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Abstract— We present a frequency-selective surface (FSS) that
is specially designed and optimized for ambient RF energy har-
vesting. The unit cell geometry incorporates channeling features
in order to combine the collected power from multiple unit
cells, allowing for efficient operation under low-power conditions.
To demonstrate its performance, we designed and fabricated a
matched full-wave rectifier integrated with the absorber FSS.
Radiated measurements for the complete rectenna system are
included in this paper demonstrating strong agreement with the
simulation results. The proposed periodic structure absorbs 97 %
of the available energy at its resistive load, thus making it an ideal
candidate for energy harvesting and channeling applications.
Overall Radiation-to-dc conversion efficiency of the fabricated
prototype was measured to be 61% when the collected power at
the rectifier was 15 dBm.

Index Terms— Circuit analog absorber (CAA), electromag-
netic (EM) energy harvesting, frequency-selective surfaces (FSSs),
full-wave rectification, rectenna array, wireless power trans-
fer (WPT).

I. INTRODUCTION

ERIODIC structures and electromagnetic (EM) absorbers

have been widely used in various applications such as
radar cross section reductions, EM interference/EM com-
patibility suppression, and anechoic chamber design [1]-[3].
The common goal across all the applications is to absorb the
incident EM wave and minimize the reflections. Salisbury
screens were the first radar absorber design with resistive
sheets placed quarter wavelength above a ground plane [4].
Later, Jaumann absorbers were introduced expanding the
absorption bandwidth using dielectrics and additional resistive
sheets [S]. In subsequent years, other materials, such as
ferrite tiles, lossy dielectrics, pyramidal absorbers, and carbon
nanotubes, have been used in absorber designs [6]-[10].
Introduction of frequency-selective surfaces (FSSs) and
circuit analog absorbers (CAAs) made it possible to produce
complex impedance surfaces through the use of periodic
structures, which resulted in enhanced bandwidth and lower
profile absorbers [2], [11]-[13]. CAAs consist of specially
designed periodic structures backed by a conductive surface.
They can be modeled as transmission lines seen by the
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incident plane wave [14]-[18]. The CAAs use patterned
periodic structures that can be modeled with lumped elements
such as resistors, capacitors, and inductors. The lumped
elements are defined in relation to the physical structure and
the conductive ground plane is modeled as a short termination
of the transmission line [5], [19], [20].

Absorbing the incident EM wave is the first step in a
successful rectenna operation. In this regard, CAAs have
very much in common with EM energy harvesting systems.
However, energy harvesting also requires the absorbed energy
to be transferred to a rectifier and converted into dc at the
resistive load. Most of the previously published FSS works
focused on the absorption characteristics only [1], [16], [17].
Dielectric losses were reported to be the key factor in absorb-
ing and dissipating the energy in most cases [18], [21], [22].
Since power absorbed in the dielectric cannot be transferred
to the rectifier, such FSS designs are not suitable for energy
harvesting. Even though some designs used lumped resistors in
periodic structures, the main focus has always been the absorp-
tion characteristics and bandwidth enhancement [1], [16], [17].
More recently, near unity absorption at lumped resistors has
been achieved by metasurfaces [18], [23]. However, these
designs only demonstrated how the EM energy was captured
by the periodic surface; they did not study how the captured
energy can be efficiently transferred to a rectifier. The conceiv-
able next step for the earlier designs is to replace the resistors
and employ rectifiers in each unit cell. However, given the size
of the unit cells and available ambient RF power densities,
the collected power would be very low, resulting in very low
conversion efficiencies in the rectifiers [24]-[28]. Furthermore,
a dc combiner circuit is needed to collect the power from each
unit cell, adding further losses [29]. Antenna arrays have been
used for wireless power transfer (WPT) applications before,
but these were not periodic absorbing surfaces; they were
designed for retrodirective antenna solutions with improved
bandwidth and scanning capabilities [30], [31].

