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ABSTRACT This article proposes a quad-band multiport harvester that can scavenge ambient radio
frequency (RF) energy of available frequency bands (i.e. GSM-900, GSM-1800, 3G and Wi-Fi) efficiently.
This design’s novelty is the use of frequency-dependent multiple antenna ports that enables the harvester to
fully exploit all available frequency bands, spatial diversity, and polarization for maximizing the harvested
RF energy at a lower power density level in an ambient environment. Indistinctly, the proposed antenna
consists of 8-port which maintain 0.33λ × 0.33λ (i.e. wavelength λ calculated at 0.9 GHz in free space)
average area per port and has achieved more than 35% relative bandwidth (BW) with a maximum gain
of 6.5 dBi to cover the selected frequency bands. Besides, the proposed quad-band rectifier with a multi-stub
impedance matching network is feasible for RF harvesting over the available ambient frequency bands. The
proposed rectenna’s measurement results show that the generated average dc output voltage is increased up
to 0.750 V at a low RF input power density of −27 dBm for a load resistance of 2.11 k�. The overall dc
rectification efficiency of the 8-port pixel harvester is also assessed and depicted to be 66.52% when the
resultant RF input power density level is −27 dBm. Measurement in an ambient outdoor and controlled
indoor environment is also conducted, demonstrating that the new 8-port pixel RF harvester can produce a
dc output voltage of 0.797 V which is greater than some of the reference RF harvesters.

INDEX TERMS Ambient environment, antenna measurements, multiport rectenna, quad-band, RF energy
harvesting, RF survey, RF combining, rectification efficiency.

I. INTRODUCTION
The Internet of Things (IoT) assures that computers, elec-
tronic devices and other sensors will be connected to the
internet so that they can become part and parcel of our net-
work of information [1]. IoT is expected to change the way
of tracking human health as well as climate, infrastructure
and encourage quality, results, and improve services. In many
cases, the electronic devices or sensors will be portable and
wireless which need small batteries as a power source. These
batteries however have a limited life span and not recharge-
able and therefore arising the need and hassle of battery
replacement periodically. As the IoT extends and IoT devices
need to run even longer, regular battery replacements would
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become unsustainable and prohibitive. Energy harvesting is
a promising technology to address this problem, focused
on scavenging energy from peripheral sources in the out-
door atmosphere. Energy collection from the environment
has been suggested for numerous energy sources, compris-
ing light [2], temperature [3], vibration [4], and electromag-
netic (EM) radio waves [5]–[8]. Nevertheless, these ambient
energy sources are frequently transient and volatile, limit-
ing the highest reliability of the scavenged fuel. RF energy
harvesting has the benefit of providing omnipresent sources
amongst all these combinations. Systems established on
ambient RF energy harvesting often have the benefit of sup-
plementing via wireless power transfer. Besides, it has the
merit that it can offer mobility, operate at night, be inserted
in walls, and be expandable to numerous nodes. A potential
solution is to use rectifying antennas (rectennas) to harvest
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ambient RF energy [9]. RF harvester has been used for several
years in wireless power transmission (WPT) [10]. The har-
vester receives and transforms the EM energy that a dedicated
source transmits to dc in WPT. Significant improvement has
been made in WPT harvester studies [5], and there has been a
further renewal because of the prospect of integrating it with
mobile communication [11]. However, ambient RF energy
scavenging is an additional application that uses a harvester
to extract RF energy from both indoor and outdoor ambient
radio frequencies [12]. The power density level of RF signals
in the ambient environment has become sufficient for self-
powered IoT devices with the increased number of wireless
RF sources i.e. cellular networks and WiFi systems [10].
The extremely low RF power density level of the ambient
environment is the main problem in RF energy scaveng-
ing, as depicted by numerous RF surveys [13]–[15]. The
low RF power density severely limits the RF power that
antennas receive and contributes to the rectifier’s low RF-
to-dc energy conversion performance. Different frequency
bands, comprising GSM-900 [14], GSM-1800 [14], 3G [14],
AM [16], DTV [10], and Wi-Fi [17], have been designed
to extract RF energy from single-band rectennas. Various
forms of antennas have been used, including dipole [18]–[20],
monopole [21], loop [16], microstrip patch [22]–[25],
slot [26], [27], and log-period [28] antennas. Frequency diver-
sity has been exploited to entirely leverage the available
ambient RF energy and thus multi-frequency harvesters [14],
[29]–[34] and wideband harvesters [35]–[37] have been
designed for the harvesting of ambient RF energy. To increase
the harvested RF capacity, polarisation diversity was also
considered. Both polarizations without mismatch loss can be
harvested by dual linear polarized rectennas [38]–[40] and
dual circular polarized rectennas [34], [35], [41], [42]. Other
methods for enhancing rectenna performance or the extracted
RF power have also been used, for example, harmonic rejec-
tion filtennas [43], [45]–[47], differential rectennas [34], arti-
ficial magnetic conductors [30] and so on. Using antenna
arrays is a technique for extracting more RF power, notably
2-D consistent spiral antenna arrays [6], [39] and a 3-D
consistent stacked bent dipole antenna array [48], and it has
commonly been used in WPT [49]–[53]. For array structures,
twomethodologies of antenna combining are common;which
are RF and dc combining, and investigation has been done
on their respective advantages [54]. One inference is that the
combination of dc might be more fitting for the harvesting of
ambient RF energy which provides a large beam width with
high gain to absorb RF signals from random directions. How-
ever, a drawback is that similar rectifiers have to rectify lower
RF powers individually than they can with RF combining
and lower dc rectification performance afterwards. Uniform
arrays need a higher size for the rectenna array to become
bulky which is a downside. The problem is that multiple
antennas usually have high mutual coupling in a compact
configuration [55]. In [56], different impedance matches for
miniature numerous antenna systems have been addressed to
reimburse for the negative effect of mutual coupling so that

more RF power can be obtained in a small configuration. The
use of impedance matching, however, is not optimum as it
results in insertion loss and expanded complication of the
circuit.

