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Abstract

An internal wireless system (IWS) for satellites was proposed in a previous study to reduce the
weight of satellites. It is a system that uses wireless communication modules to communicate
between the satellite’s subsystems. We proposed a complete IWS that employs microwave
wireless power transmission technology, and we proposed a design of GHz band high effi-
ciency rectifier based charge pump rectifiers with a class-f filter called class-f charge pump
rectifiers. We theoretically compare the diode losses in a charge pump and single shunt rec-
tifier, and experimentally verify the results. Apart from this, we consider that the class-f charge
pump rectifiers will be used for a rectenna array. In order to know the direct current (DC)
load change of class-f charge pump circuits is connected as a rectenna array, we measured
the conversion efficiencies of a 2 by 2 rectenna array, connected in series and in parallel.
The results of the experiment indicate that the optimum load of the rectifier changes to
four times DC load when connected in series, and to 1/4 the DC load when connected in
parallel.

1. Introduction

It is essential to launch space observation and scientific experiment satellites for the develop-
ment of space technology. However, because of the carrying capacity limit of the rocket, redu-
cing the weight of artificial satellites is an extremely important issue. To overcome the weight
challenge, an internal wireless system (IWS) has been proposed for satellites [1]. If all the wires
in an artificial satellite can be eliminated, its weight can be reduced by about 20 to 30% and the
subsystem designs can be made complex without considering the limits imposed by wires. This
will lead to an increase in the stability of artificial satellites that use IWS during operation
because its subsystems are independent of each other. We proposed a complete IWS system
that uses microwave wireless power transmission technology [2-4]. According to the design
requirements of the satellite, we assume that the input power of a subsystem is several Watt
class. And we want to use the array rectenna to receive and convert power to direct current
(DC). The received power of each antenna original is about 10 mW class. According to the
power supply requirements of subsystems, each subsystem requires multiple input voltages,
such as 3.3, 5, and 12 V, etc. Considering overall efficiency, a non-isolated voltage regulator
which performed the voltage drop action is used in IWS, so the output of the rectifier must
be higher than the highest output voltage of the regulator. In summary, we used a charge
pump rectifier for this system.

For this system, we proposed a class-F charge pump rectifier that operates in the GHz band
[5]. The class-F charge pump rectifiers are shown in Fig. 1. In this paper, we theoretically com-
pare the conversion efficiency of a charge pump and single shunt rectifier [6-10], and experi-
mentally verify the results. And considered the application case of the rectenna array, we must
understand the load changes when they connect in parallel and series. We elucidate the opti-
mum load changes for the class-F charge pump rectenna array connected in parallel and in
series experimentally. The experimental result shows that DC load changes in charge pump
rectifiers are the same as single shunt rectifiers. Furthermore, this result also applies to load
changes in multi-stage Dickson charge pump rectifiers.

2. Conversion efficiency of a rectifier

When a rectifier circuit is performing a rectification operation, the overall loss in the circuit is
generated by the circuit elements and transmission lines. The conversion efficiency can be
expressed as the difference between theoretical efficiency and transmission line loss, element
losses, and the reflection component. This paper mainly discusses single shunt and charge
pump rectifiers, their theoretical efficiency is 100%, so the conversion efficiency 7 can be
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Fig. 1. Class-F charge pump rectifier.
expressed as equation (1).
mn= 100% — LTrL - LE — Ref (1)

Here, Ly, is the loss of the transmission lines, L is the loss of the
elements in the circuit, and Ref is the reflection component of the
rectifier. When this circuit is in the matching condition, the
reflected component is almost 0%. Furthermore, Ly, is very
small, and we do not consider the loss of the transmission line
in this paper. In a rectifier, we can consider that the conversion
efficiency depends on diode loss. The loss of the diode can be
expressed by its voltage and current shown as equation (2),
where L, is the loss of the diodes. Over a period T, the loss gen-
erated by the diodes can be expressed as follows. V is the applied
voltage of the diode and I is the current of the diode. In this paper,
we use percentages to assess diode losses. Here, the diode we
discuss is a non-ideal, and the diode used in the experiment is
HSMS2860, please refer to the instruction manual for related
parameters.
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2.1 The diode voltage and current in a single shunt rectifier

In this section, we discuss the applied voltage and current compo-
nent in the diode in a single shunt rectifier. We know that the
operating state of a diode is mainly affected by its applied voltage.
Figure 2 shows the input voltage, output voltage, and applied volt-
age of the diode in a single shunt rectifier. Voltage Vi, s and Vo,
ss represent the input and output voltages, respectively. In add-
ition, V; represents the diode voltage. As Fig. 2 shows, V, is
equal to Vi, and Vyu In this case, we can assume that the
diode current component is I;. The loss in the diode in a single
shunt circuit can hence be calculated using equation (2).

