €, and y, to yield the same
impedance as free space, expecting to completely capture incident EM waves with no reflection.?%?!
By properly integrating rectifiers, the MRS is able to further convert the captured EM power to
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DC.'%19 Just as with the rectenna, the overall efficiency (here called harvesting efficiency) of the MRS
is defined as the product of two efficiencies: the capture efficiency and the conversion efficiency.’
The former is the ratio of captured EM power to spatial EM power incident on the surface, and the
latter is the ratio of DC output power to captured EM power.

For maximum harvesting efficiency, the MRS needs precise design to realize perfect impedance
matching (between free space and the surface, as well as between the metamaterial particles and
the rectifiers), which is difficult due to the use of nonlinear components like diodes. Additionally,
existing MRSs usually expose the diodes in high power EM incidence, so the diodes’ performance
may be hindered. Hence, the design of the MRS is still a major challenge.

As a novel device, the MRS has only been reported in a few articles before now. However,
the harvesting efficiencies reported in those articles are very low. For example, in Ref. 18, 5 split-
ring resonators with embedded diodes are positioned in parallel to harvest incident EM waves, and
the harvesting efficiency is 36.8% at most under power densities ranging from 0.1 to 1.6 mW/cm?.
Ref. 19 proposes a metamaterial artificial perfectly matched layer for SPS applications, but only gives
a low-power harvesting efficiency of 27.7% under 0.1 mW/cm?. Obviously, those aforementioned
efficiencies are inadequate for realistic utilization in MPT.

Aiming at practical MPT applications, a novel MRS with high harvesting efficiency is presented
in this work. It is fabricated on a three-layer printed circuit board (PCB), consisting of metamaterial
particles on the front layer, a metal ground in the middle, and integrated rectifiers on the back layer.
By optimizing the dimensions of the metamaterial particles, the MRS obtains impedance equal to
that of free space, leading to nearly full capture of the incident EM wave with minimum reflection.
Through optimally positioned vias, the EM energy captured by the metamaterial particles is mostly
delivered to the rectifiers with matched impedance. Efficient rectification is then carried out by the
diodes deployed behind the metal ground, avoiding the high power EM interference.

Fig. 1 illustrates the exploded view of a unit cell of the proposed MRS. The metallic metamaterial
particle is patterned on the 3-mm thick top substrate, while the rectifier traces are etched on the 1-mm
thick bottom substrate. Both dielectric substrates are polytetrafluoroethylene (PTFE) composites, and
have a relative permittivity of 2.65 and a loss tangent of 0.0007. A via with a diameter of 0.5 mm goes
through the metal ground sandwiched between the substrates, and connects the metamaterial particle
and the rectifier. Two Rogers RO4450F bondplys, each 0.1 mm thick, are employed to combine the
substrates into a three-layer PCB.

As shown in the block diagram of Fig. 1, there are two interfaces where impedance matching
should be carefully designed. One is interface ‘A’ between free space and the MRS, whose input
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FIG. 1. The schematic of a unit cell of the proposed MRS. Lumped elements including the diode, the capacitor and the resistor
are not shown in the illustration. The layers from left to right are the metamaterial particle, the top dielectric substrate, two
Rogers RO4450F bondplys, the metal ground, the bottom dielectric substrate, and the rectifier, which is connected between a
via to the metamaterial particle and a blind via to the metal ground.
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impedance is denoted as Zj and Zgg, respectively. The other is interface ‘B’ between the metamaterial
particle and the rectifier, whose input impedance is denoted as Zyy, and Zgc, respectively. In order to
achieve full capture of the incident EM wave, as well as the largest EM power delivery to the rectifier,
Zgs should be designed to have the same value of Zy (376.73 Q), and Zy, is equal to the complex
conjugate of Zgc."”