This research explains the design of an ambient RF energy
harvesting multiport rectenna device where the used number
of ports depends on frequency. The list of available frequency
bands with associated RF input power inMalaysia is recorded
from a practical RF spectral survey in Multimedia University,
which is depicted in Table 4. Variation in antenna ports
for harvesting RF energy at those various frequencies is a
unique feature of the architecture. This makes it possible
to completely use the rectenna at all available frequencies.
Enhancement in available RF power density levels for a
particular area along with a decrease in the required antenna
matching elements are the benefits of the multiport method.
This paper is structured as follows. We propose the concept
of the multiport antenna in Section II with a description of
a multiport rectenna device for the harvesting of ambient
RF energy. In Section III, for optimizing the total RF input
power, the basic layout and optimization of a quad-bands
multiport antenna are calculated. The S-parameters and out-
comes of radiation pattern measurement are also given. The
single-port with single series diode rectifier configuration
and subsequent quad-port rectifier with dc combination are
provided in Section IV, and the reflection coefficient and RF-
to-DC rectification performance are also provided at different
input RF power density levels. Rectenna measurements for
the suggested quad-band multi-port antenna and multi-bands
rectifier are given in Section V. Section VI illustrates the
comparisons between the proposed quad-port antenna and
multiport monopole antenna for their overall RF input power
and output dc power. For this article, section VII provides a
conclusion.

II. 8-PORT BROADBAND FORK SHAPE ANTENNA DESIGN
The proposed wideband 8-port high-gain dual fork-shaped
tuning stubs antenna structure is shown in Figure 1. The
suggested antenna introduces an additional resonant stub to
excite extra resonant modes and offers supplementary tuning
abilities, resulting in a wider impedance bandwidth. The
newly printed wide-slot (WS) antennas with two different
tuning stubs are shown in Figure 1. Both of the slots were
modified from the basic slot antenna with a fork-shaped
stub [57]. For the typically printed WS antenna with a
fork-shaped tuning stub, the slot and the feeding line was
printed on the same sides of the dielectric substrate. A multi-
frequency resonance technique is designed to attain a greater
BW for a printed WS antenna with a fork-shaped stub.
By integrating an additional fork-shaped stub (missing one
arm) onto the basic fork-shaped stub and rounding the rectan-
gular corner of the stub, excellent impedance matching (IM)
over multiple operating frequency ranges was achieved. It
should be noted that all the rectangular corners presented in
the configuration (see Figure 1) have been changed by round
corners, considering that a smooth transition contributes to
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FIGURE 1. Geometrical view and dimensional details of the proposed modified fork-shaped multiband antenna.

excellent IM [58]. It is demonstrated that a half-wavelength
deviation in transition current can be noticed along the bound-
ary of the slot at the first resonant frequency [59]. The first
resonant frequency f can be calculated as

f =
300

p√εeff
(1)

With

εeff =
εr + 1

2
(2)

Here, p is the perimeter of the stub boundary, where εr
and εeff are the relative and effective dielectric constant of
the substrate.

Each of the tuning structures is a modified version from
the typical fork-shaped antenna [57]. A wideband dual stubs
fork-shaped design is employed as an antenna radiating ele-
ment, and 1×2 antenna array elements are arranged to create
the 8-port antenna configuration. A 1 × 2 sub-array consists
of connecting two ports on each side of the antenna using a
T-junction power combiner. Similarly, four RF power com-
biner are connected on four sides of the proposed antenna.
The 1× 2 array of modified tuning stubs with the microstrip
feeding line are printed on the four sides of the top layer of
the dielectric substrate material. For each port of multiband
antenna structure, the individual ports are marked by the
notation of a-h and adjacent pairs of each side of antenna
ports are RF combined to form four RF combined ports.
These total number of RF combined ports are marked by
the numerical value of 1 to 4 as shown in Figure 4(b). For
fabricating the 8-port wideband modified dual fork-shaped
microstrip feeding antenna, FR4 substrate material (1.6 mm
height) with a relative permittivity of 5.4 is used.

The fabricated prototype image of the proposed antenna is
shown in Figure 2. To get exact resonance in all frequency
bands and improved efficiency as well as bandwidth (BW),
no ground plane is assigned on the backside of the substrate.
Moreover, a 50 � microstrip feeding line is connected to
excite with each modified fork-shaped structure to develop
resonance bandwidth further. The microstrip T-shaped RF
power divider or combiner (Figure 3) is utilized to connect
two contiguous feeding lines on four substrate material sides.
The lossless T-junction power combiner can assemble RF
power but has the limitations of scarcity seclusion between
the output ports and an incapability to be correspondent at
all ports. The displacement of antenna ports is essential for
fully utilizing the rectifier efficiency at harvesting RF power
for different frequency bands with associated RF power level.
The proposed quad-band rectifier is not able to provide
maximum efficiency for all frequency bands with associated
RF power input. For example rectifier, maximum efficiency
varies with the variation of input frequency bands with asso-
ciated RF power level. When the rectifier is connected with
a different port of the antenna, it would be able to harvest
RF power efficiently from different frequency bands due to
the variation of resonance response per port. That’s why the
same design with the different port is used for RF energy
harvesting.

The T-junction power combiner is consists of a microstrip
transmission line that has been divided into two transmission
lines, and every line is quarter-wavelength long. When the
two ports (each port is maintained at 50 �) of each antenna
side are joined with an identical power combiner, the volt-
age through every leg of the combiner is of equal magni-
tude and phase. Four RF- combiners are used to combine
8-port into 4-ports so that the RF power of each two ports
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FIGURE 2. Prototype image of the proposed antenna: (a) front side and (b) back side.

