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ABSTRACT

This paper introduces the technology for radiation tolerance of Ka-band deployable phased-array antenna to provide
wider communications infrastructure. Radiation in outer space degrades the performance of electronic devices.
Furthermore, because the BFIC on the deployable phased-array antenna cannot be shielded due to the antenna
structure, higher radiation tolerance is required than general aerospace ICs. The amount of radiation tolerance required
was calculated and the high radiation tolerance technology of the BFIC was introduced, which was evaluated from
the measurement results by exposing the BFIC to 3Mrad radiation which exceeds the conventional measurement dose.

1L.INTRODUCTION

Recently, 5G communication, a high-frequency
communication, has started, and further research is being
conducted on 6G communication, which is an even
higher frequency. However, high-frequency signals are
difficult to spread over a wide area due to high spatial
transmission loss and large signal attenuation caused by
obstructions. In order to spread high-performance
communication infrastructure over a wider area, the use
of satellite constellations has been attracting attention in
recent years. To realize satellite constellations, it is
necessary to launch a large number of small satellites and
to reduce launch costs, it is necessary to make satellites
smaller. But as satellites become smaller, it becomes
difficult to achieve high area antennas, and their
performance as antennas deteriorate. To solve this
problem, a deployable phased-array antenna is proposed.
The deployable membrane structure enables the use of
large antennas in space at low launch costs by
downsizing the antenna at launch and deploying it after
launch. The array antenna structure also makes it
possible to send high-gain signals to targeted locations
through phase control. Satellites equipped with these
antennas will enable the use of high-frequency
communications infrastructure anywhere on Earth.

In the future, we plan to build an array antenna and
launch it into space to evaluate its performance. Figure 1
shows the structure of the CubeSat, a deployable phased-
array antenna under design. The folded size of the
satellite before launch is W6U (10cm x 20cm x 30cm),
of which the folded array antenna is 2U (10cm x 20cm x
10cm). The membrane area in the deployed state is 67cm
x 67cm after reaching space. The antenna area in the
deployed membrane is 36cm x 36¢cm, and the other area
is for heat dissipation. Although the proposed deployable

phased-array antenna has a narrower signal transmission
range than the horn antenna antennas used in *2, it can
compensate for this weakness by beamforming and can
handle high-frequency signals. Furthermore, unlike the
horn array antennas used in 24, the deployable membrane
structure makes it possible to reduce size and weight.

However, there are concerns about radiation effects on
the beamforming integrated circuit (BFIC) used to
control the phase of the signal when deployable phased-
array antennas are used for satellite communications.
While general space-use integrated circuits can be
protected from radiation by covering them with metal
shield such as aluminum, the complexity of the wiring
on the deployable structure and the need to connect a
large number of BFICs and a large number of antenna
elements due to the array antenna structure make it
difficult to place radiation shields between the BFIC and
antenna elements. Therefore, the radiation tolerance of
the BFIC itself must be higher than that of a general
aerospace IC.

There are many papers that give a lot of radiation to
transistors alone °6. However, there are few papers that
give radiation to RF circuits for wireless communication
78 Among them, there are few papers on radiation
tolerance of phased-array antennas exposing the entire
phased-array antenna to radiation, not just the BFIC or
papers that give radiation doses above 1Mrad.

This paper introduces the technology for radiation
tolerance applied to the BFIC, as well as circuits to
compensate for array antenna degradation by radiation.
In addition, this paper shows the structure of the
proposed BFIC and the prototype phased-array board
with 64BFICs. At last, measurement results applying
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Figure 1: Structure of the deployable phased-array antenna and difficulty of shield for beamforming
integrated circuit (BFIC)
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Figure 2: Total dose per aluminum equivalent
shield thickness after 5 years at 550 km altitude

Table 1: Shield thickness per antenna structure
and Total dose

horn Horn planar Deployable
antenna Array phased Phased
Antenna array Array
Aluminum | 5mm Smmor | 0.5mm | 0.1mm
equivalent | higher | or less or less
shield
thickness higher
Total-Dose | 2 Akrad | 2.4krad | 110krad | 1.2Mrad
orless | orless or or higher
higher

radiation up to 3Mrad are introduced for showing
stronger radiation tolerance than a conventional
aerospace IC.
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Figure 3: Link budget of the proposed antenna
2.SYSTEM REQUIREMENTS

