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Abstract—In recent years, a rapid development of low-power
sensor networks, enabling machine-to-machine communication
in applications such as environmental monitoring, has been
observed. Contemporary sensors are normally supplied by an
external power source, typically in a form of a battery, which
limits their lifespan and increases the maintenance costs. This
problem can be addressed by harvesting and converting ambient
RF energy into DC power. In the paper, a novel dual-band
rectifier circuit with high efficiency and enhanced bandwidth for
RF energy harvesting applications is proposed along with its
design procedure. The rectifier consists of two branches fed
through a junction and two voltage doublers with a common DC
output. The proposed structure is designed to work in 0.6 GHz
to 1 GHz and 1.75 GHz to 2.45 GHz ranges with an average RF-
to-DC conversion efficiency of at least 50 percent. Compact
dimensions of 19 mm x 17 mm (a footprint of only 345 mm?)
have been obtained through appropriate folding of the
impedance transformers. As demonstrated, the proposed design
outperforms state-of-the-art rectifiers in terms of the
operational bandwidth, efficiency, and the range of acceptable
load impedances.

Keywords—Ambient energy harvesting; rectifier circuit; voltage
doubler; efficient microwave-to-DC conversion; compact rectifier

L

Increased market demand for sensor networks for Internet
of Things, or machine-to-machine communications, stimulates
the research on highly-integrated sensors that can operate in
various environments [1]. In this context, development of
efficient circuits for ambient RF energy harvesting, where
power from electromagnetic sources can be converted into
direct current (DC), gained significant attention [1]-[6]. The
harvesting structure is composed of an antenna which receives
the ambient energy, and a rectifier circuit [7]. A typical
rectifier consists of an RF-to-DC converter, an impedance
transformer between the circuit and the antenna, and a DC
filter for smoothing the output voltage. Converters are
normally implemented using low-biased diodes, such as
Schottky ones [2]. Schottky diodes exhibit low threshold
voltage and relatively low junction capacitance, both
necessary for obtaining high efficiency at low input power
levels, and for increasing the operating frequency [2]. The DC
filters are implemented using either lumped and distributed
components. The latter, however, significantly contribute to
the rectifier size [2], [6], [8].
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Conventional rectifiers implemented in planar or CMOS
technology are normally characterized by narrow operational
bandwidth and high conversion efficiency of up to 80% [9],
[10]. On the other hand, variability and low levels of ambient
energy result in limited applicability of such circuits [6]. To
mitigate this problem, a rectifier can be supplied by an antenna
array [4], [11]. However, large sizes of array structures become
problematic for space limited applications. Alternatively,
reconfigurable DC-converters with a few diodes adjusted for
various input power levels can be used [6]. In any case, single-
frequency harvesters may be incapable of providing sufficient
energy for reliable sensor operation.

To take advantage of availability of RF energy in a broad
spectrum, modern rectifiers are often characterized by multi-
band [6], [11] or wideband operation [1], [2]. The greatest
challenge related to design of such structures is to match the
impedance of a DC-converter to the RF input within the
frequency range of interest. This is normally achieved using
multi-stage distributed-component networks, which increases
the size and complexity of the rectifier [4], [12]. Another
problem is that multi-band rectifiers can cover the range of up
to 100 MHz, which is narrow compared to the spectrum
covered by, e.g., cellular, or WiFi transmitters [13]. On the
other hand, bandwidth-enhanced circuits are often
characterized by poor in-band reflection and/or relatively low
efficiency [1], [2].

The above considerations indicate that reliable rectifier
circuits for RF energy harvesting should provide high
conversion efficiency within a range of frequencies covered by
the systems with multiple broadcasting stations (preferably
cellular, TV, and, in urban areas, WiFi). Also, the structure
should be compact and—to increase the RF power level at the
input of DC-converter—feature a decent in-band matching.
Here, these characteristics are achieved by a proposed novel
dual-band rectifier with enhanced bandwidth. The structure
consists of two voltage doublers with a common DC output.
Each converter is fed through a separate broadband impedance
transformer connected to a T-junction with 50 Q input
impedance. Compact rectifier dimensions of 19 mm x 17 mm
have been obtained through appropriate folding of its matching
circuits. The structure is designed to work in 0.6 GHz to 1 GHz
and 1.75 GHz to 2.45 GHz bands, which covers the operational
ranges of the systems mentioned above. Depending on the input
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power level and load resistance, an average in-band conversion
efficiency of the proposed structure is up to 63 percent, with the
maximum in-band reflection being below —10 dB. The proposed
structure outperforms other state-of-the-art rectifiers in terms of
efficiency, operational bandwidth, and the range of acceptable
load impedances.

