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Abstract—This paper presents a multi-sections broad-band radio-frequency (RF) to direct-current (dc)
power rectiﬁer for pulsed signal transfer. The power transfer using a pulse allows to use a signal with
low power spectral density. The optimal distributed conﬁguration with critical parameters is studied to
enhance the eﬃciency over broadband frequency and wide power range. A ﬁve-stage distributed RF-dc
converter arrangement with micro-strip transmission line ensures the power harvesting from 100 MHz
to 11 GHz. The designed and fabricated circuit is characterized at multi-frequencies of ultra-wide band
(UWB). The distributed harvester signiﬁcantly improves the detected voltage over a wide bandwidth
compared to conventional RF detectors. The achieved eﬃciency with optimized parameters is 48% with
ﬁve-stage harvester. A maximum dc output of 956 mV is reached at 8 dBm of input power of sinusoidal
single tone signal at 1 GHz of frequency. The designed prototype is associated with a square wave signal
to show the circuit potential in terms of power transfer. The output voltage can be controlled with input
signal level, frequency, as well as the pulse width. For the power transfer circuit, 996 mV of maximum
dc output voltage is reached for 1 V of input amplitude at 1 GHz with duty cycle of 50%. The eﬃciency
increases signiﬁcantly with duty cycle ratio of the input signal. The power harvester associated with
a UWB antenna conﬁrms the beneﬁt of using a square wave signal in the case of power harvesting or
transfer.

1. INTRODUCTION
Wireless power transfer (WPT) and wireless power harvesting (WPH) techniques have recently
experienced very rapid growth and interest of researchers. These techniques overcome device powering
in internet of things (IoT), as battery use, recharging, and replacement will become cost-prohibitive and
non-durable for multiple devices. Meanwhile, with the growing demand for low-power systems such as
wireless sensor networks and radio frequency identiﬁcation (RFID) systems, the energy collection from
continuously available RF signals is becoming a luxury extra for these devices. RF energy harvesting
from the environment will have an important role in future microelectronic circuits. This concept
requires an eﬃcient antenna as well as a circuit capable of converting RF signals to dc voltage, to
replace batteries [1–5].
Reported researches on WPH/T show generally optimized performance around one or two bands [6–
9]. In [7] using a GaN diode at 5.8 GHz, the dc output power achieved is 200 mW using 0.5 W (27 dBm)
of input power which corresponds to 40% of eﬃciency. This system requires a fairly high input power
level (at the antenna level) which is not easy in a real circumstance. A dual-band rectiﬁer with extended
power range using PCB process presented in [8] about 50% eﬃciency is obtained using 7 transmission
line segments for a dual-band matching. More elaborated signal should be used to boost the eﬃciency.
The combination of two tones is used in [10] to enhance the RF power harvesting. The WPH in FM
Received 29 March 2021, Accepted 25 April 2021, Scheduled 29 April 2021
* Corresponding author: Ahmed Moulay (ahmed.moulay@inrs.ca).
The authors are with the Department of Energy, Material and Telecommunication, Institut National de la Recherche Scientifique,
University of Quebec, Montreal, Quebec, Canada.

114

Moulay and Djerafi

broadcast band presented in [10] shows the multi-tone excitation eﬀect on dc output response of the
rectiﬁer circuit. In order to achieve high eﬃciency in the case of power transfer, it is mandatory to
send high power which is not authorized by diﬀerent standards. The low power spectral density can be
used in the WPT system to overcome the Federal Communications Commission (FCC) power limit [11].
The pulsed signal naturally contains electromagnetic power over a large frequency bandwidth and can
be a practical solution to transfer RF energy. Usually, a UWB signal has a very low power spectral
density (≤ −41 dBm/Hz) [12–14]. Only a few power rectiﬁers with broad band performance have been
reported [15, 16]. These designs have been optimized for the rectiﬁcation of a single-tone sinusoidal
signal in a relatively broad band frequency.
The main objective of this work is to provide a design that maximizes the conversion eﬃciency
between the low-power incident signal and the dc voltage at the receiving load. By using the UWB, we
will cover a wide spectrum of ambient communication signals. This increases the presence of frequencies
power spectrum to be rectiﬁed and overcomes the low-power spectral density of UWB. A UWB rectiﬁer
that allows the rectiﬁcation of diﬀerent signals is proposed and investigated. This rectiﬁer covers the
diﬀerent wireless power harvesting/transfer (WPH/T) scenarios as shown in Fig. 1. The proposed
harvester is capable of handling the presence of one tone, multi-tones, as well as a pulsed signal. This
concept allows more RF energy to be harvested at lower density levels. In this scenario, the output
voltage level can be controlled not only by the received signal level but also by its periodicity and duty
cycle. Theoretical analysis of the square signal rectiﬁcation based on harmonic tones representation
is given in Section 2, to estimate the potential of square pulse. Afterward, in Section 3, the eﬀects
of diﬀerent harvester parameters are studied to enhance the power capability and also eﬃciency. To
validate the theoretical results, the single-tone characterization of manufactured prototype is realized.
In Section 4, the UWB power transfer is presented and validated with the experiment showing promising
results.

