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ABSTRACT In this paper, a long-range dual-band rectenna for harvesting ambient radio frequency (RF)
energy from GSM/900 and GSM/1800 is presented. Theoretical analysis of the proposed dual-band
impedance matching network (IMN) is conducted using a modified5–section matching network (MN). The
RF-rectifier is integrated with a dual-band inverted-F monopole antenna. The rectenna circuit complexity
is minimized by introducing a dual-band IMN, which plays a significant role in improving the harvester
RF-to-dc power conversion efficiency (PCE). Measurement results of the proposed design achieved a peak
RF-to-dc PCE of 12.93% and 8.0% for an input power of -30 dBm at 0.9 GHz, and 1.8 GHz, respectively.
The RF harvester ambiance measurement attained an output dc voltage of 0.374 V. The circuit generates
0.747 V using a low-powered bq25504-674 evaluation module (EVM). Thus, adequate energy management
of the proposed rectenna can be used to power many low-powered devices from the harvested ambient RF
energy.

INDEX TERMS RF energy harvesting (RFEH), impedance matching network (IMN), power conversion
efficiency (PCE), rectenna.

I. INTRODUCTION
Recent advances in technology have made self-sustainable
systems possible through RFEH. [1], [2]. The battery life
cycle and the cost of maintenance and replacement [3] are
the main challenges of the current low-powered devices [4].
The availability of electromagnetic (EM) energy from the
transceiver base station (BS) and the corresponding wire-
less devices makes the RFEH system an additional energy
source [5], [6]. The principle of EM energy transformation
dates back to Tesla’s experiments in the early 20th century
[7], [8]. Scholars from Japan and the USA supported this in
the subsequent decades [9], [10].

The antenna and RF-rectifier are the key components of
the RFEH system [3]. They also referred to as rectifying
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antenna (rectenna) [11], [12]. The RF ambient power density
picks by the RFEH antenna is considerably small. Hence,
designing an RF harvester with effective RF-to-dc PCE is
quite challenging [5]–[11], [13], [14]. The authors in [15]
proposed a single band rectifier with a 6-stage voltage mul-
tiplier using Villard topology at 900 MHz. A rectenna with
a 7-stage voltage multiplier match through a 5–MN at
900 MHz is presented in [16]. Three rectifiers are combined
in [17] to form a multi-port pixel rectenna at 1800 MHz.
In [18], the authors presented a dual-band rectenna oper-
ating at GSM/1800 and UMTS/2100 through a broadband
antenna and a cascaded T-section MN. The authors in [19]
also reported a dual-band rectifier at 915 MHz and Wi-
Fi/2.45 GHz operating frequency. The authors in [20] come
out with the RFEH circuit without defining the type of MN
used. The rectenna uses a dual-band antenna array operat-
ing at 1800 MHz and 2.5 GHz. A dual-band rectenna for
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harvesting GSM/900 and GSM/1800 RF energy is discussed
in [21]. The circuits use two branches of voltage multiplier
matched through a multi-section IMN. A triple-band (2 GHz,
2.5 GHz, and 3.5 GHz) differential rectenna is presented by
the authors in [22]. The RF harvester receives a minimal
amount of RF power density contributed by 2 GHz and
3.5 GHz operating frequencies. In [23], the authors describe
a quad-band (0.95 GHz, 1.83 GHz, 2.45 GHz, and 2.62 GHz)
rectifier design using a 4-stage voltage doubler suitable for
high-power RFEH. The additional parasitic reported by the
authors in [15], [16], [20], [21], and [23] lowered the circuit’s
performance besides their large electrical length. The authors
in [17] and [18] reported an RF-to-dc PCE improvement but
have a large antenna electrical size, besides a dc combining
from multiple rectifiers in [17].