Only very recently, FSSs have been used for energy
harvesting and have been integrated with rectifiers [32], [33].
However, these designs also implemented rectifiers in every
unit cell, which meant a considerable part of the collected
power was dissipated at the diodes. Hence, the overall
efficiency of the previous work was 25% and 50% at
—6- and —10-dBm input power to the rectifiers, respectively
[32], [33]. In this paper, we utilize an FSS-based design to
address the channeling problem and to increase the overall
rectenna efficiency. We first present the design of a planar
and low-profile absorber surface based on the principles of
FSSs. The surface consists of periodic structures with built-in
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channeling features. We then design and integrate a full-wave
bridge rectifier that has an input impedance matched to the
load required by the FSS. Eliminating the matching network
in WPT systems has been demonstrated before by directly
matching the rectifier to the antenna [34], [35]. Overall
efficiency of the structure reaches 61%, which was obtained
at 15-dBm input power at the rectifier. However, it should
be noted that relatively high input power of the rectifier is
remedied by combining multiple unit cells of the FSS struc-
ture, resulting in a viable solution for RF energy harvesting
in very low ambient power densities. We provide simulation
results validated by experimental data, demonstrating the
highly efficient radiation-to-dc conversion characteristics of
the overall structure. We conclude by discussing the results
and limitations of the proposed absorber surface.

II. ABSORBER FSS DESIGN

EM fields in uniform regions and waveguides have been
modeled using uniform transmission lines [19]. These models
provide very useful physical insight while offering clues to
designing better and simpler FSS geometries [5]. For EM
energy harvesting, our goal was to design a planar FSS that
collects almost all of the available energy and channels it
to a resistive load. Therefore, we used the traditional FSS
design steps but optimized the structure for this specific goal.
Although FSSs can be modeled as various configurations,
series RLC network was shown to be the best topology in
terms of absorption and bandwidth and thus this approach was
adopted in this paper [20].

In transmission line models, metallic strips perpendicular
to the E-field of the incident plane wave were modeled as
capacitance, whereas metallic strips parallel to the E-field of
the incident plane wave have been modeled as inductance [19].
Therefore, two patch structures facing each other in a unit cell
can compose a shunt LC equivalent circuit [2], [13], [16],
[17], [36], [37]. With the addition of a lumped resistor in
between, the resulting dipole-like structure can be modeled as
an RLC network in the transmission line model. We used CST
Microwave Studio to perform parametric EM simulations of
the dipole structure. We used Rogers RO4003C as the PCB
substrate and optimized the dimensions of the unit cell geom-
etry at the design frequency of 2.45 GHz. Channeling traces
were added as a design feature extending from one periodic
boundary to the other, so that any number of unit cells in a row
could be continuously connected to each other. The lumped
resistor was strategically connected between the channeling
traces, enabling parallel connection of the unit cells. A 3-D
model of the optimized FSS unit cell is shown in Fig. 1(a), and
the detailed dimensions of the unit cell geometry are provided
in Fig. 1(b). Using a 1.524-mm substrate and a 5-mm air
spacer, the overall height of the optimized structure was only
6.524 mm, which is less than 1/18th of the wavelength at the
design frequency.

The absorption characteristics of the proposed design were
simulated using periodic boundary conditions and Floquet
ports in CST. The FSS structure was optimized for a linearly
polarized plane wave incidence, as shown in Fig. 1(c).
Accordingly, the simulation and measurement results in
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Fig. 1. Unit cell of the absorber FSS. (a) 3-D view. Dielectric substrate:
RO4003C with 35-um copper cladding, ¢, = 3.55, dj = 1.524 mm,
dy =5 mm, and Ry 5oq = 370 Q. (b) Dimensions in mm. a = 34.9. b = 57.5.
s=3.w; =10. wy =24.7. w3 = 1. g = 2.1. (¢) Polarization of the incident
plane wave.