2.1 TID requirement

Figure 2 shows the results of the simulation using
Spenvis °. The Total lonizing Dose amount was
calculated for a satellite in a sun-synchronous orbit at an
altitude of 550 km for 5 years. Since the antenna part of
the horn antenna and horn array antenna protrude from
the board, it is easy to apply radiation shielding and to
have a radiation shield of 5 mm or higher in aluminum
equivalent. In antennas that cannot be radiation shielded,
only the board is shielded, and in the case of a planar
phased-array antenna, the aluminum equivalent shield
thickness is about 0.5 mm or less. In the case of a
deployable membrane phased-array antenna using a
thinner substrate, the aluminum equivalent shield
thickness is less than 0.1 mm or less. From Table 1, a
radiation tolerance of more than 1.5Mrad is required for
a deployable membrane phased-array antenna to be used
for 5 years.
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Table 2: Link budget of the proposed antenna in

uplink
Frequency 29 GH:z
PA output power: P; 46.1 dBm
Received power: Pr -63.2 dBm
Transmit antenna gain: G: | 41.6 dBi
Receive antenna gain: Gr | 38.8 dB1
Space progation loss Lpass | -178.7 dB
Sensitivity: Peea -63.4 dBm
Bandwidth 500 MHz
Es/No 19.6 dB
Speed (256 APSK) 4 Gbps

2.2 Communication Link Budget

Figure 3 and Table 2 show the results of the link budget
calculations in uplink. In the proposed deployable
membrane phased-array antenna, the receiver is half of
the entire antenna surface. In this link budget
calculation, Gy is calculated in this proposed antenna
area. Gt was calculated assuming 35 cm square per side
array antenna. P: was calculated assuming a phased-
array antenna that has 4096 antenna elements and
outputs 10 dBm power from each antenna element. L pass,
which is the spatial propagation loss, was calculated
assuming an altitude of 550 km. The amount of
attenuation due to rain is assumed to be 10 dB. P; is the
sum of Gy, Gy, Prand Lpass. Psen Was calculated assuming
4dB with NF, 19.6dB with EJ/No of 256 APSk, and the
bandwidth of 500MHz. Since the value of P, exceeds Psen,
it can be seen that the proposed antenna will allow a
communication rate of 4 Gbps between an altitude of 550
km and the ground where the sky can be seen.

3.PROPOSED RADHARD PHAED-ARRAY

3.1 Receiver architecture

Figure 4 shows the antenna board equipped with 641C
and 256 antenna elements and a block diagram of the
BFIC on the board °. This is a prototype of the proposed
antenna, and the performance of the antenna was
evaluated by measuring this. The signal received at the
antenna patch first passes through the D-path. The phase
is controlled by the phase-shifter, and the signal is
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Figure 4: Prototype phased-array antenna and BFIC
block diagram?®
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Figure 5: Comparison of phase-shifter architecture®?
amplified by the LNA in the D-path. Next, it passes
through the C-path and arrives at the microstrip line on
the board. The phase and amplitude of the signal are
adjusted by the phase-shifter, buffer, and VGA in the C-
path. The receiver receives both horizontally and
vertically polarized waves on the antenna element, which
enables it to receive circularly polarized waves.
Furthermore, by adjusting the phase with a phase-shifter,
signals from any direction can be received. Additionally,
TID sensors were installed inside all paths to detect the
radiation dose. The IC was created by us in a 65nm
CMOS process and packaged with wafer level chip scale
package (WLCSP).

3.2 Phase-Shifter Architecture

Figure 5 shows the configuration of a conventional
phase-shifter, and a radiation-tolerant phase-shifter
proposed this time. In the conventional vector-summing
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Figure 6: Structure of TID senser'?

Modulation 16 APSK
Symbol Rate 0.4 GBaud 0.8 GBaud 1.6 GBaud
P
. .
. . - .
Constellation*
L - - - L] -
* . .
. . .
Data Rate 1.6Gbps 3.2Gbps 6.4Gbps
RX EVM (RMS) -38.2dB -36.4dB -33.1dB
Modulation 256 APSK
Symbol Rate 0.4 GBaud 0.8 GBaud 1.6 GBaud
Constellation”
Data Rate 3.2Gbps 6.4Gbps 12.8Gbps
RX EVM (RMS) -37.7dB -35.7dB -33.2dB

Figure 7: OTA measurement results?
phase-shifter 11, TID induced leakage current leads to
changes in phase and a gain reduction. Similarly, the
performance of the passive phase-shifters along with
varicap diodes for a fine-tuning function also decreases
due to the same mechanism.

