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ABSTRACT: RF rectifier circuits are critical to powering IOT sensors through energy harvesting process, allowing devices to operate
without conventional batteries. This paper presents an efficient and dual-band RF rectifier circuit working at 0.915 GHz and 2.45 GHz
frequencies which could be used in IOT power sensor devices. The design of a dual-band matching circuit, which is a key element of
the RF rectifier, is discussed, and closed-form expressions are derived to extract the most significant parameters. In order to simplify
the matching circuit, only three microstrip line sections are required in this design. The first line makes the structure independent of
frequency, and the second and third lines are used to transfer the desired impedance to 50 Ohm of the source. For validation, a dual-band
RF rectifier circuit using SMS7621-079LF Schottky diode is fabricated. The measured results show that the fabricated rectifier can
achieve power conversion efficiency (PCE) around 65.7% and 62.4% (with a load resistance of 2500 Ohm and 5 dBm input power) at
0.915 GHz and 2.45 GHz, respectively. The dual-band and high-efficiency features of the proposed rectifier make it suitable for energy

harvesting (EH) systems to power IOT sensor devices.

1. INTRODUCTION

owdays, internet of things (IOT) is becoming a more pop-
Nular concept, due to its use to connect various devices and
facilitate the everyday life. Sensors are an essential part of IOT.
These sensors are used for a variety of applications, including
smart cities, industrial automation, health care, and more. They
are used to transmit and receive data and to monitor various
systems. However, it is challenging to use these devices con-
tinuously, particularly in large-scale and remote areas, because
of power deployment issue. Over the last few decades, the de-
mand for energy harvesting technology has grown due to the
rapid development of wireless devices and the growing use of
wireless applications, such as wireless sensors and IOT. Sen-
sors equipped by energy harvesting ensure reliable data collec-
tion by continuously monitoring environment conditions or in-
frastructure health without interruption [1-4]. Indeed, there is a
clear potential to reduce pollution and feed sensors devices that
do not have easy access to wired power through this method.
RF energy harvester (RFEH) systems need antennas to capture
the RF power from different sources, but in order to convert
electromagnetic waves into usable DC voltage a rectifier circuit
is required between the antenna and the load [5—10]. Using a
wideband or multiband structure, more RF energy from the sur-
rounding environment can be harvested than common single-
band rectifiers. However, designing a wideband or multiband
matching circuit can be challenging due to the changing input
impedance of rectifier circuits with frequency, power level, and
load resistance [11, 12]. However, more power conversion ef-
ficiency (PCE) can be attained by utilising the dual-band fea-
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ture at desired frequencies as well [13—16]. In order to achieve
dual-band rectifier circuit, a dual-band matching circuit has to
be designed. A dual-band rectifier can be designed using two
microstrip lines. However, this method is suitable for real load
or impedance with low image part that is compensated by other
circuit parts [17]. Dual-band performance is achieved by using
multiple pairs of T-shaped stubs in [18]. However, it compli-
cates the structure. Also, the combination of short and open cir-
cuit stub structures has been utilized to obtain dual-band perfor-
mance in [19]. Dual-band matching circuit can also be designed
using lumped elements [5, 20], but as frequencies increase, the
efficiency of power conversion will degrade due to the lossy
characteristics of capacitors and inductors. A dual-band recti-
fier circuit with operating frequencies of 1.4 GHz and 2.45 GHz
has been constructed using a combination of lumped elements
and modified T-section matching circuit in [21]. A dual-band
microstrip rectifier with an extended dynamic range operating
at 0.915 GHz and 2.45 GHz was reported in [22]. A dual-band
rectifier circuit working at 2.4 GHz and 3.5 GHz was designed
in [23], by combining L-type and Pi networks to make a dual-
band matching, which increases the implementation complex-
ity. However, these works require a complex design because
of the number of microstrip and stub lines or the combination
of lumped and distributed elements. In this work, a simple
dual-band microwave matching circuit is utilized to develop a
dual-band rectifier circuit. In order to achieve rectifying per-
formance, only three cascaded microstrip lines are combined
with a voltage doubler circuit. This results in a simple method
of implementing a dual-band rectifier with high efficiency fea-
ture.
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FIGURE 1. Schematic of proposed dual-band rectifier Wrr1 = 7.9mm, Wrre = 1mm, Wrrs = 0.65mm Lrr1 = Lrre = 15mm, Lrrs =

30.8 mm.

