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Sample return missions for planetary exploration require recovery of re-entry capsules bearing
the returned samples. Such recovery requires a search system, because a capsule measuring tens
of centimeters falls into a predicted arrival area spanning tens of kilometers. The Hayabusa
mission—the first successful sample return from an astronomical body other than the moon—
utilized a monitoring system for detecting a beacon mounted on the capsule aiong with a primary
radar system operated by the Australian military. However, a similar system may be problematic
in future exploration. One potential issue is failure of beacons or other capsule-borne equipment.
Although a primary radar can be effective in such an event, the portability of the Australian radar
system is limited and cannot flexibly adapt to sudden changes in arrival area. In addition, there is
a desire to establish equipment for recovery. without relying on other countries. .

This research proposes the dual use system for space and civil-use utilizing X-band solid-state
marine radar to solve above issues. Although marine radars have shorter maximum detection ranges
compared with large radars developed for military, the proposed system combines multiple units
capable of capsule search. Development of a solid-state radar realizing a pure spectrum through
effective use of frequency bands is promising for future missions, but these types of radar are
currently limited by their relatively small power output. Although they are currently commercially
available for detection of small ships at short ranges, there is a strong need to develop high-power
solid-state radars for large ships. The same applies to the recovery of re-entry capsules. Hence,
this research aims at constructing technologies for high-power X-band solid-state marine radar as
well as 4 radar system for re-entry capsule search. 7

First, feasibility studies were conducted focusing on detection range, which is the most important
aspect of performance for the proposed system. The radar specification was set to obtain a longer
detection range without violating technical conditions for solid-state marine radar. The
transmission power was set to 400 W, the assumed maximum for marine use, and the pulse width
and repetition frequency were respectively set to 22 ps and 3000 Hz, the upper limits in the
technical conditions. Marine radars generally have an antenna rotation speed of 24 rpm, but this
was set to 6 rpm to improve the signal-to-noise ratio (SNR). To reduce ground-reflected waves and
detect the capsule at higher altitudes, the antenna was assumed to tilt upward. Based on these
conditions, the placement rules for multiple radars were defined, and the searchable area of the
proposed system was estimated based on the achievements of Hayabusa, STARDUST, and
GENESIS. The results confirmed that the proposed system can search for a capsule over at least

96.8 % of the predicted arrival area.



Next, high-power amplifiers were developed for the higher output power of X-band solid-state
marine radar. Several X-band solid-state marine radar products are commercially available, but
their transmission outputs are limited to around 40 W. This is not only because high-power X-band
amplifying devices are more expensive than traditional electron tubes, but also because equipment
size and price range hinder heat dissipation mechanisms capable of operating in severe
environments. Therefore, in this study, amplifiers were fabricated using a bare gallium nitride
(GaN) chip with excellent thermal conductivity, band gap, and breakdown voltage characteristics, .
allowing it to handle higher output power than a gallium arsenic (GaAs) chip of the same size. For
miniaturization, a matching circuit was designed with the minimum specifications required by the
system, and the efficiency of heat dissipation was improved by using fabrication methods proven
for space use. As the result, a.single-ended GaN amplifier with dimensions of 9 mm x 5 mm was
fabricated using a single die and a printed circuit board, and it operated with maximum output
power of 69.2 W, gain of 8.2 dB, and DC-RF efficiency of 39.3% at 9.4 GHz. Combining two
amplifiers produced over 100 W output power, demonstrating the potential for even higher output,

In the pulse compression implemented in solid-state radars, the time waveform of the pulse signal
is important for greater detection accuracy. Therefore, in this research, the amplifiers described
above were evaluated with a focus on operating conditions and differences in input and output
pulse waveforms. Evaluations of the pulse waveform showed that influences of nonlinear operation
and transient response increased the temporal slope and the pulse width by 79.6 % and 1.5 %,
respectively, as compared with the input waveform. Further, these influences degraded SNR after
pulse compression. When assuming characteristic changes according to operating conditions, a
feedback circuit is generally used to compensate for such distortion. Adding such a circuit, however,
hinders miniaturization. This research proposes a method for reducing such influences by adding
dummy signals before and after the desired signal. By the proposed method, shape difference of
the pulse waveform was nearly eliminated, and the SNR after pulse compression improved by about
5 dB. Although this method involves a wider pulse, operation in electrically and thermally stable
regions can be secured with no feedback circuit, contributing to miniaturization and cost reduction
of the radar. _

Finally, a prototype radar was constructed using the above-mentioned 50 W and 100 W amplifiers
and the newly developed transceiver, and the search performance of the proposed system was
demonstrated based on actual measurement results. In the long-range detection experiment, the
object with the radar cross section of 0.159 m? could be detected up to 17.5 km. And based on the
results, the proposed system was confirmed to search with 100 % coverage of the achievements of
Hayabusa, STARDUST and GENESIS. In searchable areas, the detection of the capsule was more
than 37.5 times. Resolution in the distance direction to the radar was 150 m or less, and resolution
in the azimuth direction was 230 m or less based on the experimental data. This level of
performance can contribute to re-entry capsule recovery missions. 7

This research introduces new perspectives such as dual use for space and civil-use, and
furthermore demonstrates a re-eniry capsule tracking system based on actual measurements. In

addition, this research developed technologies for high-power portable radar and to propose a



reduction method for pulse wave distortion, common problems for both space and civil-use radars.

These results will contribute to future re-entry capsule recovery missions.
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