This work proposed a dual-band (900MHz and 1800MHz)
compact rectenna with improved RF-to-dc PCE for ambient
RF energy harvesting. An open literature RF spectral and
the one conducted in this work show that GSM/900 and
GSM/1800 frequency bands are the two dominant spectrum
with higher RF power density [2], [4], [24]. Fig. 1 presents
an outdoor measurement of RF power density using an Aim
TTi PSA6005 6 GHz RF spectrum analyzer. These two fre-
quency have been outlined to offer highest available RF
energy that ranges from 36 nW/cm2 to 84 nW/cm2 [2], [4].
A compact dual-band inverted-Fmonopole antenna is the first
design structure. The antenna is integrated with a RF-rectifier
through dual-band IMN. The fabricated prototype is evalu-
ated with low-powered power management module (PMM)
using the bq25504-674 evaluation module (EVM). The major
contributions of this paper focus on an improved com-
pact rectenna RF-to-dc PCE with practical evaluation for
long-distance wireless application. The proposed design can
power a bq25504-674 EVM in the ambient environment. The
remaining sections of the paper are organized as follows.
Section II provides the RF-rectifier configuration and cir-
cuit layout. Section III outlines the RF harvester results and
discussions. The antenna design parameters, geometry, and
results are reported in section IV. Section V presents the per-
formance evaluation of the fabricated layout. The conclusions
are drawn in section VI.

FIGURE 1. Measured ambient RF power density at different location
(Multimedia University, Cyberjaya Campus).

II. RECTIFIER DESIGN
Fig. 2 and Fig. 3 represent the topology of the pro-
posed dual-band RF-rectifier. The RF-rectifier consists of a
dual-band IMN, a Schottky diode, a dc-pass filter, and a load
terminal (RL). The circuit is designed on a 1.6 mm thick dou-
ble layer FR-4 substrate with a dielectric constant of 5.4 and
a loss tangent (tanδ) of 0.02 connected through a 50 �
transmission line. TheMNminimizes reflection losses for the
antenna RF input power [3], [11], [25], [26]. The diode plays
an important role in turning the available ambient RF power
into a useful dc supply [11], [27]. The dc-pass filter elim-
inates the fundamental and harmonic frequencies from the
output signal. It also determines the performance of the output
impedance and stores the available output dc supply [11],
[28], [29]. RL is generally complex and frequency-dependent
[30], [31]. Rant represents the characteristics impedance of
the RF input source, with a typical input impedance of 50 �
[32], [33].

FIGURE 2. Rectifier detailed circuit configuration.

FIGURE 3. Proposed rectifier EM model layout. The optimized circuit
parameters are: L = 10.2, L8 = 4.6, L9 = 11.6, L10 = L14 = 1, L11 = 18.1,
L12 = 16.7, L13 = 2.1, L15 = 10.5, L16 = 16, L17 = 19.7, L18 = 4.1, L19 =

8.2, L20 = 2.5, W = W12 = 0.9, W8 = W10 = W14 = 1, W9 = W11 =

W18 = W20 = 0.7, W13 = W14 = Wc = 0.6, W15 = 4.6, W16 = 6, W17 =

10.7, W19 = 2.5, R = 9.8 (All units are in mm). θ = 90o, C = 1000 pF, RL =

4.5 k�.

A source-pull simulation is an important figure to calculate
the suitable value of the load terminal. This is because of
the RL significance on the overall RF-to-dc PCE [34], [35].
To determine the optimal value of RL , a source-pull simula-
tion is performed across the two operating frequencies. The
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results show a maximum output dc power at 4.5 k� load
for an input power of 0 dBm. The selection of a rectifying
diode to work at high frequency and low input power requires
having a stable power response. For an optimal and reli-
able power harvester, the diode needs to handle power with
minimum dissipation. Single-diode rectifiers at low input
power conditions are more efficient compares to full-wave
single or multi-stage rectifiers under series/shunt topology
[11], [17], [32], [36], [37]. RFEH single-diode rectifiers
often deliver fewer losses at low power levels, as relative to
full-wave and multi-stage counterparts that introduce addi-
tional parasitic at their junction terminal. The proposed rec-
tifier is designed on a single HSMS-2850 Schottky diode
(with SOT–323 circuit layout). The diode is a promising
candidate for low-power RF applications with a minimal
junction capacitance of 0.18 pF and a minimum sensitive
voltage of 150 mV at 0.1 mA [38], [39].