Figure 1. Concept of UWB power harvesting/transfer system.

2. HARMONIC SIGNALS RECTIFICATION
The simple circuit of an RF power detector with zero-bias diode is depicted in Fig. 2. When an RF
signal is applied across the diode, it will experience a nonlinear phenomenon. This non-linearity can
be represented as a polynomial expansion around the diode operation point [17, 18]. Considering the
fourth order to maintain a basic rectiﬁcation, the approximation of the current ﬂowing through the
diode can be written as follows:
id = Iq + k1 (vd − Vq ) + k2 (vd − Vq )2 + k3 (vd − Vq )3 + k4 (vd − Vq )4 + . . .

(1)
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Figure 2. Circuit of RF power detector with zero-bias diode.
where vd = Vin − Vout and k1 , k2 , . . . , kn are the model coeﬃcients found from the successive derivatives
of the diode current [17].
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The vd and id signals will be represented by generic signals x(t) and y(t), respectively. Only even order
terms will be considered because the odd terms have no eﬀect on the dc component [17, 19].
y (t) = k2 x2 (t) + k4 x4 (t)

(3)

Two wave-forms are considered for the RF excitation signal as illustrated in Fig. 3. The following
subsections provide a theoretical analysis of two types of input signal: a sinusoidal (ﬁrst case) and a
square wave (second case) in the frequency range of 0.1–11 GHz. For each case, the output signal will
be represented by Eq. (3).

Figure 3. Time and frequency domain of investigated inputs signals.

2.1. Sinusoidal Signal
An RF sinusoidal form of single tone signal with amplitude of B and pulsation of w1 can be written as:
x (t) = B cos (w1 t + ϕ1 )

(4)
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Considering Eq. (3), the diode output signal will be:
B 2 k2 3B 4 k4 B 2 k2
+
+
cos (2w1 t + 2ϕ1 ) + B 4 k4 cos (2w1 t + 2ϕ1 ) + B 4 k4 cos (4w1 t + 2ϕ1 ) (5)
y (t) =
2
8
2
Components 2w1 and 4w1 will be eliminated due to the power harvester behavior [17]. After normalizing
the amplitude to 1 (deciding by B), the dc component will be exclusively the remaining terms:
ydc = 0.50k2 + 0.37k4
(6)
As expected, Eq. (6) shows that to maximize the harvested power, the diode must operate in the
square-law region where k2 is the maximum.
2.2. Square Signal
Using Fourier series, we can describe an ideal square signal in an inﬁnite series form:
∞
4  sin ((2k + 1) 2πf t)
(7)
x (t) =
π
(2k + 1)
k=0


1
1
4
sin (2πf t) + sin (6πf t) + sin (10πf t) + . . .
(8)
x (t) =
π
3
5
Considering that the power harvester is excited by a square signal and replaces Eq. (8) in Eq. (3), the
diode output becomes:
2
 
1
1
4
sin (2πf t) + sin (6πf t) + sin (10πf t)
y (t) = k2
π
3
5
4
 
1
1
4
sin (2πf t) + sin (6πf t) + sin (10πf t)
+k4
(9)
π
3
5
The proposed rectiﬁer will cover frequencies up to 11 GHz. Consequently, for square input signal with
frequency up to 2.2 GHz (11 GHz/5), the fundamental, 3rd and 5th components should be considered.
In this case, the approximated dc component of Eq. (9) is:
(10)
ydc = 0.93k2 + 1.24k4
Hence, for an input signal with frequency between 2.2 and 3.66 GHz (11 GHz/3), only the fundamental
and 3rd components are taken into account, and y(t) becomes:
2
4
 
 
1
1
4
4
sin (2πf t) + sin (6πf t)
sin (2πf t) + sin (6πf t)
+ k4
(11)
y (t) = k2
π
3
π
3
The intermodulation products greater than 11 GHz will be automatically removed by the power harvester
behavior, and the dc output component is:
(12)
ydc = 0.81k2 + 0.64k4
Finally, in the case of square input signal with frequency higher than 3.66 GHz only the fundamental
will be considered, and y(t) becomes:
2
4