First, we design the metamaterial particle of the MRS with the same impedance as that of free
space, to yield maximum capture efficiency at the working frequency of 2.45 GHz. The simulation is
carried out in Computer Simulation Technology (CST) Microwave Studio. As shown in Fig. 2(a), the
metamaterial particle used in this work is an EM resonator which comprises two mirrored inductive
loops sharing a capacitive gap, and a supporting substrate backed by a metal ground. The shared
arm of the split rings is aligned parallel to the electric field component of the normal incident plane
wave, and ‘Unit Cell’ boundary conditions are used to virtually repeat the model up to an infinite
periodicity. From Ref. 17 we know that the anti-circulating currents will merge at the top of the
particle, and thus a via is placed at the very location to create an optimal energy delivery path. In the
simulation, a lumped port is defined with source impedance equal to the rectifier’s input impedance
Zrc and placed on the bottom substrate between the via and the blind via to represent the rectifier.'
The dimensions of the EM resonator and the periodicity of the unit cell can be modified to control the
metamaterial particle’s operating frequency. And the position of the capacitive gap can be adjusted
to further tune the input impedance of the MRS. The parameters are listed in Fig. 2(a) as labeled.

Fig. 2(b) illustrates the simulated input impedance of the MRS (Zgy) retrieved from scattering
parameters.”> At 2.45 GHz, Zps is engineered to be 370.60+0.64 Q, sufficiently close to the free
space impedance Z (376.73 (2). Owing to this nearly perfect impedance matching, the incident EM
power is captured by the MRS with almost no reflection. Moreover, the metal ground in the middle of
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FIG. 2. (a) The design of a metamaterial particle: L=20 mm, a=18.1 mm, »=13.4 mm, ¢=9 mm, g=1.1 mm, w/=1.4 mm,
w2=1.1 mm, and Zrc=100 Q. Simulated (b) input impedance of the MRS (Zgs), and (c) power reflection, transmission and
absorption under normal incidence. (d) The distribution of the captured energy within a unit cell.
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the three-layer PCB blocks the incidence and prevents it from being transmitted to the space behind
the MRS. Hence, the simulation results (see Fig. 2(c)) estimate that the MRS achieves a very high
capture efficiency of up to 99.8%.

The distribution of the captured EM power within a unit cell is also simulated over a range
of frequencies, as depicted in Fig. 2(d). According to the simulation, at the working frequency of
2.45 GHz, the majority of the captured EM power (95.3%) enters the lumped port, while only a
very small amount (4.7%) is dissipated in the metal and substrates collectively. This means most EM
power is channeled to the rectifiers through vias.

The next step is to design the rectifier with high conversion efficiency, and meanwhile realize
impedance matching between the metamaterial particle and the rectifier. Fig. 3(a) illustrates the rec-
tifier’s layout. A Schottky diode HSMS-282B with low open junction capacitance and fast switching
capabilities is used as the rectifying component. An inductive microstrip line connects the via, the
diode and the blind via, suppressing the imaginary part of the diode’s impedance and matching its
real part to that of the metamaterial particle. At the back end of the diode, another microstrip line
with a capacitor C works as a DC pass filter, reflecting microwave energy back and outputting DC
voltage across a resistor R.

It should be noted that the performance of rectifiers has close relation to the input power level.'”
In this work, we choose an incident power density of 5 mW/cm?, which is a common working
specification in MPT applications. With the assistance of Advanced Design System (ADS), the
rectifier’s performance is simulated by adjusting C, R and the dimensions of the microstrip lines.
As shown in Fig. 3(b), the complex conjugate of the rectifier’s input impedance (Zzc") and the
metamaterial particle’s input impedance (Z,) have approximately the same value around 100+70 Q
at 2.45 GHz, thus allowing the incoming power at 2.45 GHz to maximally pass to the rectifier. Here,
it is important to emphasize that Z,, is the impedance seen from the rectifier, which is different from
previously discussed Zgs (impedance seen from free space) of the MRS loaded with the rectifier.
Furthermore, for the harmonic power produced by the diode, there exists a severe impedance mismatch
between the metamaterial particle and the rectifier. For example, Zzc" at 4.9 GHz (the second-order
harmonic of 2.45 GHz) is 0.28-j54.24 Q, significantly deviating from Z,, (6.62+7504.52 Q2). Such
impedance mismatch blocks the harmonic energy, making it reflect back and forth between the
metamaterial particle and the capacitor until it is completely rectified by the diode.® As a result,
efficient DC conversion can be achieved, and the simulated harvesting efficiency » is maximized to
72.9% for an incident power density of 5 mW/cm?.