II. DUAL-BAND RECTIFIER WITH ENHANCED BANDWIDTH

In this section, we explain the design process of the proposed
dual-band rectifier. In particular, we describe the utilized
converter configuration, design of single-band circuits, as well as
the assembly and adjustment of the structure parameters. The
computational models are implemented using a Keysight ADS
harmonic balance simulator (circuit model) [15]. Rectifier
miniaturization and its electromagnetic (EM) tuning are
considered in Section III. Simulation results and comparisons
with benchmark rectifiers are discussed in Section IV.

A. Problem Formulation and Design Specifications

The design problem if formulated as the following
minimization task:

x =argminU(R(x)) (1)
where, R is the response of the structure under optimization
(equivalent-circuit or EM model, depending on the design
stage), U is the scalar objective function, whereas x represents
the vector of adjustable parameters; x " is the optimal design to
be found. The following set of design specifications has been
assumed:

- Frequency bands: from 0.6 GHz to 1 GHz and from

1.75 GHz to 2.45 GHz;
- Maximum in-band reflection: —10 dB;
- Minimum average in-band efficiency 50%.

The rectifier efficiency is defined as # = Ppc/Prp, Where
Pnc = Vi*/Ry and Py is the RE power at the rectifier input
[14], whereas the output voltage and the load impedance are
denoted by V1 and Ry, respectively. The design process is
performed for Ry = 5 kQ and Prr = -5 dBm. It is assumed that
the structure should feature compact dimensions and be
implemented in the microstrip technology. The substrate is a
0.762 mm thick Taconic RF-35 (g, = 3.5, tand = 0.0018).

B. Voltage Doubler

The rectifying circuit is a crucial component of an energy
harvester that performs RF-to-DC conversion. Here, a voltage
doubler configuration shown in Fig. 1 is used. The converter
consists of two diodes connected in series and a shunt
configuration interconnected with two capacitors. The latter
provide energy storage and filter out low frequencies [2]. The
circuit works as follows. For the positive wave cycle, the energy
is stored in a shunt capacitor and rectified in a series diode. For
the negative cycle, a shunt diode and a series capacitor are used
for conversion and storage. It should be noted that the energy
stored in the series capacitor can be transferred to the shunt one.
This results in approximately two-fold increase of the output
voltage compared to a circuit with a single diode configuration
(hence, a voltage doubler) [2].
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Selection of appropriate components is of key importance
for obtaining high-performance of the converter circuit. In this
work, we use a Skyworks SMS7630 Schottky diode which
provides low forward bias (from 60 mV to 120 mV at 1 mA)
for low input power signals. We also use 100 nF Murata chip
capacitors which provide effective short circuits in the
frequency bands of interest [1], [2].

C. Single-Band Rectifiers with Enhanced Bandwidth

The input impedance of the voltage doubler of Section 11.C
is characterized by a large imaginary component which has to
be compensated. It has been achieved, at the center frequency
of the selected band, using a series lumped inductor. The low-
imaginary-part complex impedance can be then matched to 50
Q using a non-uniform-transmission-line-based microstrip
transformer (here, tapered lines are used).

The design procedure for a single-band matching circuit
consists of three steps: (i) compensate imaginary part of the
voltage doubler input impedance using a series inductor, (ii)
synthesize the matching transformer topology, and (iii)
approximate the obtained electrical parameters using non-
uniform transmission lines and optimize the transformer
structure. Here, the impedance transformer is synthesized
based on the Klopfenstein taper formulas [16]. It should be
noted that utilization of non-uniform transformers is
preferable, due to their usefulness for obtaining wideband
impedance matching for resistive loads. Moreover, they are
suitable for obtaining broadband matching for complex loads
characterized by relatively low imaginary parts [1].
Conceptual illustration of the matching circuit used here has
been shown in Fig. 2.

