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Antenna Aids
Wireless Sensors

A compact antenna with an integrated rectifying circuit was simulated and fabricated
for converting RF energy to dc voltage at ISM band frequencies.

nergy harvesting is an efficient method for power-
ing different RF/microwave components for com-
munications systems, including antennas. By har-
vesting energy for such applications as autonomous
radio-frequency-identification (RFID) systems and wireless
sensors, self-powered solutions can be developed without need
of additional batteries. To demonstrate the possibilities, an ener-
gy-harvesting patch antenna array was designed to capture as
much RF energy as possible from surrounding energy sources.
To minimize costs, the antenna was fabricated on low-cost
FR-4 printed-circuit-board (PCB) material. The rectangular
patch antenna array was developed for use in the Industrial-
Scientific-Medical (ISM) band at 2.45 GHz, employing an addi-
tional slot on the rectangular patch element for added gain. The
antenna design includes a turn-on light-emitting diode (LED)
indicate captured energy at voltages from 0.01 to 3.94 V dc.
Light sensors and other electronic devices using “smart”
technologies have already begun to affect many users’ lives. Such
sensors detect the level of darkness in a room and automatically
turn on the lights at a specific level of light/darkness. This smart
system not only helps improve the quality of life, but also con-
tributes to energy and cost savings. This intelligent use of energy
can be applied to remote controls without batteries and mobile-
telephone chargers that operate with harvested energy.
Researchers have explored various methods for
extracting ambient energy from an environment,

including solar power, magnetic energy, vibration, and RF/
microwave energy. The latter is freely available in open space; it
can be captured by the appropriate receiving antenna and recti-
fied into usable dc voltage.

The use of battery power by a growing number of sensor-
based wireless networks and other applications has increased
rapidly in recent years, with batteries providing only limited
lifespan and fixed energy supply rates. But an energy-capturing
antenna, such as a patch antenna, can capture energy from the
environment for use in place of the batteries. A number of dif-
ferent patch antennas exist, including meander-line antennas
(MLAs),? linearly polarized antennas,? and circularly polarized
antennas.* These different configurations will be examined to
find the best antenna topology for energy harvesting, along with
a circuit capable of converting RF signals into dc voltage for bat-
tery replacement.

For maximum coverage, most communications use antennas
with omnidirectional radiation patterns. An energy-harvesting
system relies on capturing some of this available energy. The
amount of available energy is large, but only a small amount can
be scavenged due to some energy being dissipated by heat or
absorbed by other materials. The RF energy-harvesting system
consists of a microwave antenna, a prerectiﬁcation filter, a recti-
fying circuit, and a dc lowpass filter (LPF) that rectifies incom-
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1. This block diagram shows the rectenna for use at ISM band frequencies.
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Energy Harvesting

ing electromagnetic (EM) waves into dc current. The rectifying
circuit can be any one of several different types—e.g., a full-wave
bridge rectifier or a single shunt full-wave rectifier.>®

For optimum power transfer, a LPF is used for impedance
matching between the antenna and the rectifier. Once a signal is
rectified, a dc LPF is used to smooth the output dc voltage and
current by attenuating the high-frequency harmonics present in
the RF signals available in the environment. An attempt is made
to collect maximum power before delivering it to a rectifying
diode; next, the harmonics generated by the diode, which radiate
from the antenna as lost power, are suppressed.®

A number of factors impact effective energy harvesting,
including antenna transmitted power, antenna received pow-
er, conversion efﬁciency, and conversion circuit analysis.7 To
increase the conversion efficiency, several antenna designs must
be implemented, including antenna arrays and circularly polar-
ized antennas. The broadband antenna receives relatively high
RF power from various sources, while the antenna array increas-
es the incident power delivered to the diode for rectification.®”
Figure I shows a block diagram of the rectenna.