FIGURE 3. Geometrical view of the T-junction power combiner: (a) dimensional details and (b) prototype image.

is transmitted in a secured way to the rectifier section. The
connection of 4 RF-combiners are aligned in the backside
of the substrate so that 1) it achieves maximum isolation
between each two-port of the antenna, 2) the insertion of
each rectifier is also connected to the backside of the antenna
thus reducing the active area of RF harvester system, 3) the
RF energy scavenging system can extract RF power from all
nearby directions for every 8-port antenna configuration by
maintaining half-wave space. The optimized dimensions of
the 8-port antenna and T-shaped RF power dividers have been
determined by using computer simulation technology (CST)
v19 to attain broadband operation and miniature antenna size.
The average dimension of each antenna port of the suggested

8-port antenna is 0.25λ×0.25λ, where λ is determined by the
free space location at 900 MHz, displaying a compact 8-port
antenna design.

According to the rules of selecting the center frequency of
the multiband antenna, the lowest frequency of the proposed
antenna is considered as a center frequency. Here GSM 900 is
the lowest band within four frequency bands. But we con-
sidered the center frequency at 900 MHz for the design of
the multiband antenna. If we used 940 MHz then it would
have affected the dimension of the antenna as well as the
gap between two ports on every side of the antenna. The
average dimension of the proposed antenna for each port is
evaluated in open space wavelength because the contiguous
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FIGURE 4. (a) DC combining process of the proposed RF harvesting technique and (b) prototype image of the integration of RF power
combiner in the backside of the antenna.

antenna ports are usually coupled between them through
the air.

III. MULTIPORT RF HARVESTER ARRANGEMENT
Normally two popular combining methods (i.e. RF and DC
combining) combine several electromagnetic signals from
multiple ports of an antenna. The RF power combining uti-
lizes a T-junction combiner to unify the EM signal (i.e.
RF power) received by every antenna port. Each of the rec-
tifiers is employed to rectify the resultant unified RF energy.
The benefit of using such type of approach is higher DC rec-
tification efficiency owing to the strong impedance matching
between the antenna ports and RF combiner. Consequently,
this approach can enable the harvester to harvest RF energy
with a very lowRF power density level than the absence of RF
combining. The disadvantage of the approach is that the nar-
rowed down the antenna BW because RF combining affect-
ing decreased resonances, so that it can only scavenge RF
signals from a narrow range of incident directions at ambient
environment. Simultaneously, in RF combining, each of the
T-junction combiner’s output ports is attached to a rectifier
circuit and a dc combining blended the output dc power from
each rectifier. Figure 4 (a) and (b) show the proposed dc com-
bining technique and prototype image of the antenna system
with backside integration of the RF T-junction combiner. The
BW of dc combining is not narrowed and remains identical
to that of a single port’s distinct pattern, although impedance
matching is essentially improved [54]. This permits the scav-
enging of ambient RF signals from a wider variety of incident
directions compared to the RF combining process. The main
drawback is that the corresponding rectifiers must distinctly
rectify very low RF powers from individual ports than they

would with RF combing which results in a smaller dc con-
version efficiency. To overcome the limitation and achieve
the usefulness of using RF and dc combining, a hybrid RF
combining technique is introduced in [60]. But hybrid RF
combining technique [60] enables only broad space coverage
because of its single-band narrow and polarized properties.
For this reason, the broadband hybrid RF combining method
is proposed due to its synchronous broadband frequency
range andwide space coverage area. The wideband hybrid RF
combining consists of broadband RF and dc combining that
is improved the impedance matching properties of RF com-
bining which is advantageous for overcoming the limitations
of dc combining. Figure 4 shows the schematic arrangement
of the suggested broadband hybrid RF combining. The total
number of antenna ports is 8 (port ‘a’ to ‘h’) (Figure 1)
which are divided into 4 subarrays and every single subarray
comprising of 2 broadband antenna ports. Firstly, two broad-
band antenna ports are connected by a T-junction combiner is
called a subarray. Secondly, each subarray is connected with a
rectifier. Finally, the output dc line of 4 rectifiers is connected
by dc combining circuit. The suggested hybrid RF combining
technique offers wider BW, multi-polarized RF harvesters,
and wide beam width.

IV. PERFORMANCE MEASUREMENT OF THE PROPOSED
ANTENNA SYSTEM
In order to verify the proposed 8-port broadband multi-
frequency antenna, the prototype is fabricated Since every
two contiguous ports on each side of the antenna are con-
nected by RF combiner, the following plot shows the mea-
sured scattering parameters and the mutual couplings for
8-port of the proposed antenna. The comparison between
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FIGURE 5. Simulated and measured reflection coefficient and mutual
couplings of the proposed antenna between ports a-h.

simulated and measured reflection coefficient and mutual
coupling of the proposed antenna is shown in Figure 5. It can
be seen that there is a good agreement between simulated
and measured performance and measured results are shifted
toward the lower frequency region in comparison with the
simulated result. The S-parameter and mutual couplings of
the multiport antenna are measured by an Anritsu MS2024A
VNA Master handheld Vector Network Analyzer. The mea-
sured S-parameters of the port a-h are less than−10 dB from
800 MHz to 3 GHz, achieving a wide relative BW of 48%.
The measured mutual coupling between every two adjacent
ports in every side of the antenna from port ‘a’ to ‘h’ is less
than −12 dB over different frequency bands (i.e. GSM 900,
GSM 1800, Wi-Fi and LTE) so that every portable combined
antenna can scavenge RF energy individually.