FIGURE 2. Fabricated proposed dual-band rectifier.

2. DESIGN AND ANALYSIS OF DUAL-BAND RECTI-
FIER

2.1. Schematic

Figure 1 shows the block diagram of the proposed dual-band
rectifier circuit. It consists of a three-section microstrip line
matching network (TL1-TL2-TL3), a DC block capacitor (C1),
a DC pass filter (C2) to eliminate the harmonics and fundamen-
tal frequencies, two microwave Schottky diodes SMS7621-
079LF (D1, D2), and a DC load (Rload). The voltage doubling
configuration has been implemented with two diodes to achieve
more output DC voltage. The frequencies selected for the de-
sign are 0.915 GHz and 2.45 GHz, which fall within the ISM
(industrial, scientific and medical) band. The most critical pa-
rameter of the rectifier circuit is the input impedance of the dou-
bler voltage, and its value depends on the RF input power, op-
erating frequency, and terminating load (Rload). To determine
the optimum load resistance and input power for both frequen-
cies, a multi-frequency source pull simulation using Keysight
Advanced Design System (ADS) software is performed ini-
tially. Then, the Harmonic Balance simulation should be used
to determine Z, at both frequencies. The final step in the pro-
cess is to implement a dual-band matching circuit capable of
converting Z, to Z;, simultaneously at f; and f,. It is formed
on a Rogers 4003 substrate (tan§ = 0.0027, substrate thick-
ness: H = 0.813mm). The layout of the fabricated circuit is
shown in Figure 2.

2.2. Matching Network

Since Schottky diodes are nonlinear devices, their impedance
varies with frequency and input power. Therefore, the input
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impedance of a doubler voltage circuit is different at frequen-
cies fi and f,. The dual-band three-section matching circuit,
as shown in Figure 1, consists of a two-section transformer
(Section 1 and Section 2 with lengths /1 and [2) and an ad-
ditional Section 3 (with length [3). In source pull simulation,
Zpn = Rpn+j X and Zj5 = Rjo+j X2 are considered as input
impedances of this circuit at f; and f,, respectively (f1 > f2).
TL3 is utilized to transform two unequal values and will elimi-
nate the frequency-dependent character of the load impedance.
For this, the input impedance at the input of TL3 at both fre-
quencies should satisfy the following requirements:

Zin3(f1) = Z:nB(f2)
Zin3(f1, f2) = Z3us, (f1, f2)
Zina(f1, f2) = Z3u1, (1, f2)

In the first step, TL3 should be designed to match Z;, and
le to Z¢n31

(1

Rpy + j X + jZstan(fByl3)
Zs + j( X1 + Ryp) tan(B1l3)

Zins(f2) = Zs Riz + jXio + jZ5 tan(Bal3)
" Zs + j(i X2 + Rio) tan(Bal3)

Zins(f1) = Z3 2

A3)

Zs3 and l3 are the impedance and length of TL3 that should be
determined. 3; and (5 are the propagation constants at the two
frequencies. Based on (1), (2) and (3) should be equal. By
separating the real and imaginary parts, the following equations
are obtained:

Z3(1 — tan(ﬁllg) tan(ﬂzlg))(Rll — Rlz)

+(Ri2 X1 — Rin Xpo)(tan(B113) +tan(B2l3)) =0 (4)
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FIGURE 3. Parametric studies; (a) simulated PCE as a function of Rload at both 0.915 GHz and 2.45 GHz frequencies, and (b) measured PCE as a

function of input power level.