this paper assume linearly polarized incident waves with
properly aligned E-field vectors. Since the objective is
energy harvesting rather than communication, there is no
cross-polarization concerns in this particular rectenna system.
However, polarization losses can be expected if the incident
wave is not linearly polarized or if the E-field vector is
not aligned with the FSS structure. As can be seen from
the power flow diagram in Fig. 2(a), the accepted power
by the unit cell is evidently concentrated on the channeling
traces and almost entirely collected on the lumped resistor.
The percentage of the incident power that is accepted by
the FSS is provided in Fig. 2(b), and the distribution of the
accepted power is provided in Fig. 2(c). Simulation results
of the periodic structure in CST revealed that 98.5% of the
incident power is absorbed by the FSS at 2.45 GHz, 97% is
absorbed by the lumped resistor, 1.1% is absorbed by the
dielectric substrate, and 0.4% is dissipated as metallic loss.
Fig. 2(d) shows the impact of resistor location on the overall
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Fig. 2. Absorption characteristics of the FSS. (a) Power flow diagram

of the unit cell. The highest red intensity (color version) corresponds to
1.6 x 10° W/m? and the highest blue intensity corresponds to O W/m?.
(b) Absorption characteristics versus frequency. (c) Distribution of the
accepted power. (d) Impact of the resistor location on the overall
FSS performance.

FSS performance. Various offset positions of the resistor from
the proposed location were simulated, and the results indicate
that the FSS unit cell is not overly sensitive to the exact load
location as long as the load is between the channeling traces.

A plane wave impinging on the FSS absorber was modeled
with a transmission line equivalent circuit. Fig. 3(a) shows
two adjacent unit cells and indicates the key physical features
of the periodic structure as they correspond to the equivalent
circuit components in Fig. 3(b). The interaction between
the two unit cells is also represented in the circuit model.
Yy denotes the free space admittance of 1/377 S, Y7 denotes the
characteristic admittance of the transmission line equivalent
of the RO4003C substrate, and Y, denotes the characteristic
admittance of the transmission line equivalent of the air
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Fig. 3. (a) Description of the equivalent circuit model on unit cell geometry.
(b) Schematic of the equivalent circuit with the lumped element values of
R =370 Q, L = 69 nH, Cl1 = 2.7 pF, C2 = 0.03 pF, C3 = 0.46 pF,
Yo = 1/377 S, Y1 = 1/200 S, Yo = 1/377 S, di = 1.524 mm, and
dr =5 mm.

spacer between the substrate and the conductive backing.
The equivalent circuit of the proposed FSS unit cell was
modeled with lumped elements. L and C1 represent the dipole
arms, R represents the lumped resistor between the channeling
traces, C2 represents the capacitance introduced by the two
channeling traces within the unit cell, and C3 accounts for
the capacitance introduced by the channeling traces between
adjacent cells. RO4003C substrate with d; = 1.524 mm and
€, = 3.55 was modeled as a transmission line with electrical
length of 8.6° and characteristic admittance of \/€,/377 =
1/200 S. An air spacer with d» = 5 mm was also modeled
as a transmission line with the electrical length of 15° and
characteristic admittance of 1/377 S. The reflection coefficient
of the equivalent transmission line circuit model in Fig. 3(b)
can be written as [20]

_ Yo—(Ys+Ya)
Yo+ (Ys +Ya)

where Yy, Y4, and Y5 are the admittances of free space,
the equivalent circuit of the FSS, and the short-circuited
transmission line, respectively. I" is the reflection coefficient.

In its simplest form, a CAA requires a resistive sheet
of 377 Q to match the free space impedance for ideal absorp-
tion. In practice, however, applications may demand different
absorption levels, which, in turn, determine the equivalent
resistance required from the CAA [20]. To obtain near unity
absorption, a 370-Q load resistor was used in our design.
The lumped element values in the equivalent circuit were
first estimated by using the relations given in [19] and then
optimized using advanced design system (ADS) optimization
tools. Fig. 4 provides a comparison of the FSS simulation

ey
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Fig. 4. Return loss of the absorber FSS. Full-wave EM simulation in

CST compared with the equivalent circuit simulation in ADS.
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Fig. 5. Full-wave rectifier schematic in the ADS. C1 = C2 = C4 = 100 pF,
C3=03pF L1=L2=12nH, and Rl =1 kQ.

in CST and its equivalent circuit simulation in the ADS.
A very good agreement was obtained between the absorption
characteristics of the two models, validating our physical
interpretation of the unit cell geometry.