During the first stage of the design process, an advanced
design system (ADS) simulates the rectifier circuit with-
out MN, consisting only of a diode, a capacitor, and RL .
The dc-pass capacitor filter C is also designed to block the
higher-order harmonics for getting into RL at 1000 pF. C is
shunted with RL . Upon designing RL and C , the diode input
impedance at the two operating frequencies is computed in
ADS. The rectifier input impedance is then matched to 50 �
for proper termination with the antenna input impedance.
The IMN design process is carried out through a modified
5–section MN. Hence, the IMN branch comprises an open
and short-circuited transmission line stub connected through
an impedance transformer TL1. To achieve an IMN with
dual-band characteristics. Equation. (1) presents the complex
load impedance of the rectifier at the two operating frequen-
cies f1 and f2, assuming f2 to be greater than f1. Considering
the frequency-dependency of load impedance ZL , there are
no direct relationships between the real load RL1 and RL2 and
their reactance side XL1 and XL2. Linking of TL1 with the
modified5–section network generates dual-band impedance
for transformation at f1 and f2.

ZL =

{
ZL1 = RL1 + jXL1 at f1,
ZL2 = RL2 + jXL2 at f2.

(1)

Therefore, the TL1 free transformer converts the complex
load impedance into a pair of complex conjugate impedance’s
ZL2 at f1 and f2.

ZL2|f1 = (ZL2|f2)∗ (2)

By computing the electrical length (θ1) and character-
istic impedance (Z1) of the line, TL1 is determined by
Equation. (3)–(6).

Looking from the source impedance Zs, the general form
of the equation is given by:

Zs=
[
RL1RL2+XL1XL2+

XL1+XL2
RL2−RL2

(RL1XL2 − RL2XL1)
] 1

2

(3)

where Zs = Zo.

Z1 =
[
RL1RL2+XL1XL2+

XL1+XL2
RL2−RL1

(RL1XL2−RL2XL1)
] 1

2

(4)

Z1 = (1+ fk )−1
{
arctan

[
Z1(RL1 − RL2)

(RL1XL2 − XL1RL2)

]
+ nπ

}
,

for n = 0, 1, 3, . . . (5)

Hence, the length l1 of the transmission line is given by:

l1 = (1+ fk )−1β1

{
arctan

[
Z1(RL1 − RL2)

(RL1XL2 − XL1RL2)

]
+ nπ

}
,

for n = 0, 1, 3, . . . (6)

where β1 gives the phase constant of the line.
For simple analysis, fk is a frequency ratio defined by f2/f1,

(and in this work, fk = 2). n is carefully chosen such that
θ1 is always greater than 0. The transmission line dimen-
sions (W1, L1) and the transformed input impedance (Zin1)
are the two variables to be considered in calculating the
value of n. TL1 = TL11 = (0.4 mm, 10.1 mm). A com-
bination of TL1 and TL2 convert Zin1 to Zin through open
and short-circuited stubs, TL3 and TL3a, respectively. The
two stubs are introduced to ensure a frequency-dependent
response with four degrees of freedom. The susceptance of
the stubs are expressed by:

BTL(fi) = −YTL cot θi(fi), short-circuited stub (7)

BTL(fi) = YTL tan θi(fi), open-circuited stub (8)

where BTL and YTL denotes the susceptance and admittance
of the stub at a frequency fi.