(Z§ — R Rys — X“Xlg)(tan(b’llg) + tan(ﬂglg))
+Z3(1 — tal’l(ﬂllg) tal’l(ﬂglg))(Xll -+ XIQ) =0 (5)
Z3 and l3 can be calculated from these two equations. However,

due to the imaginary parts present at the input impedance of the
rectifier structure, let us assume that:

(1 —tan(f3113) tan(Bal3)) # 0 (6)

This condition avoids solutions with only real impedance at
load. The equations can be solved easily based on this assump-
tion (as mentioned, those parameters are important because
they allow the structure to be independent of frequencies):

Xn+X
Z3= \/Rlezz + X1 X2+ (Xi2Riy *XllRm)u (7
Rio—Rpy
. nm 4 arctan (7);;‘,(% I,_XIZLZR)IJ .
° (m+ 1)1

where m = f—; and n could be chosen arbitrary, but fabricating
issues should be considered.

In the second step of the design, the two cascaded microstrip
lines convert Z;,, = 50 €2 to Z;,,3. The impedances at the inputs
of TL2 and TL1 can be expressed:

Zins + jZz tan(fals)

Zin 3
2 ? Zy + jZins tan(Bala)

)

Zin2 + jZ1 tan(f1ly)

Z.
ol Z1 + jZina tan(B1ly)

= Zin:ZI

(10)

If Zin3 = Rins+75Xins, Zin, = 502 and by combining (9) and
(10), a new equation can be obtained. The real (and imaginary)
parts of both sides of the equation can be equalized:

—(Rin3Z; — ZoZ3) tan(B11;) tan(Bals)
+Xin3Zo(Z tan(Bals) + Zs tan(B1l4))
+Z1Z5Rin3 — Z1227y5 =0

~Z7 Zy tan(Bily) — Z3 Zy tan(Bals)
~Z1Z5Zin3 + RinzZo(Z1 tan(Balz) + Zz tan(B111))
+Xinz tan(B1l1) tan(Balz) = 0 (12)

(11)
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It should be considered that each equation is for two fre-
quencies. In this way, the length and characteristic impedance
of TL1 and TL2 are determined to convert the independent
impedance at the input of TL3 to source impedance of 50 ().
In order to calculate the characteristic impedances of TL1 and
TL2, a fourth term equation needs to be solved by numerical or
optimization methods, but the length of these lines is calculated

as follows:
T

T Bi+ B

Finally, using MATLAB software Z;, Z» are obtained easily by
derived equation [24]. This analytical approach combined with
tuning using ADS software achieves the dual-band matching
circuit illustrated in Figure 2.

lh=1l (13)

3. RESULTS AND DISCUSSION

A dual-band matching circuit has been designed to deliver the
maximum power from antenna to the output load at two differ-
ent frequencies. Microstrip lines with optimal physical dimen-
sions are shown in Figure 1. However, meandering has been
done on TL3 to compact the whole structure. PCE as the most
important parameter of rectifier circuits is defined as follows:

Ppc V2

_ out
Pi RloadPin

y = x 100% (14)

where V,,; is the DC output voltage, P;, the input power
level, and Rj,.q the load resistance. The PCE versus load re-
sistance plotted in Figure 3(a) shows that 2.5k is the opti-
mal load resistance for the best performance of the rectifier.
Also, Figure 3(b) illustrates the PCE as a function of frequency
at different input power levels. The results demonstrate that
54.7% and 51.3% PCE can be generated at 0.915 GHz and
2.45 GHz, respectively at the input power of 0 dBm. By in-
creasing the input power to 5dBm, PCE will go up to 65.7%
and 62.4% at 0.915 GHz and 2.45 GHz, respectively. The recti-
fier’s impedance matching performance is depicted in Figure 4.
As can be observed, over a broad input power range, excellent
matching was attained. These parameters can be measured by
applying power to the input of the circuit by RF signal source
and measuring the output voltage across the load by multimeter.
This test setup and simulated and measured results for PCE and
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FIGURE 5. Experimental procedure; (a) measurement test setup, and (b) simulated and measured results of PCE alongside Vout versus input power
at 0.915 GHz and Rjoaqd = 2.5 k<2, (c) simulated and measured results of PCE alongside Vout versus input power at 2.45 GHz and Rjoqq = 2.5 k(2.