III. FULL-WAVE RECTIFIER DESIGN

A rectifier circuit can be constructed using a single-series-
mounted diode, a single-shunt-mounted diode, or a diode
bridge [38]. Among these, the single-diode configurations
serve as half-wave rectifiers, which are the most common
implementations due to its simple and low-cost construc-
tion [39]-[42]. However, half-wave rectifiers are limited to
using only one half cycle of the input ac signal. Diode bridge
rectifier, on the other hand, realizes full-wave rectification by
taking advantage of both half cycles of the input ac signal,
which can lead to improved efficiencies [34], [43], [44].
Full-wave rectification has a fewer examples compared with
half wave [45], [46]. This is mainly because it requires two
diodes to be turned ON for each half cycle, making it more
suitable for higher power applications. The proposed FSS
structure addresses the high input power limitation. Multiple
unit cells in a row can be grouped together and feed the
rectifier to obtain maximum efficiency. Therefore, a full-wave
bridge rectifier is the chosen topology in this paper.

A detailed analysis of a bridge rectifier for 2.45 GHz
was provided in [43]. We used a similar approach with a
simplified matching circuit. Fig. 5 provides the ADS schematic
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Fig. 7. Rectification efficiency of the rectifier (7,._,.) versus frequency at
various input power levels.

of the full-wave rectifier circuit. HSMS-286P (by Broadcom,
formerly Avago) was used as the quad bridge rectifier that
consists of four Schottky diodes. C1 and C2 are dc blocking
capacitors. C3, L1, and L2 are matching network components.
R1 is the output load resistor and C4 is the smoothening
capacitor to minimize output ripples. Murata capacitors and
inductors were preferred with the component families and
values provided in Fig. 5.

Using Broadcom component library for HSMS-286P,
we used a large-signal S-parameter solver of the ADS and
matched the input impedance of the rectifier to 370 Q. The
matching components were particularly selected from com-
mercially available discreet values. The entire schematic was
then simulated using the manufacturers’ component libraries.
Fig. 6 shows the impedance matching of the rectifier. Excellent
matching was obtained over a wide input power range.

Fig. 7 shows the rectification efficiency of the rectifier
versus frequency at various input power levels, and Fig. 8 pro-
vides the effect of the load R1 on the rectification efficiency.
The results shown in Figs. 7 and 8 are consistent with similarly
designed full-wave rectifiers in the literature [43], [44]. Here,
the rectification efficiency is defined as

P
Pac

where Pqc is the power at the rectifier load resistor and P, is
the input power at the rectifier input terminals. Although the

)

;/lac—dc =
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Fig. 9.  Fabricated FSS absorber integrated with full-wave rectifiers on
an RO4003C substrate mounted 5 mm above a copper plate. Marked
rectangle: physical area of the measured row.

efficiency in Fig. 7 is steadily increasing with higher input
power, it is very important to note that this trend does not
continue after 15 dBm, where the rectifier reaches its peak
efficiency. For input powers more than 15 dBm, the impedance
match of the rectifier deteriorates and the efficiency becomes
dramatically lower. A harmonic balance solver of the ADS
was used to determine the input power dependence of the
rectification efficiency, which is provided together with the
measurement results in Section IV.

IV. RESULTS AND DISCUSSION

The proposed FSS absorber was fabricated on an RO4003C
substrate with 1.524-mm thickness and 35-um copper
cladding, as shown in Fig. 9. An RO4003C board was
228.6 mm x 304.8 mm, which was enough area to
print 5 x 6 = 30 unit cells. The full-wave rectifier layout was
also printed at the end of each row, integrated to the continuous
channeling traces. As discussed later in this section, this
configuration combines the collected power from six unit
cells and feeds into the rectifier. The center row was used
for radiated measurements while others were terminated with
370-Q resistors. Nylon spacers of 5 mm height (with negligible
permittivity) were used to elevate the FSS substrate above
a conducting plane of 228.6 mm x 304.8 mm. One of the
main limitations of the previous FSS-based energy harvesting

Fig. 10. Measurement setup inside an anechoic chamber.

systems was the need to implement individual rectifiers on
each unit cell of the periodic structure. This resulted in
lower efficiencies due to the small size of the EM collectors
(i.e., the unit cells). In this paper, we utilized the channeling
traces to combine the collected energy from multiple unit
cells into a single rectifier. This approach makes it possible
to increase the electrical size of the EM collector and hence
the power collected per rectifier.