4
4
sin (2πf t) + k4
(sin (2πf t))
(13)
y (t) = k2
π
π




16 1 1
256 cos 8πf t − 4 cos 4πf t + 3
− cos (4πf t) + k4 4
(14)
y (t) = k2 2
π 2 2
π
4
For a dc component of:
(15)
ydc = 0.81k2 + 1.9k4
This case is equivalent to a sinusoidal signal input with a factor of 4/π. Table 1 summarizes the
calculated DC component of the harvester for a sinusoidal and square input signal, while a UWB
harvester up to 11 GHz bandwidth is considered. In reality to estimate the harvested power when
the signal is at low frequencies, we need to consider a maximum components order. The error is still
negligible with the consideration of the 5th component. Table 1 shows clearly that the harvested power
is almost two times higher when square signal is used. The k4 coeﬃcient eﬀect is important as well as
k2 and can be predominant.
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Table 1. Calculated dc components.
Input signal
Sinusoidal (5)
Square (< 2.2 GHz) (9)
Square (2.2 to 3.66 GHz) (11)
Square (> 3.66 GHz) (13), (14)

Harmonics
1
5
3
1

Calculated dc components
ydc = 0.50k2 + 0.37k4
ydc = 0.93k2 + 1.24k4
ydc = 0.81k2 + 0.64k4
ydc = 0.81k2 + 1.9k4

3. DESIGN CONSIDERATION
The rectiﬁer design is a trade-oﬀ between several design performance requirements, including operating
frequency, bandwidth, sensitivity, dynamic range, and temperature extremes. The diode’s high input
impedance complicates the network matching of the power detectors/harvesters over a wide band while
maintaining its sensitivity. In high frequencies systems, this becomes more complex because we have
to consider the package capacitance and inductance eﬀects, the diode ohmic contact resistance, and the
junction capacity and resistance.
In this section, a multi-stage RF power harvester based on a zero bias Schottky diode is
designed. The UWB power harvester is designed with commercial software (ADS) using SKYWORKS
SMS7630/079 diodes [20] to have best performance in terms of bandwidth and eﬃciency.
3.1. Diode Model
In order to achieve a better performance of the UWB power harvesting/transfer circuit, the
characterization of the used diode is mandatory. The SPICE model of Schottky diode is provided
by the manufacturer which used to perform the simulations under ADS software. As illustrated in
the inset of Fig. 4, the measurement plane brings back to the diode level using a Through-Reﬂected-

Figure 4. Diode model characterization.
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(a)

(b)

Figure 5. Power harvester circuit. (a) Optimized equivalent diode model (with L1opt = L2opt = 0.6 nH
and C1opt = C2opt = 0.04 pF) and (b) multistage conﬁguration with LDC = 50 nH, CLn = CL1 = 120 pF,
RFLoad = 120 Ω and RL = 100 Ω optimized for ﬁve stage circuit.
Line (TRL) kit manufactured for this purpose. As can be seen in Fig. 4, the measured reﬂection
coeﬃcient is diﬀerent from that provided by the manufacturer, and this oﬀset is probably due to the
diode packaging eﬀects. The experimental result shows more dispersive and reﬂective device-under-test
(DUT). The measurement-based model will be used in next steps of the design including the lumped
element components package model (Fig. 5(a)). Using ADS software, the optimized equivalent model
of the diode shown in Fig. 5(a) is obtained by combining the measured parameters and those provided
by the manufacturer (spice model and S-parameters).
3.2. Cell Number and RFload Eﬀect
Figure 5(b) shows the multi-stages power harvester conﬁguration including a serials inductance. The
diode has a very high input impedance. Therefore, increasing number of parallel cells reduces the total
impedance of the device, and adding serials inductance reduces the capacitive eﬀect of the diodes. As
a result, reducing the power harvester input impedance facilitates the impedance matching. These
inductances will be realized by high impedance microstrip lines (MSLs).
The resultant impedance is a critical parameter for the distributed harvester design. This ensures
the maximization of power transfer from source to the harvester and a better matching of the dc output
voltage. Thanks to the distributed elements, the harvester obtained a good performance over a wide
range of input frequencies. Since the RF load resistor plays an essential role to short-circuit the RF
return losses, it must be set to an optimal value to guarantee a good compromise between bandwidth
and system sensitivity.
The simulated RFload eﬀect on the reﬂection coeﬃcient denoted by S11 and the eﬃciency is depicted
in Fig. 6. To observe the eﬀect of the RFload value on the performance of the power harvester, Fig. 6
illustrates the simulation results of the reﬂection coeﬃcient and eﬃciency for diﬀerent RFload values. It
should be noted that a trade-oﬀ is required between a better input matching and maximum eﬃciency
over the whole bandwidth. The value of RFload that best meets these requirements is 120 Ω.
The number of stages eﬀect is determined with respect to harvester eﬃciency as shown in Fig. 7.
It can be seen that a 5-stage harvester is more eﬃcient than a 9-stage one. Furthermore, a 5-stage
harvester shows higher sensitivity, higher dynamic range, and larger power range. The number of stages
selected is a matter of compromise with maximum eﬃciency and operating bandwidth of the power
harvester.