For a transmission line (TL1), the input impedance Zin at
f1 and f2 can be expressed through Equation. (9)–(18):

Zin(f1) = Z1

[
(RL1 + jXL1)+ jZ1 tan θ1
Z1 + j(RL1 + jXL1) tan θ1

]
(9)

Zin(f2) = Z1

[
(RL2 + jXL2)+ jZ1 tan θ2
Z1 + j(RL2 + jXL2) tan θ2

]
(10)

Results of the transmissions TL1 to TL3 transform the
impedance of Zin to Zo through a series of transmission lines
(TL4 and TL5) and an open-circuited stub TL6 at f1 and f2.
The electrical length of the line θ is proportional to the oper-
ating frequency f . Therefore, θ1, θ2, and fk can be related as
θ2 = fkθ1. Upon transformation of TL1, the input impedance
Zin1 at both frequencies are conjugate to each other, which
can be further expressed as:

Zin1(f1) = Z1

[
RL1 + j(XL1 + Z1 tan θ1)

(Z1 − XL1 tan θ1)+ jRL1 tan θ1

]
(11)

Zin1(f2) = Z1

[
RL2 + j(XlL2 + Z1 tan(fkθ1))

(Z1−XL1 tan(fkθ1))+jRL1 tan(fkθ1)

]
(12)

The parameters of the transmission line are computed
through the following set of equations:

li =
π

β1 + β2
(13)
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The impedance Z1 of the transmission line (TL1) is derived
through polynomial functions as:

Z4
1 + pZ

3
1 + qZ

2
1 + rZ1 + s = 0 (14)

where

p =
2fkZoXL2
Zo − RL2

(15)

q =
ZoRL2(X2

L2 − (Zo − RL2)2)− X2
L2R

2
o(1+ f

2
k )

2

f 2k RL2(RL2 − Zo)
(16)

r =
2fkZ3

oXL2
RL2 − Zo

(17)

s =
Z3
o (R

2
L2 + X

2
L2 − ZoRL2)

Zo − RL2
(18)

Z2 is determined from Z1 in Equation. 14. SMA source con-
nectors, interconnecting transmission lines, soldering lead,
and SMD chip tolerance losses are among additional para-
sitic that are not considered during the design process. Thus,
the entire RF-rectifier is fine-tuned and optimized to mitigate
the impact of additional parasitic, as presented in Fig. 3.

III. RESULTS AND DISCUSSION
Fig. 4a presents the fabricated circuits of the proposed
RF-rectifier prototype. The RF-rectifier is terminated through
a feed line with a 50 � characteristic impedance. The mea-
surements of the proposed circuit parameters are achieved
through the use of a vector network analyzer (VNA) E5062A
from Agilent Technologies, a 12 GHz APSIN12G signal
generator fromAnaPico Switzerland, and a 4000 count digital
multimeter (DMM) from Sanwa.

The measured reflection coefficient (S11) of the proposed
rectifier is obtained using the VNA, as shown in Fig. 4b.

FIGURE 4. Proposed rectifier: (a) Fabricated prototype (b) Simulated and
measured reflection coefficient S11.

The results show a good match between the simulated and
measured with slight variation from the two data. The result is
achieved after a series of prototype fabrication to mitigate the
effects of SMAconnector loss, interconnecting, and soldering
loss.

FIGURE 5. Proposed dual-band rectifier simulated and measured
RF-to-dc PCE versus: (a) frequency (b) Pin.

Fig. 5a provides the simulated andmeasured RF-to-dc PCE
of the proposed dual-band RF-rectifier. Simulation is carried
out using a harmonic balance (HB) and a parameter sweep
solver in ADS to manage the non-linear characteristics of the
rectifying diode. The proposed dual-band RF-rectifier was
experimentally measured through a signal generator. Differ-
ent power levels (−30 dBm to 0 dBm at a span 10 dBm) were
generated from the function generator between 0.7 GHz to
2.3 GHz. The input power Pin is then swept (from −30 dBm
to 5 dBm at a span of 1 dBm) at each operating frequency
to evaluate the RF-rectifier RF-to-dc PCE against Pin. The
output dc voltage is recorded at each sample point by the
DMM across the 4.5 k� load terminal.