The above design procedure has been applied to design of
the matching circuits for both single-band structures. The
input impedance of the rectifier at ({’1 0.8 GHz (center
frequency for the lower-band) is Z1 O =145 - 7328 Q. The
imaginary part has been compensated (Step I) using a 51 nH
series inductor manufactured by Murata (see Fig. 2). The
resulting impedance of Z,,"") = 147 — j14 Q has been then
matched using a four section transformer (Step II). The
electrical parameters of the synthesized circuit Z; = 58.3 Q, Z,
=762 Q,7Z;=98 Q, Z, = 121.7 Q, and 0 = 33.9° have been
used to determine dimensions of the non-uniform transformer
and the structure has been optimized to minimize its in-band
reflection (Step III). The structure parameter vector is x = [w;
wy wy wy Iy I I3 1] mm, whereas wy = 1.7 mm. The optimized
dimensions are x, =[0.2 0.56 0.2 0.2 24.5 4.05 25.93 27.58]".
Reflection characteristics at each stage of the impedance
transformer design are shown in Fig. 3(a).

The center frequency for the higher-band rectifier is f; = 2.1
GHz. The corresponding input impedance is Zina " =30 — 7120.
The reactance has been compensated using a 7.5 nH inductor.
The impedance is ZnV = 38 — j25.6 Q. The synthesized
impedance transformer consists of four sections. Its electrical
parameters Z; =48.6 Q, Z, =454 Q, Z; =419 Q, 7, =393 Q,
and 6 = 47.2° have been utilized to obtain the starting point for
reflection optimization of the non-uniform-lines-based
transformer. The vector of optimized parameters is x,” = [1.59
3.44 393 1.73 15.46 13.5 1432 25.66]" mm (cf. Fig. 2).
Reflection characteristics of the upper-band matching circuit at
each stage of the design process are given in Fig. 3(b).
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Fig. 1. Schematic diagram of used voltage doubler circuit.
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Fig. 2. Rectifier matching circuit composed of non-uniform transmission lines
and the series inductor: conceptual illustration.

D. Design of Dual-Band Rectifier

The proposed rectifier circuit consists of two (lower- and
upper-band) branches with a common RF input and DC output.
Upon assembly, the design parameters of the distributed
component-based networks in both branches have been tuned to
improve the in-band matching. The dimensions of the optimized
impedance transformers of the dual-band rectifier are X, = [0.2
2.23 0.59 0.2 10.1 9.68 7.36 55.5]" and x,,” = [1.14 3.13 3.26
0.21 2.54 1.1 1.02 0.52]" for lower- and upper-band branch,
respectively. The reflection characteristics of the structure before
and after tuning are compared in Fig. 4(a). The response of the
tuned design slightly violates the requirement concerning —10 dB
in-band impedance. However, this will be improved in the
course of structure miniaturization (cf. Section III).

It is worth mentioning that the matching circuits of both
branches exhibit band-pass characteristics (see Fig. 3).
Therefore, from the RF perspective, the structure is a diplexer
that increases isolation between the branches at the converter
inputs. As a result, high rectifier efficiency along with low in-
band reflection can be obtained for both bands. This is
important to ensure a possibly high power level at the DC
output of the structure.

III. RECTIFIER MINIATURIZATION AND EM-BASED TUNING

The rectifier is of Section II.D is characterized by large
dimensions of 60 mm x 20 mm (footprint: 1200 mm?). To make
the design more compact, both its impedance transformers have
been folded as shown in Fig. 5. The vector of miniaturized
structure parameters isx = [W11 Wi W13 115 112 116 llg W W1 Wop
Waz b3 by lzl]T, whereas dimensions wy = 1.7, [;; =2, [j,y =1 are
fixed. Relative variables are 113 = 2119 + 112, 114 = 2[19 + O.5W12,
lllO = 1/3'1187 l]]] = abS(O.SWZ] + 121 + Wo + 111 + 2.5W11 + 112 —
6W13 — 392), and 1112 = abs(hg — abs(115 + 116 + O.5W11 + O.5W13 -
Ly — Ly — 0.5wy) + 0.5wy3). The unit for all parameters is mm.
Line widths of the rectifier DC part are set to 1 mm.