Such a MRS with 6 X 6 unit cells is fabricated on a three-layer PCB as shown in Fig. 4(a) and (b).
The rectifiers on the bottom layer are connected in parallel and output DC power to a resistive load,
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FIG. 3. (a) The layout of the designed rectifier. The parameters are as follows: ¢=6.8 mm, »#=10.4 mm, d=1 mm, e=1 mm,
f=1.15 mm, g=2.8 mm, £=3.05 mm, i=4.15 mm, j=0.5 mm, £=0.5 mm, C=10 pF and R=850 Q. (b) The simulated complex
conjugate of the rectifier’s input impedance (Zgc ") compared with the metamaterial particle’s input impedance (Zz) at the
circuit interface.
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FIG. 4. A photograph of the fabricated MRS sample (a) top layer and (b) bottom layer showing the diodes and surface mount
capacitors. (c) The measurement setup schematic.

which is the equivalent of the parallel resistors. To observe power rectifying capabilities, the MRS
is measured in a microwave anechoic chamber with the experimental setup depicted in Fig. 4(c).
Connected to a signal generator and a power amplifier, a 15.9 dBi gain horn antenna transmits
microwaves at 2.45 GHz. The MRS is placed 2.9 m away, in the far-field zone of the source antenna.
The electric field component of the normal incident plane wave is aligned parallel to the shared arms
of the metamaterial particles as shown in Fig. 2. An Agilent Data Acquisition/Data Logger as a
voltmeter measures the DC output voltage V pc across the resistive load.

The desired incident power density S, can be obtained by adjusting the input power of the
transmitting antenna P;:

P t Gt
= , 1
" 4nr? M
where G; is the antenna gain, and r is the distance.
The harvesting efficiency 7 is then determined by
2
_Ppc Ve )

T Pow T ASR

where Ppc is the DC power dissipated on the load, Pgyy is the spatial power reaching the MRS, and
A, is its physical aperture area.

Fig. 5(a) illustrates the tested harvesting efficiency as the resistance increases under three inci-
dent power density values: 1 mW/cm?2, 3 mW/cm?, and 5 mW/cm?. It is found that the harvesting
efficiencies reach peak values at the working efficiency 2.45 GHz when R=400 Q. Fig. 5(b) shows
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FIG. 5. The measured harvesting efficiency (a) as a function of the resistor R, and (b) as a function of the incident power
density compared with the simulation.

the comparisons of the measured and simulated harvesting efficiency as a function of the incident
power density. It indicates that the harvesting efficiency rapidly rises as the input power level grows.
When S,=5 mW/cm? (the target incident power density of our design), an efficiency of 66.9% is
observed in the experiment, while the simulation yields 72.9%. Due to the nonlinear characteristic of
the diode, the rectifier’s input impedance varies with the input power. The more the incident power
density deviates from 5 mW/cm?, the more significant the impedance mismatch becomes between the
metamaterial particle and the rectifier. Therefore, the harvesting efficiency tends to saturate for power
densities above 5 mW/cm?, and slowly increases to the highest value 68.9% when S,=7.4 mW/cm?,
compared with a simulated efficiency of 74%. Overall, these measurement results demonstrated that
the MRS achieves high harvesting efficiency which is desirable in practical MPT applications. The
difference between the measurement and simulation may be caused by the inaccuracy of the diode’s
equivalent model in ADS under large signals. The fabrication flaws of the MRS may also affect the
performance.
In conclusion, we present an EM energy MRS with high harvesting efficiency. Fabricated on

a three-layer PCB, it comprises an array of periodic metamaterial particles, a metal ground, and
integrated rectifiers. Perfect impedance matching is realized at the interface between free space and
the surface, as well as the interface between the metamaterial particles and the rectifiers. Therefore,
the MRS is able to almost fully capture the incident EM energy, and maximally convert it to DC power.
To verify the design, such a MRS with 6x6 unit cells is manufactured and tested. The experimental
results show that under a power density of 5 mW/cm?, 66.9% of the incident 2.45 GHz microwave
is rectified, compared with a simulated efficiency of 72.9%. The high harvesting efficiency enables
the proposed MRS to serve in place of a commonly used rectenna for practical MPT applications.
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