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Recently the number and weight of equipment loaded into space satellites have
increased owing to the complexity of space missions. The increasing number and
weight are serious issues in terms of space and costs, respectively. On the other hand,
there are a lot of equipment which is necessary for safe and reliable space missions.
Thus, new technologies are strongly required to address this 1issue. Since
environmental monitoring sensors, such as temperature, vibration, and fuel leakage,
are fixed at several locations into space satellites, the wires are long and contribute to
the heavy weight of space satellites. Thus, the integration of all-wireless sensor
network systems will effectively reduce the weight and free up space.

Radio frequency (RF) energy harvesting technology is available for supplying the
driving power to the wireless sensors. The RF energy harvesting is a green-eco
technology that can be used to extract some of the electromagnetic power for wireless
communications and convert the power to direct current (dc). As wireless
communication systems have already been developed and loaded into space satellites,
the all-wireless sensor network systems will be realized only by adding RF harvesters.
One of the important circuits for the RF energy harvesting technology is a rectifier
that converts the electromagnetic power to dc power. In summary there is a need to
develop light-weight and high-performance rectifiers for space applications.

In this work, a small-size, light-weight, and high-performance rectifier at C band
was developed as a RF energy harvester for all-wireless space satellites. The rectifier
converts 100 mW class dc power that can drive eight temperature sensors. Thus, using
the rectifier, a RF energy harvester, whose output power is used to drive low power
consumption sensors in space satellites, is available.

A newly proposed hybrid semiconductor integrated circuit (HySIC) technology was
adopted. A HySIC rectifier is an integrated circuit using gallium nitride (GaN) for
power rectification from electromagnetic power to dc and silicon (Si) for power
propagation. While GaN is a new semiconductor with high resistivity to cosmic rays
and high-speed operation, Si is well known for the advanced circuit integration
technique and low cost. The purpose of this research is to realize a light-weight,
high-performance, and low-cost HySIC rectifier by combining the advantages of the
two semiconductors.

The research was conducted in five steps. In all the steps, electromagnetic



measurements are the common factors. I have focused on performing precise
measurements and realized a HySIC rectifier using the results. The five steps are as
follows;

1) Selection of measurement method for GaN diodes.

2) Measurements and modeling of GaN diodes.

3) Fabrication and characterization of HySIC rectifier.

4) Improvement and feedback of HySIC rectifier based on experimental results.

5) RF energy harvesting experiments using HySIC rectifier.

First, a measurement method for the GaN diodes at C band was selected. I fabricated
some devices for calibration using printed circuit boards and measured them. The
results shown that the coplanar line for measurement jigs and OSL calibration were
suitable at C band. In this work, a process of selecting a measurement method from the
perspective of devices under measurement and operating frequency was proposed.

Next, I fabricated a connection jig between the GaN diode and a measurement
instrument and the devices for the OSL calibration using the coplanar lines, and
measured the GaN diodes from dc to C band. By correcting the effects of the connector,
coplanar line, and bonding wires step by step on the complex plane, the characteristics
of the GaN diodes were obtained. Based on the measurement results, a nonlinear
equivalent circuit model of the GaN diode was developed. By performing precise
measurements, the diode model was precisely constructed.

In the following step, a Si matching circuit was designed using the GaN diode
nonlinear equivalent circuit model and a HySIC rectifier was fabricated with the GaN
diode and Si circuit. The size of the developed HySIC rectifier was 3.9 mm X 9.5 mm.
The RF to dc conversion efficiency and output dc power were 10.3 % and 1825 mW,
respectively. This is the first time that a HySIC rectifier has been developed. The
object of this research has been achieved. In addition, a power harvesting experiment
was performed using the HySIC rectifier in a far-field system.

By measuring the RF and dc power flow of the HySIC rectifier, it was found that the
propagation loss was the most serious factor. Hence, miniaturization of a Si matching
circuit is effective to improve the HySIC rectifier. Based on the analysis, I resigned a
Si matching circuit whose input port was shortened and the RF-dc conversion
efficiency of 21.7 % was developed. Moreover, by using capacitors and mounting a
connector directly to a Si substrate, the RF-dc conversion efficiency of approximately
45 % will be realized. These efficiencies are beyond that of general solar power
generation systems. This result indicated that the HySIC rectifier was promising as a
RF energy harvester.

A simulation method for HySIC rectifiers was proposed by analyzing the fabricated
rectifier. While simulation of a Si matching circuit is conducted using components
installed in a simulator, simulation of a input port, output port, characteristics of a Si

substrate, manufacturing precision, and wire bondings, which are difficult to simulate,



must be conducted using measurement data. The difference between measured and
simulated RF-dc conversion efficiency is approximately 2.5 % with the simulation
method. Moreover, by adding a linear resistor of 0.9 Q in simulation, the difference
between measurement and simulation is approximately 1 %. Although I independently
analyzed the effects of the effects of the ports, Si circuit, manufacturing precision, and
bonding wires, it is important to consider the effects of the connections on each other
when simulating the HySIC rectifier in its entirety.

The significant outcomes of this research include the development of the world’s first
HySIC rectifier with a GaN diode and Si matching circuit, and the precise RF
measurements that are necessary for the HySIC rectifier. Based on this research,

all-wireless space satellites will be realized in the future.
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