The CST Microwave Studio Suite 2011 from Computer Sim-
ulation Technology (www.cst.com) was used to design and
simulate the high-gain energy-harvesting antenna, while the

Design circuit for antenna energy
harvesting using CST software

v

Run a simulation fo obtain an antenna with high gain
at desired frequency of 2.45 GHz (ISM band)

v

Specification
k]rgeted
Frequency desired: 2.45 GHz

Gain > 10 dB
Return loss > -10 dB
Output power > 1 mW
Output voltage (rectifier) = 1-5 V.

* Yes

Fabricate the antenna onto a substrate, FR-4,
via technique of standard photolithography,
whereas for etching, a solution of
ferric chloride (Fea3) is used

Test the anfenna and
compare with simulation

2. This system flow chart shows the design process for the energy-
harvesting antenna system.
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3. This is a side view of the energy-harvesting antenna.?

Ground plane

Advanced Design System (ADS) 2011 software from Keysight
Technologies (www.keysight.com) was used for design and
simulation of the rectifying circuit. The antenna and rectifying
circuits were fabricated on FR-4 PCB material for comparison of
actual measurements with simulations. Figure 2 shows the flow
of the antenna design process.

The antenna was designed for ISM-band applications and
fabricated on the low-cost circuit substrate material using pho-
tolithography patterning and etching techniques (Figs. 3 and 4).
As Fig. 3 shows, the antenna consists of a bottom ground plane,
an air gap between the FR-4 circuit substrate and the microstrip
patch, and an additional slot. The patch and the ground plane
are comprised of copper. The antenna is excited by a coaxial feed
connector at the center of the transmission line. For use at 2.45
GHz, the width and the length of the microstrip patch have been
calculated by the following formula (given in ref. 9):

W = c/{26p[ (g, + 1)/2]%%}
Leff: C/[ZfO(sr eff)o's]

where

¢ = the speed of light;

f = the operating frequency (2.45 GHz);

¢, = the relative dielectric constant of the PCB substrate; and

€, ofr = the effective relative dielectric constant of the PCB
substrate.

1 [
L] .

(a) (b) (c)

4. These different views show the (a) front, (b) bottom, and (c) back of

the energy-harvesting antenna.

5. This is the design of the fabricated energy-harvesting antenna.
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Energy Harvesting

For good isolation, the antenna’s adja-
cent elements should be separated by
at least one-half wavelength (\/2) at the
desired frequency. Isolation tests were
performed for antenna-element spacing
of 5.8 cm (0.4737)\), 6.1 cm (0.49821),
and 6.5 cm (0.5310\). A spacing, x, of 6.1
cm was found to provide the best perfor- F55
mance after optimization.

6. A single-stage rectifier circuit was used

An additional slot was introduced to
each single element of the antenna array
to improve performance, per ref. 11; by
doing so, the additional slot improved
the antenna gain to 13.51 dB. Parametric
analysis was performed with fixed design
parameters, except for length and width
parameters Ly, Ly, L, Wy, and Lg;.

The following values were applied to

Microstrip antennas are often employed  with the antenna to convert RF energy to DC  the antenna design: L, = 45 mm, L¢=25.5

not only as single-element components, voltage.

but also as arrays—especially when need-

ed to create a pattern that cannot be achieved with a single-
element antenna. The feed network for the microstrip array can
be accomplished by using tapered lines to match 100-() antenna
patch elements to a 50-Q input port or to quarter-wavelength
impedance transformations.

The current design employs tapered lines with the antenna
array fed by a probe in the middle of the thickest transmission
line, at an SMA-compatible impedance of 50 Q). The dimension
of the transmission line was calculated using the formula from
ref. 10. For a characteristic impedance of Z; = 50 (), the imped-
ance that is split into both feed lines is 100 Q.

The design of the rectifying circuit was based on transmis-
sion-line calculations for the circuit. The basic rectifier design
for the energy-harvesting system consists of one diode and one
capacitor. This simple design was chosen to minimize diode
losses. A model HSMS-286B diode from Agilent Technologies
(now Keysight Technologies) was selected for its fast switching
speed and low voltage drop.