The measured output dc voltage (Vout ) is used to calculate
the RF-to-dc PCE of the proposed RF-rectifier, as given by:

η(%) = Pout
(

1
Pin

)
× 100% = V 2

out

(
1

RL×Pin

)
× 100% (19)

where η represents RF-to-dc PCE and Pout denotes out-
put dc power of the proposed RF-rectifier. Pin provides the
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equivalent input power from the source. Vout is the rectified
dc voltage across RL .
The initial RF-to-dc PCE measurement of the proposed

RF-rectifier against the operating frequency were degraded.
For example, the RF-rectifier realized a simulated efficiency
of 70.1% and 62.3%, while the initial measurement of the fab-
ricated prototype achieved 60.25% and 52.43%, at 0.9 GHz
and 1.8 GHz for an input power of 3 dBm, respectively. This
is associated with losses (from SMA source, interconnect-
ing wires, and transmission line, soldering lead, and SMD
device tolerance from the manufacturers) from the fabricated
prototype. Additional parasitic attributed to the lumped ele-
ments needs to be addressed over high operating frequency
because of phase shift and a distributed effects. These factors
facilitate to the primary cause of parasitic which in turn lead
to inaccurate results between simulation and measurements.
Thus, the impacts of the parasitic at high frequencies are
taken into account through components modeling from the
manufacturers.

To properly handle these issues, the capacitive reactance
(from C, with GCM1555C1H102FA16 part number and
0402 layout) of the initial circuit was extracted. Conse-
quently, the effects of interconnection between the compo-
nents (TL, and TL8 – TL11), Vias, and other related parasitic
were addressed through transmission line optimization in
ADS. After a series of optimization, the RF-rectifier was
re-fabricated. The results in Fig. (4a – 5b), shows a good
agreement between simulated and measured data. The pro-
posed circuit attained a maximum measured RF-to-dc PCE
of 68.62% and 62.31% at 0.9 GHz and 1.8 GHz for an
input power of 3 dBm, respectively. To show the potential
of the proposed rectifier for low power operation, the circuit
achieved a maximum measured RF-to-dc PCE of 12.93%
and 8.12% at 0.9 GHz, and 1.8 GHz for an input power of
−30 dBm, respectively. Fig. 5b presents the results of the
simulated andmeasured RF-to-dc PCE againstPin. Fig. 6 also
provides the proposed dual-band RF-rectifier measurement
setups for S11 and the rectified output dc voltage.

FIGURE 6. S11 and the rectified output dc voltage measurement setups of
the proposed dual-band rectifier.

To validate the optimal RF-to-dc PCE of the proposed
RF-rectifier over the designed RL , the circuit is simulated by
varying the load terminal from 0.5 k� to 20 k� at an interval
of 1 k�. During the measurement process, a series range of
RL (from 0.5 k�, 1 k�, 1.5 k�. . . 20 k�) is deployed at the

FIGURE 7. Simulated and measured RF-to-dc PCE versus load terminal
(RL) of the proposed dual-band rectenna circuits.

two operating frequencies to determine the peak value of Vout
for an input power of 0 dBm and−20 dBm. It is found that the
circuit achieved a peak measured output dc voltage of 1.6 V
and 0.9 V and a better RF-to-dc PCE of 67.0%, and 61.21% at
0.9 GHz, and 1.8 GHz for an input power of 0 dBm, respec-
tively. During the simulation andmeasurement process, it was
noted that a peak Vout of (3.2 V and 2.98 V at 0.9 GHz) and
(2.45 V and 2.23 V at 1.8 GHz) is recorded across the 20 k�
load terminal. Thus, this is achieved at the detriment of the
lower RF-to-dc PCE (22.35% and 21.6% at 0.9 GHz) and
(12.3% and 11.58% at 1.8 GHz) at the same input power,
respectively. The fabricated rectifier prototype achieved a
good performance under a range ofRL (from 2.5 k� – 8.5 k�)
with a slight adjustment, as described in Fig. 7. A trade-off is
made between the simulated and measured values of RL at
4.5 k� and 5 k�. The measured results provide an improved
RF-to-dc PCE across the 5 k� load terminal at 0.9 GHz. This
is because of the effects of parasitic and other related losses at
the higher operating frequency, as previously discussed in this
section. Hence, the final proposed re-fabricated RF-rectifier
is analyzed using a 5 k� load, as shown in Fig. (4a – 7).