Overall performance of the rectenna was evaluated using
the radiation-to-dc power conversion efficiency defined as

Pyc

Mraa-ac = 3)

where Pyc is the power at the load resistor and Prag. is the
total incident radiated power available at the physical area
of the FSS row (enclosed by the dashed lines
in Fig. 8) [34], [46]. . 4 can be written as the product of
three efficiencies

;/lac—dc (4)

where #,.,_,. represents the radiation-to-ac efficiency and it
indicates the percentage of the available radiated power that
is captured by the FSS at its resistive load. 7y, 1S the
matching efficiency, which indicates the percentage of the
ac power that is actually delivered to the rectifier. 7, _,
represents the ac-to-dc conversion efficiency and it indicates
the percentage of the available input RF power of the rectifier
that is converted to dc power at the load. The simulation results
Of NRag—ac> Mtatching A0 7,4, are given in Figs. 2(b), 6, and 7,
respectively. In this section, we focus on the integrated system
as a whole and measure the overall performance of the entire
EM energy harvesting system. Radiation-to-dc conversion effi-
ciency is a holistic metric for any rectenna system indicating
what percentage of the available EM power (radiated) on a
given surface area can be collected and converted into dc
power at the system load.

A photograph of the measurement setup inside an anechoic
chamber is shown in Fig. 10. A signal generator was used as
the source. The output of the signal generator was amplified
and fed into a standard gain horn antenna. The horn antenna
was positioned such that the electric field of the incident wave
on the FSS was parallel to the dipole arms. The FSS absorber
was placed 1 m away from the horn antenna. Considering
the design frequency of 2.45 GHz and the largest unit cell

;/lRad—dc = ”Rad—ac ”Matching



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6
TABLE I
LINK BUDGET PARAMETERS AT 2.45 GHz
Transmitter Parameters
Frequency (f) 2.45 GHz
Source output power (Ps) 2 dBm
Measured cable loss (L) 1.8 dB
Amplifier gain (G) 35.6 dB
Tx antenna (i.e. Horn) gain at 2.45 GHz (G},) 9.4 dB
EIRP (Ps-Lo4Go+Gh) 45.2 dBm
Propagation Parameters
Distance (d) Im
Free space path loss (L) 11 dB
RF power density at panel surface (Sgqq.) 34.2 dBm/m?
RF power density at panel surface (Sgqq.) 0.2635 mW/cm?
Panel Parameters
Physical area of the FSS unit cell (Ay.) 20.07 em?
Physical area of the row with 6 unit cells (Ap) 120.41 em?2
80 80
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> >
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Fig. 11. Measured radiation-to-dc conversion efficiency of the FSS-based

full-wave rectenna. (a) As a function of frequency. (b) As a function of rectifier
input power.

dimension of 57.5 mm, the measurement distance of 1 m
satisfied the far-field conditions. Measurements were carried
out with varying incident power and frequency. The rectified
dc voltage across the load was recorded using a digital
multimeter, and the collected dc power, Py., was calculated
for all test cases.