output voltage as a function of the input power level at both fre-
quencies are illustrated in Figure 5. It has been measured that
PCE can reach 65.7% and 62.4% at 0.915 GHz and 2.45 GHz
with 5dBm input power, respectively. Following this point,
the efficiency of the diode begins to decline dramatically as a
result of its behaviour when being subjected to high power lev-
els. The measured output voltage at both frequencies is over
1.2V after reaching 0 dBm input power, and at maximum effi-
ciency, itis around 2.3 Vand 2.2 V at 0.915 GHz and 2.45 GHz,
respectively. Figure 6 shows the simulated and measured re-
flection coefficients and PCEs at 5 dBm input power for both
frequencies. It is shown that this amount is better than —14 dB,
and it confirms that reasonable matching performance has been
realized at both frequencies. It is better to take into consider
that diode nonlinearity specification and intermodulation prod-
ucts are two inevitable phenomena that may decrease efficiency
and are not eliminated by a DC output filter. Moreover, a small
difference is observed between simulated and measured results,
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due to the Schottky diode model inaccuracy and fabrication tol-
erance. Table 1 compares the performances of the proposed
design and those of existing dual-band rectifiers from the liter-
atures. In comparison with other works, using a simple three-
section stepped microstrip line impedance transformer, a dual-
band rectifier with reasonable performance is achieved. Com-
pared to other studies, the number of transmission lines used
in this study is less, which is an important factor in reducing
microstrip line parameters sensitivity. The parameters toler-
ances are easily compensated, and open and short stubs are not
used, since they introduce a greater level of sensitivity [18, 23].
It is common to use the lumped elements to design the dual-
band rectifiers in some literatures [5, 21], but quality factor has
a significant influence on the circuit performance, and it may
vary depending on the topology. However, the suggested cir-
cuit eliminates the need for these types of components. As a re-
sult, a simpler method to implement a dual-band rectifier with
high efficiency feature has been proposed.
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FIGURE 6. Measured and simulated results of proposed rectifier at P;,, = 5dBm and Rjoaa = 2.5k€2. (a) PCE. (b) Return loss.

TABLE 1. Comparison between the proposed rectifier and references.

Ref. Diode Type Frequency Peak Efficiency Input Power No. of TL
(GHz) (%) (cdBm)

[5] CMOS 0.93/2.63 25.2/22.5 -1 LC

[13] HSMS-2862 0.915/2.45 77.2/73.5 14.6 5

[14] HSMS-2860 3.5/5.8 65/48.8 9.5/5

[18] HSMS-285C 1.8/2.45 70/68 9 7

[21] SMS7630 1.4/2.45 65/57 0 LC

[23] SMS7621-079LF 2.32/3.48 64.5/64.2 5 8
This Work | SMS7621-079LF 0.915/2.45 65.7/62.4 5

4. CONCLUSION

In this paper, a novel dual-band impedance transformer using
stepped microstrip line technique for the design of a high effi-
ciency and dual-band rectifier with a doubler voltage configura-
tion is presented. The initial parameters have been analyzed and
estimated using closed-form expressions. Based on the para-
metric studies and analytical solution, a prototype has been fab-
ricated, and experimental results have been reported to validate
the proposed concept. According to the results, the proposed
structure covers both frequencies of 0.915 GHz and 2.45 GHz
with PCEs (at 5 dBm input power) of 65.7% and 62.4%, respec-
tively. However, PCE is still more than 50% with 0 dBm input
power. Also, the obtained impedance matching results are rea-
sonable and less than —14 dBm at both frequencies. As a result
of the circuit performance, it can be a good candidate to inte-
grate with an antenna to receive power and used as an energy
harvester.
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