There are several reasons to maintain excellent isolation
among the antenna ports such as 1) fork shape feeding lines
achieving spatial diversity (i.e. port a and port b), (2) proper
spacing between each antenna port attaining phase diver-
sity (i.e. every adjacent from port a to port h) and (3) the
connection of same RF combiner for each adjacent port in
backside alignment of the antenna achieving good matching
and angular diversity, (e.g. port a and h). Generally, the mea-
sured scattering parameters and mutual coupling perfor-
mances depict that the 8-port multiband antenna has achieved
excellent impedance matching and incoherency across the
available frequency bands in the ambient environment. The
measured E-field and H-field radiation patterns of the sug-
gested antenna for the port of a to h excitation (50 � load
is connected in one port when taking measurements in other
port) at different frequency bands (i.e. 0.95 GHz, 1.81 GHz,

2.42 GHz and 2.90 GHz) are shown in Figure 6. The proposed
antenna’s E and H-field radiation patterns are denoted by
the y-z plane as vertical polarization (i.e. when 8 = 90)
and x-z plane as horizontal polarization (i.e. when 8 = 0)
respectively. The same Master Network Analyzer is used to
measure the co-pol and cross-pol radiation patterns at control
environment. It can be seen that both co-pol and cross-pol
of the H-field are less than the E-field’s co-pol and cross-
pol situated at the centre of the polar form. In each field
(i.e. E-field and H-field), the radiation pattern (i.e. co-pol
and cross-pol) is intersected. The cross-polarization of both
fields (i.e. E and H) is perpendicular to the desired linear
direction for most of the antenna ports which is an excellent
antenna characteristics. Due to the identical design, port b and
d have a closely similar radiation pattern to port f and h and
port a and c have an approximately similar pattern to port
e and g for each frequency band so that the total harvested
RF energy can be increased. It shows that lower frequency
regions exhibit dual-polarized radiation patterns both fields
(i.e. E and H) of co and cross-pol. The benefit of having
a dual linear polarization pattern is that it can harvest all
the energy from arbitrarily polarized incident waves without
polarization mismatch loss. With the increasing frequency
bands, the radiation pattern for H-field (co and cross-pol)
turn into omnidirectional or isotropic. Here, at 0.94 GHz,
1.81 GHz, 2.42 GHz and 2.90 GHz, the co-pol radiation of
antenna ports a to h are linearly polarized in the vertical direc-
tion which presents the ability to scavenge ambient RF energy
from available frequency bands without any polarization loss.

The total radiation efficiency of the prototype for each
port is shown in Figure 7(a). The measured maximum total
radiation efficiency of the ports a, d, e and h are around
74.09 %, 67.27 %, 71.93 %, 65.29% across 1.81 GHz; port
c and g around 77.41% and 77.90% over 2.42 GHz, and port
b, f about 73.70%, and 71.77% over 2.9 GHz demonstrating
better impedancematching, isolation and better radiation effi-
ciencies. The comparison between simulated and measured
gain of the proposed antenna is presented in Figure 7(b).
It shows that the measured and simulated gain has a good
agreement due to the fork shape feeding element and good
impedance matching for each antenna port. The measured
realized gains of the antenna ports a to h are around 3.2 dBi
over GSM 900, 3.7 dBi through GSM 1800, 3.5 dBi through
Wi-Fi and 7.6 dBi over 2.9 GHz indicating high antenna
realized gains which are helpful to scavenge RF energy of
very low RF power levels with decent dc rectification effi-
ciency. The omnidirectional directional radiation pattern of
the proposed antenna for each port is presented in Figure 6.
The advantage of the omnidirectional pattern is that it has
realized a gain over 3.5 dBi thus the received EM energy
can be improved resulting in better dc rectification efficiency
even though the available RF power density is very low in the
ambient environment. Every port of the multiport antenna can
scavenge RF power from only half-space diversity.

Every 8-port antenna configuration offers four realized
gain (i.e. above 3.5 dBi) beams involving a half-space
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FIGURE 6. Measured E-Field and H-field radiation pattern (cross-pol & co-pol) of the port a - h in the fork-shaped wideband antenna for the different
frequency bands.

FIGURE 7. Comparison between the simulated and measured (a) total efficiency per port (i.e. a to h) and (b) gain of the proposed antenna.

diversity so that the suggested 8-port fork shape antenna has
in total eight realized gain wide beams while it can scavenge
RF power from all available directions with better isolation.
A 1 × 2 sub-array consists of connecting two ports on each
side of the antenna using a T-junction power combiner. Sim-
ilarly, a 1 × 4 array can be formed by connecting four RF
power combiners on four sides of the proposed antenna. The

prototype combination of such design is shown in Figure 4(b)
where an RF power combiner exists in the proposed antenna’s
backside. This way, the array combination has more flexi-
ble and reliable to connect multiband rectifier so that every
output port (port x) of the RF power combiner can harvest
energy independently. The simulated and measured scatter-
ing parameter of the output port of the power combiner is
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FIGURE 8. Simulated and measured the scattering parameter of the
output port (port x) of the sub-array.

FIGURE 9. Measured reflection coefficient of the four combined ports of
proposed antenna.

illustrated in Figure 8. It can be seen that the measured
scattering parameter is less than 10- dB from the 0.9 GHz
to 2.9 GHz frequency range which can still cover the GSM-
900 and LTE bands. In Figure 9, it is shown that the measured
reflection coefficient of four combined port of the antenna
which is demonstrated in Figure 4(b). It should be noted that
the measured reflection coefficient is efficient for available
frequency bands at ambient environment.