To obtain the efficiency in (3), the available incident
power Prag. was determined by applying the link budget
calculations [34], [46]

PRrad. = SRad. Ap ®)
1

S = EIRP —— 6

Rad. ind? (6)

EIRP = Py — Lo+ Ga + Gy (N

where EIRP is the effective isotropic radiated power of the
transmitter, A, is the physical area of the FSS unit cell,
and Lyy =1 /4md? is the distance dependence or the free
space path loss of the EM energy expressed with inverse
square law. The source power P; was known from the signal
generator. The losses of the coaxial cables were measured
using an Agilent E-5071C vector network analyzer. The
amplifier gain G, was measured with a power meter and
the horn antenna gain G, was obtained from its datasheet.
Table I provides the definitions of the link budget parameters
and their values at 2.45 GHz. Available radiated power Prag.
was calculated to be 31.73 mW (15 dBm).

Fig. 11(a) shows the measured radiation-to-dc conversion
efficiency as a function of frequency. Peak efficiency was
measured as 61% at 2.2 GHz. That is, the proposed rectenna

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

was able to convert 61% of the available radiated power at
its surface into practical dc power at its load. We emphasize
that this efficiency should not be compared with the widely
reported RF-to-dc conversion efficiencies in the literature. The
RF-to-dc conversion efficiency is a measure of the rectifier
circuit only where the RF power is fed into the rectifier port
(generally via an SMA connection), and the rectified dc power
is measured at the load resistor. The recorded 61% efficiency
in this paper includes receiving the EM radiation, transferring
the captured power to the rectifier and converting it into dc
power at the load. It should be noted that the incident radiated
power used in the measurement setup was linearly polarized
with properly aligned E-field vectors. True ambient power in
real life can be composed of randomly polarized waves, which
would degrade the overall rectenna efficiency.

Fig. 11(a) also shows the expected efficiency curve over
the same frequency range based on the simulation results
of the different efficiencies involved. The “simulated” trace
is obtained by multiplying the simulation results of the
subefficiencies from the previous sections [as defined in (4)].
Expected peak efficiency was 75% at 2.45 GHz. The lower
measured efficiency and the frequency shift of 200 MHz can
be mainly attributed to the finite size of the FSS and its
ground plane. Optimized unit cell characteristics are fairly
accurate for the central cells, but not for the ones at the
periphery of the FSS panel. Thus, the peripheral cells could
cause mismatches and distorted absorption characteristics,
which would lead to lower efficiency and shifted frequency.
Nevertheless, the recorded 61% efficiency is much higher than
the previously reported FSS-based rectennas [32], [33].

Fig. 11(b) shows the radiation-to-dc conversion efficiency
as a function of the incident power. The load voltage was
recorded, as the source output was increased by 1-dBm steps.
The ac-to-dc conversion efficiency of the full-wave rectifier
in Section III was simulated as a function of rectifier input
power using the harmonic balance solver of the ADS. The
obtained results are in agreement with those obtained using
the state-of-the-art rectifier designs for similar input power
levels [43], [45], [46]. In order to compare our measurements
with the simulation results, the RF power collected and
delivered to the rectifier was calculated using the link budget
equations (5)—(7). As shown in Fig. 11(b), the measurements
show a very good agreement with the simulation results
regarding the power dependence of the rectenna efficiency.
Experimental results are lower than those of the simulations
mostly due to the finite size of the FSS panel.

The limitations in Fig. 11(a) can be addressed with straight-
forward improvements. The frequency shift can be remedied
by using a larger FSS panel to minimize the impact of periph-
eral unit cells. The bandwidth can be widened by optimizing
the geometry for a lower resistor value for the FSS and
matching the rectifier accordingly (albeit trading off absorption
level). However, the power dependence in Fig. 11(b) stems
from diode fundamentals and had been the main limitation of
previously reported work [18], [23]. Rectifiers are nonlinear
circuits and their characteristics depend on the input power.
Rectification efficiency peaks over a limited range of the input
power and gradually degrades outside that range.
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TABLE 11
REALIZED SCALABILITY

Multi-cell Phys.ica!l area oo Equiv.alent Ambjent power
configura- mgltlpher (1 absorption effective density required
tion unit cell = efficienc area mul-  to collect 15dBm
20.07cm?) Y tiplier at the load
N=I cell 1 97% 0.97 1.6244 mW/cm?
N=2 cells 2 80% 1.6 0.9848 mW/cm?
N=4 cells 4 87% 3.48 0.4528 mW/cm?
N=6 cells 6 79% 4.74 0.3324 mW/cm?
N=8 cells 8 78% 6.24 0.2525 mW/cm?
N=16 cells 16 77% 12.32 0.1279 mW/cm?
N=32 cells 32 36% 11.52 0.1368 mW/cm?