Progress In Electromagnetics Research C, Vol. 112, 2021

(a)

119

(b)

Figure 6. RFload eﬀect on reﬂection coeﬃcient and eﬃciency of the power harvester.

Figure 7. Number of cell eﬀect on the power harvester eﬃciency.
3.3. Validation Results
A photograph of the fabricated circuit is shown in Fig. 8. A Rogers RT/duroid 6002 substrate with
0.762 mm of thickness is used. Fig. 9 shows the power harvester reﬂection coeﬃcient at the operating

Figure 8. Photograph of the fabricated prototype.
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Figure 9. Measured and simulated results of reﬂection coeﬃcient.
band with good agreement between the measured and simulated results. Standard calibration is used
for the experimental characterization. A reﬂection coeﬃcient of −10 dB is obtained over the expected
11 GHz of bandwidth, ranging from 100 MHz to 10 GHz (acceptable −8 dB is observed at 11 GHz).
There is a slight diﬀerence between simulated and measured results due to the manufacturing process.
3.4. Sinusoidal Single Tone Signal Measurement
Figure 10 shows the dc output voltage versus the input power of the distributed power harvester
for diﬀerent frequencies in the operating bandwidth. A 3-D representation of the simulation and
measurement results is chosen in order to provide a better view of the designed power harvester
performance over the frequency bandwidth. The simulation results presented in Fig. 10(a) show a same
behavior against the input power over the operating band of the harvester. Corresponding measured
results are depicted in Fig. 10(b), which are in a good agreement with those simulated. The same level
of saturation is observed with an increasing dropping with frequency.
The measured and simulated eﬃciencies are plotted as a function of input power in Fig. 11. A
maximum power conversion eﬃciency of 48% is measured at 6 GHz for an input power from −40 to
17 dBm. It can be observed that the eﬃciency increases with input frequency (from 40% to 45%). The

(a)

(b)

Figure 10. RF power versus dc output at diﬀerent UWB frequencies. (a) Simulated results and (b)
measured results.
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Figure 11. Measured and simulated eﬃciency.
power conversion eﬃciency is calculated according to Eq. (16).
V2
Poutdc
= out
(16)
Pin
RL Pin
Table 2 summarizes some of the work carried out for RF power harvesting in the case multi-band
and ultra-wide band with one single tone as reference. It is important to note that in the few works
that cover UWB signal rectiﬁcation, the operating band is often less than the spectrum allocated for
UWB systems which ranges from 3 to 11 GHz.
η=

Table 2. Power harvesting state of the art.

[6]
[8]
[3]
[7]
[15]
This
work

Frequency
(GHz)
Single
2.45
Duel-band
0.915, 1.8
Triple-band
1.85, 2.18, 2.45
C-band
5.1-5.8
Ultra-Wide-band
0.6–3
Ultra-Wide-band
0.1 − 11

Rectiﬁer
component
HSMS282C
GaAs pHEMT
+ Avago HSMS2850
Avago HSMS2850
GaN Diode
Skyworks SMS7630
Skyworks SMS7630

Eﬃciency
Input power
60%
at 13 dBm
55%, 48%
at 5 dBm
48%, 51%, 45%
at −5 dBm
30%
at 38 dBm
46–66%
at 17 dBm
40–45%
at 8 dBm

4. PULSED SIGNAL MEASUREMENT
The proposed multistage rectiﬁer design oﬀers a broad band operating with maximum eﬃciency. The
UWB power transfer requires a broad band RF power harvesting device to allow maximum power
transmission to the load and can be used to rectify signal with large spectrum such as pulsed one with
diﬀerent shapes. Pulse Width Modulation (PWM), or Pulse Duration Modulation (PDM), is a method
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of reducing the average power delivered by an electrical signal by eﬃciently cutting out it into discrete
parts. In addition to the amplitude, a PWM signal behavior is deﬁned by two main parameters: a)
duty cycle (power cycle) and b) frequency [21, 22].
The rectiﬁcation concept used for the UWB power transfer measurements is illustrated in Fig. 12.
This idea is used in diﬀerent IC like in PLL to convert the error signal eﬃciently from the charge pump
to dc control voltage. The signal generator provides a controlled pulse in terms of width (duty cycle),
period (frequency), and amplitude. Furthermore, the power transfer is done through the proposed
ﬁve-stage power collector circuit. A low-pass ﬁlter (LPF) is added to the UWB ﬁve-stage rectiﬁer to
attenuate the high frequency signals generally associated with the carrier or noise. The simplest LPF is
the passive RC circuit. The used ﬁrst order LPF has only one reactive component. The parameters that
deﬁne the ﬁlter are the cutoﬀ frequency and the time constant which represents the capacitor charging
duration of the ﬁnal value of the steady state [23].