To address these issues, we designed a magnetic-tuning
radiation-hardened phase-shifter 2. The leakage current
in the variable resistance region of the magnetic-tuning
radiation-hardened phase-shifter is negligible, allowing
the current from the drain to the source after radiation
exposure to remain equal to that before exposure. By
connecting three of this phase-shifter in succession, a
phase of 180° can be covered. Furthermore, by inverting
this phase with an amplifier, a phase of 360° can be
covered.

3.3 TID senser

Figure 6 shows the structure of TID sensors for
compensating the effect of TID. TID detection involves
monitoring the dose of TID by detecting changes in the
output voltage within the sensor. By applying a pre-set
bias voltage to each amplifier based on the detected TID
dose, it becomes possible to compensate for the TID
impact on the IC. TID sensors can enhance the radiation
tolerance of the entire phased-array system.
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Figure 8: Proposed BFIC TID measurement setup*?
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Figure 9: Measurement results of TID effect of the
BFIC??

4 MEASUREMENT RESULTS

4.1 Prototype receiver OTA measurement results

Figure 7 shows the received signal constellation and
EVMs of OTA (Over-The-Air) measurement results.
The communication distance between the prototype
receiver and the radiated horn antenna is 1.0 m. The horn
antenna radiated 29GHz signal generated by a waveform
generator. The signal was received by the prototype
receiver with 64BFIC and then demodulated by an
oscilloscope. The OTA EVMs are measured by 16 APSK
and 256APSK modulated signals with 0.4, 0.8, and
1.6GBaud signals. The prototype receiver can support
12.8Gbps with 256 APSK at 29GHz signal. The power
consumption of 1 antenna element is 3.4 mW. In addition,
From the antenna gain and NF of the measurement result,
the G/T of the prototype receiver is 11.5 dB/K.

4.2 Phase and Gain Variation by TID

The measurement setup is shown in Figure 8. In this
measurement, the board with wire bonded BFIC with the
proposed phase-shifter was irradiated up to 3Mrad while
energized, and the phase shift was recorded
simultaneously. Compared to %, the gain reduction after
1Mrad irradiation was reduced to 0.06 dB, and the phase
shift was significantly suppressed to 0.4°. Concerning
the 5-year lifetime, the gain and phase reduction of the
receiver are only 0.09 dB and 0.6°, respectively.
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Figure 10: Phased-array TID measurement setup?®
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Figure 11: Measurement results of TID senser
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Table 3: Comparison table

Conventional
Transceiver[10]

@1Mrad
Gain variation -1dB -0.06dB -2.5dB
Worst Phase variation  1° 0.4° 6

4.3 TID senser compensation

The measurement system is shown in Figure 10. The
phased-array board was placed at an angle to the source
so that all ICs present on the board with 16 ICs received
different radiation doses. Furthermore, irradiation was
performed until the average dose over the entire array
surface reached 0.5Mrad, and then the measurement
was performed.

Figure 11 shows the measurement results. Before
compensation by TID sensor, the maximum value of
gain difference between BFICs was 2.5 dB, but after
compensation, the maximum value of the gain
difference between BFICs was successfully reduced to
0.22 dB.

Table 4 shows the Comparison Table. This shows the
radiation tolerance of the IC was greatly improved
compared to the conventional IC 1.

5.CONCLUSION

Conclusion

This paper introduced radiation tolerance of the BFIC to
be mounted on the antenna a deployable phased array
antenna. From the measurement results, it was confirmed
that the proposed BFIC has greater radiation tolerance
compared to the conventional aerospace IC. By the
radiation up to 3Mrad, the proposed BFIC gain, and
phase variation can be reduced by 0.18dB and 0.4°. As a
result, compared to conventional antenna ICs, it was
possible to reduce the change in signal gain and beam
angle even during a long-term stay in space.
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