2.2 The diode voltage and current in a charge pump rectifier

We also analyse the diode voltages and current components in a
charge pump rectifier [11-14]. Figure 3 shows the input voltage,
output voltage, and applied voltage for the diodes. During the
negative half cycle of the sinusoidal input waveform, diode D1
is forward biased and conducts charging up the pump capacitor,
C1 to the peak value of the input voltage, (Vp). Because there is
no return path for capacitor C1 to discharge into, it remains fully
charged acting as a storage device in series with the voltage sup-
ply. At the same time, diode D2 conducts via D1 charging up
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Fig. 2. Single shunt rectifier circuit.
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Fig. 3. Charge pump rectifier circuit.

capacitor, C2. During the positive half cycle, diode D1 is reverse
biased blocking the discharging of C1 while diode D2 is forward
biased charging up capacitor C2. But because there is a voltage
across capacitor Cl already equal to the peak input voltage,
capacitor C2 charges to twice the peak voltage value of the
input signal [15]. Hence, capacitor C2 functions as a smoothening
capacitor in this circuit. The applied voltages of the diodes are
theoretically the same. Voltages Vi,. and Vi, express the
input and output voltages, respectively, of a single-stage charge
pump circuit. In addition, V; and V,, are diode voltages in
this charge pump circuit. The value of the output voltage, Vo
is double that of the input voltage, Vi, .. In addition, V,; and
Vi, have the same values. Therefore, V,;; and V5, equal to Vi, .,
and are half of V. In this case, we can assume that the
diode current components are I;; and I,.

2.3 Diode losses in single shunt and charge pump rectifiers

When the diode applied voltage is near to breakdown voltage,
each diode works at its optimum state. In the same input
power, if the output voltage increased, the current will reduce.
Furthermore, Vi, is the same as Vi, ., so V; is equal to Vi
and V. Under the same input power, we can infer that the cur-
rent in the diodes, I;; and I will be half of the current I,
According to equation (2), we can consider the total diode loss
is the same in a charge pump and single shunt circuit. It can be
concluded that charge pump circuits have almost the same
conversion efficiency as single shunt circuits.

2.4 Rectifier experiment result

According to the above analysis, when the applied voltage in the
diode is the same, the rectifier will have the same conversion
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Fig. 4. Pictures of (a) single shunt rectifier 1, (b) single shunt rectifier 2, and (c) charge pump rectifier.
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Fig. 5. Applied voltage of the diodes in each rectifier.

efficiency, and the diode applied voltage depends on the input
power and DC load. We can control the rectifier efficiency for dif-
ferent input powers by adjusting the DC load, and keep the diode
in an optimal working state. To verify this theory, we designed
two types of single shunt rectifiers: single shunt rectifier 1 and
single shunt rectifier 2. The rectifier 1 operates at an optimum
input power of 10 mW and an optimum load of 1000 €, the rec-
tifier 2 operates at an optimum input power of 30 mW and an
optimum load of 400 Q. Figures 4(a) and 4(b) show the rectifier
1 and rectifier 2.

In addition, we designed class-f charge pump rectifiers with an
optimum input power of 30 mW and an optimum load of 1400 Q.
Figure 4(c) shows the charge pump rectifiers. We designed the
rectifiers have the same diode applied voltage near to their break-
down voltage. Figure 5 shows the diode applied voltage simulation
result, and the simulator we used is Advanced Design System.
And the HSMS2860 diode breakdown voltage is 7 V.

The following experimental data represent the average conver-
sion efficiency and reflection of the rectifiers while the error bars
show the standard deviation and the solid line represents the aver-
age values. Figure 6 shows the conversion efficiency and reflection
of the single shunt rectifier 1, rectifier 2 and charge pump rectifier
when the load and input power is sweeping. More than ten of
each type rectifier were made, the solid line represents the experi-
mental mean value, error bar represents the experiment data devi-
ation. However, in Fig. 6 the rectifier 2 measurement result, the

falling of conversion efficiency is not consistent with the simula-
tion data. The reason can be attributed to the fact that diode
breakdown voltage is higher than the datasheet given breakdown
voltage, whereby the load exceeds the optimum load in the simu-
lation. However, the efficiency is consistent with the simulation
data near the optimum load. From this experimental result, we
can observe the efficiency is about 79% whether rectifier 1 or rec-
tifier 2. Although the input power is different, their conversion
efficiency percentage is the same at the same diode voltage.
From the black lines, the simulation charge pump rectifier effi-
ciency is about 78% and the experimental efficiency is 73%.
The difference of simulation and experiment result is caused
that the complicated transmission line generated more loss than
rectifier 1 and rectifier 2 in the charge pump rectifiers. Figure 7
shows the output voltage of each rectifier. As shown in Fig. 7, rec-
tifiers 1 and 2 output about 2.7 V at each optimum load, the out-
put voltage of the charge pump rectifier is about 5.5 V. And the
single shunt output voltage is half of the charge pump output
voltage, this result proves that both circuits are in the correct
working state.