V. MULTI-BAND RECTIFIER DESIGN
A. MULTI-BAND RECTIFIER DESIGN
The suggested multiband rectifier topology for GSM 900 and
1800,Wi-Fi and LTE bands are depicted in Figure 10. It is the
stage one half-wave rectifier. The single series diode rectifier
consists of a matching network and an RF-to-dc converter in

FIGURE 10. The proposed multi-band rectifier topology.

which a Schottky diode, Avago HSMS-2850 was selected as
the optimal solution for our ambient RF energy harvesters.

However, it is too small to provide a ripple-free dc voltage
to the load. This can be overcome with a matching network
that will allow a good impedance match with a large output
capacitor but at the expense of introducing losses. The recti-
fier circuit’s main parts are an impedance matching network
(IMN) (consisting of various microstrip rectifying elements
such as short stubs, open stub, radial stub and transmission
line), a Schottky diode, a low pass filter or a single capacitor
and a load section. A single series diode rectifier circuit is
selected due to higher RF-to-dc rectification efficiency at a
very low-level ambient RF input power density compared
to other rectifier topologies such as single shunt diode [36],
voltage doubler [6], and Greinacher [57], [54]. Moreover,
a harmonic balance solver (HBS) of an advanced design
system (ADS) is used to evaluate the proposed rectifier topol-
ogy’s performances. The 1.6 mm thick FR4 has a relative
permittivity of 5.4, and a dissipation factor of 35 as the
substrate material decreases the insertion loss and prefers the
Avago HSMS-285B diode with a small switch-on voltage
as a dc-rectifying Schottky diode to increase the RF-to-dc
conversion efficiency at a low RF level.

The prototype image of the fabricated rectifier topol-
ogy is presented in Figure 11. The input impedance of
the rectifier for the different frequency bands with input
RF power of −20 dBm are 1.069+j0.168@945 MHz,
1.83-j1.17@1.68 GHz, 0.96-j0.03@2.12 GHz, 1.01-j0.02@
2.41GHz and 1.13-j0.23@2.79 GHz as shown in Figure 12.
The value of load resistance is significant to the RF rec-
tifier design because it delivers a dc offset voltage for
the quad-band rectifier, which affects the dc-rectification
efficiency

In order to get maximum dc rectification efficiency of
the proposed multi-band rectifier, it has been tried to syn-
chronouslymaximize the dc conversion efficiency at different
frequency bands for a very low input RF power density level.
Consequently, by applying HBS in ADS, the optimal value of
load resistance from 0.5 k� to 10 k�with a period of 0.25 k�
is found and the dc rectification efficiency is optimized at
the available frequency bands under the low ambient input
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FIGURE 11. The prototype image of the suggested multi-band rectifier circuit.

FIGURE 12. The impedance of the rectifier for different frequency band for the RF input of
−20 dBm.

RF power level of −27 dBm for individual load value. The
comparison between simulated and measured dc rectification
efficiency of the rectifier as a function of load resistance
for ambient RF power of −30 dBm at multiple frequency
bands (i.e. GSM 900 and 1800, 3G, Wi-Fi and LTE) is shown
in Figure 13. It can be seen that the dc-rectification efficiency
at different frequency bands varies with the values of load
resistor and the maximum conversion efficiency is achieved
at about 2.11k�. To choose the best value of load resistance
as long as it is achieved the highest dc conversion efficiency
over the five frequency bands. As presented in Figure 13,
the selected optimal load resistance of themulti-band rectifier
is 2.11 k�. From the equations (3), it is demonstrated that
rectification efficiency is directly proportional to the square
of generated dc voltage and inversely proportional to the
load impedance. That means the lower the value of load
resistance higher the conversion efficiency. In order to get
higher conversion efficiency, impedance matching network
and rectifier topology should be designed in such a way
that the rectifier generates higher dc voltage with a lower
value of load resistance. Designing and optimizing the perfect

IMN is difficult in that 1) the impedance between antenna
and rectifier is complex and conjugal to each other, 2) the
available bands of frequency are neighboring in the frequency
spectrum, and 3) input impedance of the suggested rectifier
is varied due to the nonlinear behavior of the diode and
the effect of low-level RF power density. To overcome the
difficulties, the multi-stubs microstrip elements are used to
design the impedance matching network to adapt different
frequency bands, as presented in Figure 10. It can be seen that
the proposed multi-stub IMN consists of multiple single-stub
tunings (i.e. open stubs, short stubs and radial stubs) in cas-
cade connection. In Figure 10, there are five sets of microstrip
rectifying elements: MLOC1, MLSC1, MLOC2, MLSC2,
MLOC3, MLSC3, Radial Stub1, Radial Stub2 and Radial
stub3. Moreover, within five sets of microstrip elements, the
first three sets consist of an open-circuited stub (MLOC) and
a short-circuited stub (TLSC) and another two sets consist
of Radial Stub only. The combination of open and short
stubs offers a frequency-reliant resistance with fourth degrees
of liberty to recompense the input impedance’s imaginary
section at the joining point. TL0, TL1, TL2, TL3, TL4,
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TABLE 1. The optimized dimension of various rectifying elements of the matching network of the rectifier.

FIGURE 13. Comparison between simulated and measured RF-to-dc
rectification efficiency of the rectifier versus load values (K-ohm) at an
input RF power of −27 dBm over different frequency bands.