IV. ANTENNA SOURCE DESIGN AND MEASUREMENT
The design of the proposed dual-band inverted-F monopole
antenna is achieved from the concept of transmission line
theory [5], [24], [40]. Initially, a 3 mm rectangular folded slot
resonating at 0.9 GHz is added to the design. The length of the
slot is computed at λ/2 (71.7 mm) of the guided wavelength.
A rectangular radiator of length (18.1 mm) is loaded into
the arm of the folded slot, which forms the inverted-F shape
to realize the second resonant frequency at 1.8 GHz. The
horizontal rectangular slot is achieved at λ/4 of the guided
wavelength. The proposed antenna is excited through a 50 �
transmission line. To improve the bandwidth of the antenna
at the two operating frequencies, a 9.8 mm slit is cut from
the defected ground structure. The trimmed ground plane is
also realized to offer better radiation efficiency and directivity
across the two operating frequencies. The antenna is also
designed and printed on the same inexpensive, commercially
available, and easy to fabricate FR-4 substrate. The size of

99948 VOLUME 9, 2021



S. Muhammad et al.: Dual-Band Ambient Energy Harvesting Rectenna Design for Wireless Power Communications

FIGURE 8. Geometry of the proposed dual-band monopole antenna.

FIGURE 9. Simulated and measured S11 of the dual-band antenna against
frequency.

the proposed antenna is 0.30λg × 0.30λg. Fig. 8 presents the
geometry and the optimized parameters of the antenna.

Fig. 9 presents the results of the measured and simu-
lated S11. The 10-dB return loss from the simulated and
measured results shows that the proposed antenna covers
the target operating frequency. Variable material properties
possessed by the FR-4 substrate from the manufacturers,
SMA source connector, and soldering losses are among the
causes of the slight shift between the measured and simu-
lated results. The antenna provides a measured bandwidth
of 150MHz (0.81 GHz – 0.96 GHZ) and 200MHz (1.68 GHz
– 1.88 GHz), at 0.875 GHz and 1.8 GHz, respectively. The
dual-band antenna also realized a measured gain of 0.62 dBi
and 2.36 dBi at 0.875 GHz and 1.8 GHz. The measured and
simulated radiation pattern at the respective operating fre-
quency towards xz-plane and yz-plane within the boundaries
of (ϕ = 0o | 0o < θ < 1800) and (ϕ = 90o | 0o < θ < 1800)
is presented in Fig. 10.

V. OUTDOOR MEASUREMENT OF THE
PROPOSED RECTENNA
The ambiance measurement of the proposed dual-band
rectenna is conducted at Multimedia University, Cyberjaya

FIGURE 10. Simulated and measured radiation pattern of the proposed
dual-band monopole antenna for Phi = 0o and Phi = 90o: (a) and (b) at
0.9 GHz, (c) and (d) at 1.8 GHz respectively.

Campus. The site is located at 190 m away from the close-by
cell-tower base station (BS), and all the required equipment
are placed on top of a 0.5 m high rectangular table. The
available RF power density in the terrain is analyzed through
the spectrum analyzer. Table. 1 shows the measured available
ambient power density across the two frequency bands. The
signal strength from the downlink channels across the two
bands is found to be the dominant one among the avail-
able ambient RF energy sources, as presented in Fig. 1, and
Table. 1. The measurement around each BS is conducted at
an interval of 10 m for a span of 190 m. The measurement is
repeated at four (4) different locations of the BS (90o apart).
The sample point from each interval is collated, and the aver-
age result is taken across each span. Hence, the results show
the potential of ambient RF power for long-distance operation
at GSM/900 and GSM/1800, and the proposed design focuses
primarily on the two bands. The rectenna outdoor measure-
ment achieved an output dc voltage of 0.374 V.