Measurement results in Fig. 11 show that the proposed
design is an excellent integrated rectenna at 15-dBm input
power to the rectifier. In the fabricated panel, 6 unit cells
were connected to the rectifier and from Table I, this meant
that the peak efficiency was measured at a power density
of 0.2635 mW/cm?2. However, the real life ambient RF power
densities are lower than the experimental setup [24]—-[27]. One
way to address this limitation is to employ a rectifier that
is highly efficient at very low input power levels and that
can operate over a wide input power range. Unfortunately,
the physical mechanisms of diodes make this solution almost
impossible [28]. The alternative way to address the power
dependence in Fig. 11(b) is to utilize larger EM collectors
per rectifier so that even at low power densities, the collected
energy can still feed the rectifier at its peak conversion
efficiency. This is one of the key features of the proposed
FSS design in this paper.

The scalable architecture of the proposed absorber is further
demonstrated in Fig. 12(a), which shows how multiple cells
can be connected to a common resistive load. Since the
physical area of the multicell structure expands with the
number of cells (i.e., N), the total available radiated power
incident on its surface also increases by a factor of N.
This means the resistive load can absorb up to N times
the power of a single cell. The concept was examined for
N =1,2,4,6, 8, 16, and 32 cells using CST. The power
flow diagrams and the absorption efficiencies are provided
in Fig. 12(b) and (c), respectively. Simulation results are also
summarized in Table II for comparison. The results indicate
that the proposed FSS unit cell is indeed scalable but has some
limitations. Absorption efficiency is highest for single unit cell
at 97%, and it decreases as more cells are combined to the
same load. However, even with lower efficiencies, the collected
power at the load can increase significantly as the physical
area gets larger. For example, the 16-cell configuration with
77% efficiency can collect more than 12 times the power of
a single cell, clearly demonstrating the importance of a larger
EM collector. The resistive load in these examples can be
replaced with a matched rectifier, and the multicell rectenna
can operate efficiently at much lower power densities than
the levels required by a single unit cell rectenna. In terms of
limitations, Table II shows that the absorbed power increases
up to N = 16 cells. After this point, even doubling the physical
area does not provide any net benefit in terms of absorbed
power. Therefore, the concept is only applicable up to a certain

N=4
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Fig. 12. Scalable architecture of the proposed FSS-based rectenna
demonstrated. (a) Multiple cells in a row can be connected to a common
resistive load; this is illustrated for N = 1, 2, 4, and 8 unit cells. (b) Power
flow diagrams showing the majority of the absorbed power being concentrated
on the resistive load. (c) Power absorbed by the resistive load as a percentage
of the available incident power.

number of cells. It was also observed that the absorption
bandwidth becomes narrower, and the optimum load resistance
deviates from 370 Q as N gets larger. We emphasize, however,
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that the unit cell geometry in this paper was optimized for
maximum absorption in a single-cell implementation. This
objective can be relaxed in favor of scalability, by designing
for more consistent bandwidth and load behavior.

V. CONCLUSION

We presented an FSS absorber design that can be used for
ambient RF energy harvesting or controlled WPT. The FSS
unit cell was constructed with built-in channeling features
to combine the collected power from multiple unit cells.
We demonstrated the excellent absorption characteristics of
the periodic structure with 97% of the available energy being
captured on its load. We then integrated the FSS absorber
with a matched full-wave rectifier. The complete rectenna
prototype was fabricated and tested through radiated mea-
surements. 61% radiation-to-dc power conversion efficiency
was measured, which represents the combined efficiency of
receiving the EM radiation, transferring the captured power to
the rectifier and converting it into dc power at the load. We also
discussed the scalability of the proposed FSS absorber and its
limitations.
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