TL5 and TL6, which join the matchless rectifier and the
sets of transmission line stubs, are applied for the microstrip
transmission line impedance modification so that the real part
of the input impedance can be progressively changed to the
typical impedance for example 50 �. The pair of microstrip
rectifying elements are aligned such as MLOC1 andMLSC1,
MLOC2 andMLSC2,MLOC3 andMLSC3, Radial Stub1and
Radial Stub2, Radial stub3 and Radial stub 4, and TL0 to
TL6 to form themulti-stub IMN. The total number of freedom
is 24 degrees to attain a quad-band impedance adapting cov-
ering the available bands of frequency such as GSM 900 and
1800,Wi-Fi and LTE, respectively. TL0, a microstrip element
with 50 � characteristic impedance is used for subminiature
(SMA) RF connector soldering. Moreover, MLSC1, MLSC2,
and MLSC3 are connected with the ground to deliver dc bias

in the rectifier circuit. The lengths and widths of various
rectifying elements in the multi-stub IMN are optimized
using ADS for realizing excellent quad-band impedance
adapting and a miniature rectifier active area. The optimized
values of various parameters of the rectifying elements of
IMN are presented in Table 1.

B. MEASUREMENT OF PROPOSED RECTIFIER
In order to verify the proposedmultiband rectifier, a prototype
is fabricated. The dimension of the multiband rectifier is
74 mm × 51 mm. The comparison between simulated and
measured reflection coefficient at various input RF power
density levels is shown in Figure 14(a). There is an excel-
lent agreement between simulated and measured scattering
parameters due to the benefit of the optimized IMN. It can
be seen that the proposed rectifier covers the desired five
frequency bands for various RF input power levels of inter-
est. Figure 14 (a) shows five resonance frequencies (i.e.
GSM 900 and 1800, 3G, Wi-Fi and LTE), which are shifted
slightly with the variation of RF input power density level at
−35 to −15 dBm.

Regardless of frequency shifting, the excellent impedance
matching at various bands of frequency such as GSM 900 and
1800, 3G, Wi-Fi and LTE of the multiband rectifier at
available low RF power level of −35 dBm to −15 dBm,
presents the effectiveness of the impedancematching network
which consists of microstrip multi-stub elements. Moreover,
the unknown parasitic behavior of the SMD components
in the circuit affects the shifting on the reflection coefficient.
The exact value of the chip capacitor is normally a function
of frequency. To reduce the influences, products with similar
values but different series numbers can be used to replace
the components. To estimate the dc rectification efficiency,
a signal generator is connected to the rectifier’s input section,
and a multimeter is used to estimate the generated dc voltage
over the load section. The following equation determines the
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FIGURE 14. The simulated and measured (a) scattering parameter versus various RF power density levels and (b) dc rectification efficiency versus
frequency for different RF power density levels of the multiband rectifier.

RF-to-dc rectification efficiency:

η =
V 2
dc

PRF@input .RL
(3)

where, pRF@input is the input RF power supplied by the
signal source, and Vdc is the dc output voltage over the load
impedanceRL .
The comparison between simulated and measured dc rec-

tification efficiency as a function of frequency for four RF
input power density levels is depicted in Figure 14 (b). At the
same RF power density level, it can be seen that the efficiency
at GSM 900, 3G and LTE is greater than the efficiency at
frequency GSM 1800 and Wi-Fi. This is due to higher loss
of diodes and PCB at GSM 1800 and Wi-Fi frequency bands.
It can be seen that the efficiency over the frequency bands
of interest is well maintained for different RF input power
density levels. Due to the benefit of the optimized IMN,
the measured dc rectification efficiency is in good agreement
with the simulated dc rectification efficiency without major
discrepancies. The maximum dc rectification efficiency at
GSM 900 and 1800, 3G, Wi-Fi and LTE bands were 55.5%,
52.5%, 66.52%, 52.9% and 65.5 % for−27 dBm and 44.2%,
41.2 %, 54.1%, 41.0% and 54.0% for −35 dBm, respec-
tively, representing better dc conversion efficiency at avail-
able bands of frequency at ambient low RF power density
levels. To depict the advantage of multiband operation, an RF
combiner is used to merge the single-frequency signals at
various frequencies delivered by several signal sources and
inputting the merged multi-tone signal into the proposed
rectifier. It can be observed that the phase difference among
single-frequency signals influences the dc conversion effi-
ciency as described in [62]. Moreover, the optimization of
the phase for multi-tone signals is not optimized because the

phase of different frequency signals varies randomly in the
ambient environment.

The comparison between simulated and measured RF-to-
dc rectification efficiency versus different RF power den-
sity levels for the input frequency signals is presented in
Figure 15. It can be seen that the RF-to-dc rectification effi-
ciency increased with an increased number of input sig-
nals and reached 64% as maximum. This is due to a good
impedance adaptation between the antenna and IMN section
of the rectifier and an almost perfect dc sum. If some of the
incident powers don’t have the same value, the impedance
matching, and therefore, the RF-to-dc rectification efficiency,
is not optimum. The multi-tone input signal (i.e. GSM
900 and 1800, 3G, Wi-Fi and LTE) has the maximum dc
rectification efficiency three times greater than the dc conver-
sion efficiency of each single-tone input signal of −35 dBm
RF power density level. The achieved maximum dc rectifica-
tion efficiency is due to several RF power being collectively
received from the broad bandwidth.

In Figure 15, the resultant RF input power can be observed
by multiplying several numbers of signals with RF input
power in each signal. As a matter of fact, with identical
RF input power per signal, a rising number of signals will
enhance the sum of RF input power. Moreover, the amount
of harvested RF power from the multiband antenna is greater
than the single-band antenna with all available ambient fre-
quency bands. Therefore, Figure 15 illustrates the advantage
of the multi-band performance in ambient RF power scaveng-
ing in which the dc rectification efficiency and the dc output
voltage can be enhanced.

The rectifier has achieved higher RF-to-dc rectification
efficiency compared with past relevant works in the mul-
tiple frequency spectrums (i.e. GSM 900 and1800, 3G,
Wi-Fi and LET) at very low-level RF power density
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FIGURE 15. The simulated and measured RF-to-dc conversion efficiency
VS different RF power density levels for input frequency signals.