TABLE 1. Received ambient power from various public
telecommunication bands.
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TABLE 2. A comparison between the proposed dual-band rectenna and other related studies from the literature.

The multi-tone signals from the antenna source have
unstable power levels because of varying ambient signals
over a range of frequencies. Furthermore, the RF-rectifier
impedance is characterized as a time-varying signal that
needs power buffering from the PMM for maintain-
ing a steady operation of the circuit [3], [41], [42].
As such, the proposed rectenna is further evaluated using
a bq25504-674 EVM. The device uses a maximum power
point tracking (MPPT) programmable module for a max-
imum power flow. Under a minimum quiescent current
of 330 nA, the low-powered module can pick up 130 mV
and 330 mV input voltage for a cold-start and a hot-start,
respectively. Themodule requires a minimum cold-start input
power of -30 dBm for a charging operation, and the inte-
grated dc-dc boost converter can attain a practical output
voltage of 3.1 V. The embedded battery management module
manages the duty cycle of the output power [43], [44]. The
proposed rectenna outdoor measurement setups are presented
in Fig. 11. The RF harvester realized an ambiance output dc
voltage of 0.747 V.

Table. 2 analyzes the relationship between the proposed
rectenna and other related studies from the literature. Despite
achieving compactness in [5], the circuit realized a low
RF-to-dc PCE at high input power. The proposed rectenna
shows better compactness with improved RF-to-dc PCE at
low input power compares to the work reported by the authors
in [15]– [18]. The authors in [17] does not provide the
performance of the rectenna in the ambiance environment.
Besides, our proposed RF harvester achieved an improved
RF-dc-PCE of 13.2% and 8.0% for an input power of
-30 dBm across two operating frequencies, respectively.
In [20] and [22], the rectenna reported by the authors tends
to have larger electrical length. Additionally, the authors in
[22], [23] reported an RF harvester suitable for high-power
applications. One of the unique features of the proposed
dual-band rectenna in this work is the reduced circuit com-
plexity, which lowers down the effects of parasitic. The
additional circuitry in [17], [18], and [20]–[23], degrades

FIGURE 11. Ambiance measurement setups of the proposed dual-band
rectenna.

the overall system performance. The advantages of the
proposed design in this paper compare to the other work
reported in the literature comprises compactness, cheap and
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easy-to-fabricate rectenna that can harvest RF signals over a
long-range. The proposed dual-band RF-rectifier IMN design
is derived from the closed-form equations. The IMN is real-
ized using a modified 5-section having an extra degree of
freedom. Also, the proposed rectenna shows better efficiency
that drives a low power bq25504-674 EVM in an ambient
environment.

VI. CONCLUSION
This paper demonstrates the design of a dual-band rectenna
for harvesting RF ambient energy from the GSM/900 and
GSM/1800 band. An RF-spectral survey is conducted to
assess suitable operating frequencies for RFEH systems.
A unique rectenna with a dual-band inverted-F antenna and
an equation driven dual-band IMN RF-rectifier has been
proposed. The unique dual-band IMN of the RF-rectifier is
achieved by using a modified 5-section MN with an extra
degree of freedom for better impedance across the design
frequencies. The rectenna outdoor performance generates
0.747 V output dc voltage using bq25504-674 EVM and
0.374 V without the low-powered module. The proposed
rectenna achieved a peak RF-to-dc PCE of 12.93% at 0.9 GHz
for an input power of -30 dBm. Therefore, the harvested
ambient RF signals can activate several low-powered devices
through appropriate energy management of the proposed
rectenna.
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