3. Rectenna array experiment and result

In this chapter, we consider the application scenarios of class-f
charge pump rectenna arrays. In many previous research, the
load changes be discussed when single shunt rectifiers were con-
nected in parallel or series. The result shows that the optimum
load of a single shunt rectenna array with N elements connected
in parallel will change to 1/N, and to N times when they are con-
nected in series [16-19]. The essence is to keep the output voltage
of every rectifier consistent. The output voltage has a linear rela-
tionship with the diode applied voltage of single shunt rectifiers,
and the optimum load change is to adjust the applied voltage of
the diodes for each rectenna connected in parallel or series.
Thus, according to Conversion efficiency of a rectifier and the
points noted above, we note that the optimum load of a charge
pump rectenna array follows the same law as a single shunt rec-
tenna array. Figure 8 shows the antenna used in this experiment.
Figure 9 shows the S11 and VSWR of the antenna. In the follow-
ing experiment, we adjusted the transmission distance and the
antenna position so that each received power of antenna elements
is about 36 mW. So the antenna pattern figure can be omitted
here, and Figure 10 is shows the experiment photos.

The class-f charge pump rectifiers shown in Fig. 4(c) were used
in this experiment. The experiment was conducted to measure the
output voltage and rectenna efficiency in a 2 by 2 charge pump
rectenna array connected in parallel and in series. According to
the theory stated above, the effective optimum load will be 350
and 5600 Q when the rectenna array is connected in parallel
and in series, respectively. Figures 11 and 12 show the rectenna
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Fig. 7. The output voltage of single shunt 1, single shunt 2, and charge pump
rectifier.

Fig. 8. The photo of the 2.45 GHz antenna.

efficiency and output voltage for the charge pump rectenna array
connected in parallel and series, respectively. From the figures, the
rectenna array exhibits the same efficiency as the rectifier near the

Fig. 9. The S11 and VSWR of the 2.45 GHz antenna.

theoretical optimum load. This is exactly the same as the theoret-
ical efficiency of the single shunt rectenna array, and the load
changes are exactly the same as the single shunt rectenna arrays.

4. Conclusion

In this paper, we explored the relationship between the conversion
efficiency and applied voltage in a diode. We verified the theory
with two types of single shunt rectifiers, and obtained similar con-
version efficiencies. And we compared the new type of charge
pump rectifier that we designed with the two types of single
shunt rectifiers, and found that the experimental results show
good agreement with the theory. The results indicate that they
exhibit almost the same conversion efficiency. Based on the
above observations, we calculated the optimum load of the charge
pump rectenna array connected in parallel and in series. We
experimentally verified the change in the optimum load of the
charge pump rectenna array and found that the optimum load
of a class-f charge pump rectenna array with N elements con-
nected in parallel will change to 1/N, and to N times when they
are connected in series. It is consistent with the results obtained
for the single shunt rectenna array.
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Fig. 10. The rectenna array photos.

—=— 4 Array Efficiency
—e— 3 Array Efficiency
—a— 2 Array Efficiency
80 - T - -

—0O— 4 Array Output voltage
—0— 3 Array Output voltage
—&=—2 Array Output voltage
T - 7.5

i
T 7/

70 - .—r"-\.:*"‘\*. e 470

60 = 1 -1 6.5
n‘/ Vat

Rectenna array conversion efficiency (%)
Rectenna array output voltage (V)

2 LT
M
50 - E/ / v 160
: /
EI/ / <
40 : ; L/ : 5.5
200 300 400 500 700 800

Load (Ohm)

Fig. 11. The result of the class-f charge pump rectifier rectenna array connected in
parallel.
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Fig. 12. The result of the class-f charge pump rectifier rectenna array connected in
series.

In future applications, the load changes of the charge pump
rectenna array can use the same estimation method as single
shunt rectenna array. We will design a multi-stage Dickson charge
[20] pump and Cockcroft-Walton circuit [21] based on this

class-f charge pump rectifier in the future. The above conclusions
will also help us understand the load changes of multi-stage
charge pump circuits.
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