Figure 12. Block diagram of pulse power harvesting with R = 1 kΩ and C = 5 nF.
Figure 13 shows the measured signal waveform from the used Agilent 81133A pulse/pattern
generator. It should be noted that the pulse provided by the generator is limited to 3 GHz with a
maximum amplitude of 2 V, and its shape begins to degrade around 2 GHz. The measured circuit output
versus input frequency is depicted in Fig. 14(a). In order to show better performances, the results are
taken for a diﬀerent level input signal from 0.1 to 2 V. We can see that our circuit can recover 99% of the
input pulse voltage with amplitudes of 0.5 V and more. This eﬃciency is maintained for all frequencies

Figure 13. Measured generated signal from Agilent 81133A signal generator with 1 V of amplitude
and 50% of duty cycle.
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(b)

Figure 14. (a) Measured dc output with pulse as input signal and (b) measured and simulated dc
output versus duty cycle at 2 GHz and 1 V of amplitude.
included in the harvester operating band. At frequency lower than 1 GHz, 11 harmonics are rectiﬁed
by the ﬁve-stage circuit. Moreover, when the pulse contains more harmonics (desired or undesired),
the dc output increases. It may be noted that the dc output voltage increases with frequency, seen in
Equation (9).
Figure 14(b) illustrates the measured and simulated results of output signal versus duty cycle at
2 GHz of frequency and 1 V of input pulse amplitude. A good correspondence is noted between simulated
and measured results, and the dc output is proportional to the duty cycle. As we can see, the dc output
voltage increases proportionally with the duty cycle for a peak of 60%, and thereafter it saturates. Thus,
it can be seen that the eﬃciency is better for a duty cycle ratio between 25% and 70% of the input
signal period. It means that the wider the pulse width is, the more the power is transmitted. It can
be noted that the minor diﬀerence between the measurement and simulation results comes from the
pulse generator and the ripples at the high level of the pulse which cause unwanted harmonics at the
dc output.
To test our circuit in a real environment, Fig. 15(a) shows the dedicated measurement setup. For
transmission, a signal generator is used to generate the transmitted signal (Sine and Pulse) fed to a
UWB antenna. At the reception, the power harvester is associated with an antenna similar to that of
the transmission to collect the transmitted power, and to measure the dc voltage a digital multimeter is
used. Two types of signals used in this work (sinusoidal and square) were sent with the same frequency

(a)

(b)

Figure 15. (a) UWB power harvesting/transfer setup and (b) received dc voltage.
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(2 GHz) and same amplitude (1 V). For distances from 2 to 10 feet (0.6 to 3 m), the measured dc voltage
is depicted in Fig. 15(b). It can be seen that for the same distance, the dc voltage measured in the case
of a square wave signal is clearly higher (3 times) than that of the sinusoidal signal. This conﬁrms the
beneﬁt of using a square wave signal (pulse) in the case of power harvesting or transfer.
5. CONCLUSION
An enhanced ultra-wide band ﬁve-stage rectiﬁer for pulsed signal wireless power transfer is presented in
this paper. The characterization of the diode model provides better performance in terms of eﬃciency
and dynamic range. A broadband impedance matching network technique has been illustrated to achieve
the matching requirement over 0.1–11 GHz bandwidth. The signal detection measurements proves the
good performance of the design where the power harvester is measured at diﬀerent UWB frequencies.
The proposed rectiﬁer circuit makes it possible to rectify a square wave signal with a low power spectral
density and a diﬀerent duty cycle. Furthermore, this rectiﬁer oﬀers more eﬃcient control of the dc
output by controlling the duty cycle or the input signal frequency as well as the amplitude. The far
ﬁeld measurement setup shows that the power transfer using square signal input can be 3 times more
eﬃcient than the sinusoidal one. In the future, a better combination of several signals with harmonics
control and the design of a UWB antenna are planned in order to optimize the power harvesting/transfer
system.
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