A parametric study approach was applied to ensure that
the antenna operated at the required resonant frequency (2.45
GHz). Using this design method, adjustments were made to the
length and width of the patch, as well as to the slot and length
of the transmission line. The effects on return loss, gain, and
impedance bandwidth were noted. The initial design was with-
out the additional slot and the antenna operated at 2.4973 GHz
with return loss of —12.178 dB. The fractional bandwidth was
calculated as 2.96%, and antenna gain was 13.35 dB.

0
i — e

" Measured

Simulated y

@
<10
s \/
c
55 i
& 5}4
®1(2.4502 GHz, -18.4 dB)
-20 \@ ©2 (2.446 GHz, ~22.938 dB)[
-25 i i :
20 21 22 23 24 25 26 27 28 29 30

Frequency (GHz)
7. These simulations and measurements show the best antenna fre-

quencies in terms of return-loss performance.
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mm, and W, = 49 mm. The design was

then simulated and the return loss was
found to improve to —46.486 dB at 2.408 GHz. The calculated
impedance bandwidth was 3.65% and the gain was 13.54 dB
with 14.04-dB directivity.

The antenna performance was then simulated using values
from the parametric studies, and high gain was found for the
antenna design with an additional slot and having values of W,
=47 mm, L, = 43 mm, L¢ = 25.5 mm, and L; = 16 mm. This
antenna operates at 2.446 GHz with —22.938 dB return loss and

COMPARING SIMULATED
AND MEASURED RESULTS
Anfenna ) )
parameter Simulation Measurement
(2.446 GHz, (2.453 GHz,
HEUTIeES -22.938 dB) -18.258 dB)
Rl 0.00508 0.01493
coefficient
VSWR 1.01 <2.00 1.03<2.00

el 94.6MHz (3.87%) | 95.8 MHz (3.90%)

(fractional bandwidth)

Open environment:
Directional pattern

Radiation Angt;éog;v |2di(§1e(3 ) (cross polar)
ol Directioﬁol agﬁ.ern IO R
( P ) Directional pattern
(copolar)
Directivity 14.18 dBi 15.57 dBi
Gain 14.08 dB 10.46 dB
d=0.094611
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8. According to computer simulations, the antenna bandwidth is
94.6 MHz.
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9. According to measurements, the antenna bandwidth is slightly wider

at 95.8 MHz.

99.4-MHz (3.87%) impedance bandwidth. It yielded high gain of
14.08 dB with 14.18-dB directivity.

When only L, was changed (to a value of 41 mm), the gain
dropped to 13.79 dB. Some frequency shifting was observed:
to 2.486 GHz with return loss of —15.931 dB. This indicated
that the length of the patch affected frequency. Thus, to ensure
operation in the ISM band at 2.45 GHz, L, was set at 43 mm. The
impedance matching for the antenna design at 2.446 GHz was
59.499326 - 8.460473 () with a line impedance, S1, of 61.18 Q.

The antenna and rectifying circuit were measured separately
before being integrated and measured again. Figures 5 and 6
show the measurements of the output voltages of the rectifying
circuit before and after this integration. Measurements were
performed to determine return loss, radiation pattern, gain, and
received power for the antenna array.

The antenna array was designed to operate with single-band
functionality at 2.45 GHz for ISM-band applications.'>!” Fig-
ure 7 shows simulation and measurement results where the
x-axis is frequency (GHz) and y-axis is return-loss magnitude
(dB). Simulation indicated the best operating frequency as
2.446 GHz with —22.938 dB return loss. Measurements indi-
cated that the antenna resonates best at 2.4502 GHz with —18.4
dB return loss. The measurements appeared to show 95%
accuracy and nearly the same values as the simulation results.
The optimum return loss was achieved with the introduction
of the slot from ref. 18 and the corporate-feed-network method
detailed in ref. 19.

Type Farfield
Approxination enabled (kR >> 1)
Honitor Farfield (f-2.45) [1]
Conponent. Abs

Output Realized Gain
Frequency 2.45

Rad. effic.  -0.07651 dB Rad. effic.  -0.07651 dB
Tot. effic.  -0.1028 dB Tot. effic.  -0.1028 dB
rlzd.Gain 14.08 0B Dir. 14.18 dBi

Type Farfield

Conponent abs
output Directivity
Frequency 2.45

Approxination enabled (KR >> 1)
Honitor Farfield (F=2.45) [1]
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12. This is the radiation pattern for the energy-harvesting antenna.