(i.e. −30 dBm to −15 dBm), presenting the benefit of the
multiband rectifier design approach. The dc rectification effi-
ciency rises with the ambient RF power level because of the
enhancement in received RF power.

VI. MEASUREMENT OF MULTIPORT RF HARVESTER
A. PROTOTYPE IMPLEMENTATION OF MULTIPORT RF
HARVESTER
Prototype hardware is fabricated to verify the performances
of the proposed multi-frequency RF harvester. The front
and back side image of the prototype is depicted in
Figure 16 (a) and (b). To fabricate the RF harvester proto-
type, a wideband 8-port antenna, four RF power combiners
and four multi-band rectifiers without load resistor are fab-
ricated and used. The 8-port RF harvester consists of 8-port
antenna configurations assembled back to back with four RF
power combiners and four multi-band rectifiers to decrease
the multiband harvesting system’s effective area. To exe-
cute the multiport harvesting system, RF power combining
is implemented in the 8-port broadband fork shape patch
antenna by connecting four T-junction RF power combiners
and then RF-to-dc combining is accomplished by summing
the output dc voltage from the four multi-band rectifiers
which are associated to four RF joined ports. The generated
output dc voltage of each rectifier is then joined in a shunt to
raise the dc output current.

For every 8-port antenna system, four multiband rectifiers
are joined to the four T-junction RF power joint ports. Due
to sharing of the same ground plane of the four rectifiers,
the dc output voltage is connected in series that will short
circuit the diodes connection. It should be noted that amount
of dc voltage is increased because of the series connec-
tion. Finally, the output DC and voltage are increased due
to the parallel and series connection of dc outputs. When
the four multi-band rectifiers’ dc outputs are combined, the

resultant load impedance should be altered depending on
the combining criteria. Therefore, the outputs dc of the four
multi-band rectifier is connected in parallel and series respec-
tively, the resultant load impedance for themultiband ambient
rectenna system is chosen to be RL = 2.15 k� according
to [8], [63].

B. MEASUREMENT IN THE LAB ENVIRONMENT
The performance of the proposed quad-band ambient RF
energy harvesting system is measured in a controlled envi-
ronment, which is shown in Figure 17. In Figure 17(a), it is
demonstrated the measurement technique at applied lab in
MMU. The multi-tone signals are generated by using an RF
power combiner to combine the single-tone signals at differ-
ent frequencies provided by multiple signal generators. Then,
a power divider is used to split the multi-tone signal into two
equal-power multitoned signals to feed two dual-polarized
horn antennas, which are placed at both sides of the pro-
posed energy harvesting system. For each dual-polarized horn
antenna, another power divider is used to split the multi-tone
signal into two equal-power multi-tone signals to feed the
horizontal-polarized and vertical-polarized antenna ports.
The proposed energy harvesting system is placed between
the two dual-polarized horn antennas and it is in the far-field
regions of the two dual-polarized horn antennas to harvest the
multitoned dual-polarized incident waves from two opposite
directions. It should be noted that the multiple tones and two
polarizations are simultaneously excited as incident waves,
and are used to simulate the ambient RF energy simultane-
ously distributed in different frequency bands (due tomultiple
wireless communication systems including GSM 900, GSM
1800, 3G, and WiFi) and different polarizations (due to the
scattering, reflection, and diffraction of the wireless channel).
The RF power received by each antenna port is measured
by a spectrum analyzer. The multiple frequency signals are
adapted so that the power received by the multiband anten-
nas, is similar to make sure that the multiband rectifiers can
operate with better dc conversion efficiency at all available
frequency bands [14], [31], [65]. Then we connect the recti-
fiers to antenna ports and use a multi-meter to measure the
output dc voltage to find the output dc power and RF-to-dc
efficiency. The measured output dc voltage and power of the
proposed energy harvesting system for different multi-tone
input signals are compared with those of the single-tone,
as shown in Figure 17(b). We evaluate the performance of the
proposed energy harvesting system versus the power density
because it reflects both the performance of the antenna and
rectifier in the entire system. The multiple signals are pro-
duced by employing a T-junction RF combiner to merge the
single frequency signals at multiple frequencies generated by
the signal generator. The Anritsu MS2024A Master Vector
network analyzer (VNA) is used to measure the received
power by every antenna port, and the Friis formula is used
to calculate the transmitting power, and distance between the
transmitting and the receiving antenna [64]. Four rectifiers
are then connected to the two antenna ports of each side
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FIGURE 16. The prototype of the multiport RF energy harvester (a) front side (b) backside.

FIGURE 17. Measurement (a) technique and (b) performance in the proposed rectenna in the lab.

through the dc combining, and a multi-meter is employed to
determine the resultant dc output voltage. It should be noted
that the multi-frequency signals are concurrently excited as
exploit waves, and are employed to simulate the RF power
which is disseminated in various frequency spectrums such
as GSM 900 and 1800, 3G, Wi-Fi and LTE respectively. The
comparison between simulated and measured voltage (i.e.
output dc voltage) of the suggested rectenna for a variety of
frequency signals is shown in Figure 18.