The distributed component network of the miniaturized
rectifier is implemented in Momentum EM simulator (mesh
density: 50 cells per wavelength). Its S-parameter-based model
is interconnected in a circuit simulator with diodes and lumped
elements. The resulting co-simulation model was used for
accurate performance evaluation. The initial design of the
structure, obtained based on dimensions of the rectifier of
Section II.D, is x = [0.2 2.23 0.2 9.67 1.33 7.36 14.21 1.7 1.23
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3.21 0.21 0.52 3.92 2.29]". The structure was optimized for
improved matching and efficiency within the frequency bands
of interest (cf. Section IL.4). The final design is x = [0.2 2.48
0.21 9.71 1.96 7.71 13.2 2.44 2.33 3.5 0.21 0.39 2.73 1.74]". A
comparison of rectifier reflection characteristics at the initial
and optimized designs is shown in Fig. 4(b). Dimensions of the
optimized structure are 19 mm x 17.1 mm and its footprint is
only 325 mm?’, 73% smaller compared to conventional rectifier.
The structure frequency range of operation—for the —10 dB in-
band reflection—is from 0.56 GHz to 1.06 GHz and from 1.75
to 2.55 GHz.

IV. RESULTS AND COMPARISONS

The efficiency figures of the proposed rectifier for various
input power levels are shown in Fig. 6. For Pgr = —5 dBm, the
lower- and upper-band average efficiency is 57.1% and
52.3%, respectively, whereas the average efficiency for input
power of —10 dBm and 0 dBm is above 38 % and 61 % (for
both bands). Figure 7 shows the rectifier reflection and
efficiency responses versus frequency for Prr =—5 dBm and a
range of loads between 2 kQ to 12 kQ. The maximum in-band
reflection and average efficiency for the considered loads
varies from —10 dB to —7.3 dB and from 40% to 57%,
respectively.

The proposed structure has been benchmarked against
state-of-the-art rectifiers reported in the literature. The figures
of interest are (i) reflection-wise bandwidth (BW) and in-band
reflection level, (ii) average in-band efficiency for —10 dBm
input power, and (iii) load range for which in-band efficiency
is greater than 40 % (for maximum # vs. Pgg). The results in
Table I indicate that the proposed structure outperforms other
rectifiers in terms of all listed performance figures.
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Frequency [GHz] Frequency [GHz]
(a) (b)

Fig. 3. Reflection characteristics of rectifiers operating at: (a) lower- and (b)
upper-band at step I (), I (-~ —), and III (—) of matching circuits
development.
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Fig. 4. Reflection characteristics of the dual-band rectifiers at initial (----) and
optimized (—) designs: (a) conventional (circuit model simulations) and (b)
miniaturized circuit (EM model simulations).
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Fig. 5. Geometry of the proposed rectifier circuit.
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Fig. 6. Efficiency of the optimized rectifier circuit for PRF of —20 dBm (©0),
—-15 dBm (-+), 10 dBm (-—), =5 dBm (—), and 0 dBm (—-).
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Fig. 7. Comparison of rectifier responses for input power level of -5 dBm and
load impedance of 2 kQ (00), 5 kQ (), 7 kQ (-—), 10 kQ (—), and 12 kQ (-
—): (a) reflection characteristics, and (b) efficiency.

TABLEI COMPARISON WITH BENCHMARK RECTIFIERS

Circuit BW max(Sy;) avg(y) Ryrange [kQ] BW [GHz]
[MHz]  in-band [dB] [%] min(y)>40% min(y)>40%
0.85-0.95,
6 o S W3 NA L 12513,195
’ > -2.05,N/A
[2] 700 -5 45 N/A 1.8-25
[1] 500 -6 N/A 55— 0.45-0.95
100 -5 45 0.95-1.05,
(3] 700 s 43 02-2NA TR s
. 500 0.44-1.1,
This work 780 -10 45,39 2-12,2-12 172 - 2.66

V. CONCLUSION

In this paper, a novel compact dual-band rectifier circuit with
an enhanced bandwidth and high efficiency has been proposed.
The structure consists of two interconnected bandwidth-enhanced
rectifiers with a non-uniform-transmission-line-based matching
circuit. Compact dimensions of 19 mm % 17.1 mm and a small
footprint of 345 mm® have been obtained by folding high-
impedance lines of the matching circuits. The proposed rectifier
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features a wide impedance bandwidths of 500 MHz and 780
MHz (at —10 dB reflection level), respectively. At the same time,
the efficiency above 40% is obtained within the bands of 620
MHz and 800 MHz, respectively. The structure outperforms the
state-of-the-art rectifiers reported in the literature in terms of the
reflection- and efficiency bandwidths, as well as acceptable range
of load impedances. The future work will focus on experimental
validation of the proposed circuit working with a dedicated
antenna.
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