The antenna bandwidth was determined at the upper fre-
quency minus the lower frequency, both at their 3-dB-down
points, as shown by simulation and measurement. Figures 8
and 9 reveal the simulated and measured antenna bandwidths
as 94.6 and 95.8 MHz, respectively. The measured results are
slightly better than the simulation results, but both values are
still relative similar. The bandwidth could be increased further
by the use of a double slot introduced for each of the radiating
elements in the patch antenna array and feed location in the feed
network arrangement.2

The desired gain for this multilayer 2-x-2 antenna array, with
additional slot for each of the radiating elements, was greater
than 10 dB, for good results when harvesting ambient RF energy.
Theoretically, antenna gain depends on total power delivered to
an antenna input terminal. Thus, by simulation (Fig. 10), anten-
na gain of 14.08 dB was realized for a three-dimensional (3D)
far-field view. The simulation of Fig. 11 shows that the antenna
yields high directivity of 14.18 dBi.

The directivity of each receiving antenna element is important
where each must be directed, so that its maximum gain lobe is
pointed toward the transmitting antenna to optimize the amount
of received energy. An arbitrary minimum gain of 3 dB, which is
the half-power beam width (HPBW), was chosen for the receiv-
ing antenna of the energy harvesting system.?! Improvements
in gain and directivity were

5 aBi
.2

due to the multilayer circuit

9.75
7.09

by structure used in the design,
e in which an air gap is placed
5 between the FR-4 substrate

and multislotted microstrip
2

patch antenna.
The antenna’s radiation
patterns also were simulated

10. These plots show the gain realized for the ener- 11. These plots show the directivity of the energy- and measured. Based on

gy-harvesting antenna.
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harvesting antenna.

the simulations of Fig. 12(a),
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the antenna radiates/receives RF ener-
gy in a directional pattern which radi-
ates more efficiently in some directions
than in others. The HPBW (at 3 dB) is
32 deg. (see the table); such a narrow
beam width is the result of the thin FR-4
substrate material used for the antenna.

The magnitude of the antenna’s main
lobe is important, and the side lobe level
must be reduced since it comes from an
undesired direction.

Figures 12(b) and (c) compare mea-
surements of the antenna in the open
environment and in a test chamber. In
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13. The antenna and its rectifier were care-
fully impedance-matched to a system char-
acteristic 50 Q.

both cases, the current in the antenna
shows that the main radiating elements
are at inside edges and near the probe
feed.?® As a result, the antenna offers
a more directional radiating pattern
and must be placed precisely near a
transmitting antenna.

Impedance matching and even
flow of surface currents are important
for this antenna. Theoretically, an EM
wave that travels through different parts
of the antenna system may encounter
differences in impedance. The match-
ing process is necessary to transform
the antenna’s input impedance to
the same impedance value for its
transmission lines.

Therefore, the antenna must be inte-
grated with the rectifying circuit in terms
of impedance. Without good impedance
matching, some wave energy will be
reflected and the rectifying circuit will
not have the energy available to convert
to dc voltage.

Typically, a 50-Q input impedance is
used. The impedance matching in this
antenna design is 59.49 - j8.46 () with a
line impedance of 61.18 (), as shown in
Fig. 13. The impedance matching is ideal
to a 50-Q) input impedance.??

This antenna showed good agreement
between simulated and measured results.
The system, which consists of an antenna
and rectifying circuit, operates at 2.4514
GHz with measured output voltage of
3.94 V dc. It is a design that shows good
potential for use in a variety of ISM-band
applications that could possibly be freed
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of their needs for batteries. Il
Note: For references, see the online ver-

RF Test Equipment for Wireless Communications

sion of this article at mwrf.com.
www.dbmcorp.com f 7
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