The overall generated dc voltage of the harvester depends
on the dc conversion efficiency and RF input power density
level. The multi-tone RF input signal (0.950 GHz, 1.81 GHz,

2.12 GHz, 2.42 GHz and 2.90 GHz) has the maximum output
dc voltage amid all the scenarios. The multi-frequency input
signals can generate more dc output voltage than the single
frequency input signal with ambient RF power density level,
illustrating the benefit of the proposed multiport rectenna
system’s multiband operation. The multi-band operation is
able to receive additional RF power from both indoor and out-
door ambient environments where RF energy is scattered in
available frequency spectrums to deliver more dc output volt-
age.Moreover, multi-frequency input RF signals can raise the
dc rectification efficiency contrasted to the single-frequency
input signals because of additional RF power being accepted
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FIGURE 18. The comparison between simulated and measured output dc
voltage of the suggested rectenna system as a function of RF power
density level for different frequency input signals.

from the broad BW. Mainly, the measured dc output voltage
is larger than 0.400V with the input of −30 dBm power
level, and the dc rectification efficiency is larger than 66.52%
when the RF power density level is less than −20 dBm. The
proposed RF energy harvesting system has achieved 0.350V
output voltage when the associated RF power density level
is −20 dBm with 44.2% RF-to-dc rectification efficiency.
A comparative study is illustrated between the proposed
rectenna and previous related work in terms of RF input
power density level, harvested dc output voltage, RF-to-dc
rectification efficiency, as presented in Table 2. It can be seen
that the proposed new RF harvester offers maximum output

TABLE 2. The performances between new and previous relevant work.

dc voltage as well as RF-to-dc rectification efficiency with
associated very low RF power density levels in comparison
with past related researches.

Such excellent performance of the proposed rectenna
is achieved because of better antenna gain, simultane-
ous exploits of different frequency signals and circular
polarization to enhance the RF input power density levels
as presented in Table 3. A more detailed, comprehensive
analysis is depicted in Table 3 to verify the new multi-
port RF energy scavenging approach. It is demonstrated
that the proposed rectenna system can fully exploit different
frequency signals, space and polarization diversity offering
broad bandwidth for scavenging RF energy from the ambient
environment. The multiport and RF combining approaches
offer better antenna realized gains across broadband to defeat
the challenge of ambient low RF power density levels for
scavenging RF energy from all available frequency ranges
in the ambient atmosphere. The multiband rectifier circuit
also offers excellent dc-conversion efficiency at very low RF

FIGURE 19. Measurement in the ambient environment (a) average generated voltage per port (b) total generated voltage by the
complete system.
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TABLE 3. Comparative analysis of the proposed rectenna system and some prior related works.

TABLE 4. Recorded available frequency bands and power levels
(Malaysia).

power density levels. Finally, it proves the benefit of the
proposed multi-frequency multiport rectenna system.

C. PERFORMANCE IN AMBIENT ATMOSPHERES
In order to realize the available frequency bands with asso-
ciated input RF power density levels in a semi-urban envi-
ronment in Malaysia, RF spectral survey has been performed
within the campus of Multimedia University, Cyberjaya.
Table 4 demonstrated the verified frequency bands and
corresponding input RF power density levels. To verify
the proposed RF harvester’s realistic performance, it is
tested in ambient atmospheres (i.e. outdoor) as depicted in
Figures 19 (a) and (b). The measurement is taken from the
Faculty of Engineering (FOE) Garden which is situated in

front of the FOE at Multimedia University (MMU), Cyber-
jaya, and Selangor, Malaysia. The date was 12th February at
11.30 AM. The produced dc output voltage of the multi-
port RF energy harvester in the outdoor ambient environ-
ment is about 0.650V and can reach 0.797V, as presented
in Figure 19 (b). The generated average dc output voltage
per port of the proposed rectenna is about 0.125 V and
can reach 0.149 V, as depicted in Figure 19 (a). The mea-
sured dc output voltage in the outdoor ambient atmosphere
is greater than that of the indoor ambient atmosphere (i.e.
lab environment) since the outdoor ambient environment’s
RF power density is greater than that of the indoor ambient
environment.

Such dc output voltage can be utilized to support small
power and short duty-cycle electronic system such as
sensors in IoT [31], [6], [66]. Thus, the proposed RF
energy harvester is one of the practical approaches to
defeat the problem of battery refilling and renewal in IoT
devices.

VII. CONCLUSION
In this research, a frequency-dependent multiport rectenna
system is designed and implemented for RF energy harvest-
ing in the ambient atmosphere. The unique aspect of the
suggested harvester is the ability to simultaneously exploit all
available frequency bands, space coverage and spatial diver-
sity to enhance the scavenged RF energy. Moreover, the RF
combining technique is used to connect adjacent ports of the
antenna structure as well as output dc voltage of all the recti-
fiers that are allowing extraction of RF energy at a very low
input RF power density level while sustaining a wider BW for
free space and frequency band coverage. The suggested RF
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combining approach assisted polarization diversity by raising
the amount of scavenged RF energy. Especially, the antenna
part of the new harvester offers a compact 8-port broadband
fork-shaped microstrip antenna with a minimal distance per
port of 0.33λ×0.33λ (i.e. wavelength λ calculated at 0.9 GHz
in free space) and relative BW of 35% covering the available
frequency bands such as GSM 900 and 1800, 3G, Wi-Fi and
LTE respectively. The insulation between two adjacent ports
is larger than 16 dB and achieved a maximum realized gain
of around 7 dBi. Besides, the proposed multiband rectifier
with a microstrip multi-stub impedance matching network
is covered for GSM 900 and 1800, 3G, Wi-Fi, and LTE
frequency spectrums. The measured RF-to-dc rectification
efficiency is achieved at GSM 900 and 1800, 3G, Wi-Fi
and LTE frequency spectrums at very low input RF power
density levels (55.5%, 52.5%, 66.52%, 52.9% and 65.5 % for
−27 dBm and 44.2%, 41.2 %, 54.1%, 41.0% and 54.0% for
−35 dBm). Finally, the prototype is fabricated and tested in
the lab and ambient environment, illustrating that it can offer
dc output voltage up to 0.797V and dc rectification efficiency
is greater than 66.52% with associated RF power density
level is less than of −20 dBm. Therefore, the new rectenna
system is efficient for powering devices for wireless sensor
networks (WSN) and the Internet of Things (IoT) as well as
power management units that usually have various equivalent
load resistors.
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