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Abstract

Plasma-wave observations are conducted under
conditions of high radiation and wide temperature variation.
The electrical characteristics of plasma-wave instruments
should therefore be insensitive to these environmental
factors. We have developed a new application-specific
integrated circuit (ASIC) waveform receiver with a rad-
hard [radiation-hardened] amplifier and a temperature-
compensation circuit. The environmental tolerance of
the conventional ASIC receiver is unsuitable for probing
plasma waves in the range 1 Hz to 10 kHz in harsh
space environments. Its weak radiation tolerance under
350 krad results in radiation-induced degradation in noise
performance, such that weak plasma waves are lost in the
noise floor. With an ambient temperature change of —40°
Cto +100° C, the gain response of the conventional ASIC
receiver varies by more than +£1.0 dB, preventing accurate
measurement of plasma waves around the cutoff frequency
of 10 kHz. Our new ASIC receiver operates at a total dose
rate of 350 krad without degradation in noise performance.
Moreover, the temperature dependence of the gain response
from —60° C to +100° C dramatically improved by +0.05
dB due to the addition of a compensation circuit. Our new
ASICreceiver can contribute to the measurement of plasma
waves in challenging environmental conditions to further
the understanding of magnetospheric dynamics.
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1. Introduction

The Earth’s radiation belts consist of relativistic
particles trapped by geomagnetic fields [1].
Bombardment by high-energy relativistic particles affects
the electrical systems within satellites (e.g., GPS) [2].
Plasma-wave observations are important for understanding
the relationship between plasma waves and radiation-belt
formation. Multipoint plasma-wave observations have been
conducted using multi-satellites (e.g., Cluster [3], THEMIS
[4],and MMS [5]). However, the spatial resolution of multi-
satellite observations is too low for plasma-wave probing
due to the insufficient number of satellites for the plasma
wavelength. Poor spatial resolution could be improved
by launching more satellites at lower cost. Application-
specific integrated circuit (ASIC) technology has been
applied to plasma-wave observations (e.g., dc [6] and ac
[7-9] magnetic-field observations), providing dramatic
reductions in mass, volume, and power.

This study deals with a plasma waveform receiver
[10-12] connected to electromagnetic sensors (e.g., search-
coil magnetometers [13] and wire-probe antennas [14]),
and high-sensitivity preamplifiers. Fukuhara et al. [11]
previously described an ASIC-based plasma waveform
receiver. However, the output dynamic range, radiation
tolerance, and temperature dependence of conventional
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Figure 1. The schematic block diagrams of the conventional (a) and new (b) ASIC receivers.

ASIC receivers are inadequate for plasma-wave
observations. Theserequire aflat gainresponse from 1 Hzto
10kHz with sharp cutoff characteristics and a wide dynamic
range of 2.6 Vpp (approximately 80% of the 3.3 V supply
voltage). The gainresponse of aconventional ASICreceiver
is not flat, having a large ripple of 2.0 dB generated by the
sharp cutoff of a sixth-order Chebyshev filter. The narrow
output dynamic range of a conventional ASIC receiver is
45% of'its 3.3 V supply voltage. The gain response of the
conventional ASICreceiver can be smoothed by redesigning
the transfer function, but without buffering to expand its
dynamic range, the amplifier cannot output waveforms of
amplitude greater than 45% of the 3.3 V supply voltage.
Hence, the conventional ASIC receiver cannot deliver
the required electrical performance. Furthermore, the
ASIC receiver must be able to operate within harsh space
environments to accurately capture plasma waves.

Ozaki et al. [9] developed an ASIC preamplifier for
plasma-wave observations that could tolerate the extreme
environments of space. Our target for environmental
tolerance is almost identical to that of Ozaki et al. [9],
to use the new ASIC receiver connected to a search-coil
magnetometer via the ASIC preamplifier for probing plasma
waves. We performed a radiation test for an experimental
ASIC receiver. The SS520-3 sounding rocket used the
experimental ASIC receiver. The SS520-3 sounding rocket
will launch to detect in situ wave-particle interactions
causing the ion outflow phenomena at the cusp. The
observation targets are electric fields in the VLF range below
10 kHz. In this study, the receiver was used to estimate the
radiation tolerance of a conventional ASIC receiver, which
is discussed in Section 4. The noise performance of the
experimental receiver was degraded following radiation
tests with 350 krad total dose rate. From the radiation
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test results, the radiation tolerance of the conventional
ASIC receiver was found to be inadequate. Testing the
conventional ASIC receiver across the temperature range
—40°C to +100°C, we confirmed it to have a large
temperature-dependent gain response of over +1.0 dB.

To improve the electrical performance and
environmental tolerance ofthe conventional ASIC receiver,
in this study we redesigned its transfer function and
replaced the conventional amplifier with a new operational
amplifier (OPA). We designed the new operational amplifier
to be approximately twice the size of the conventional
amplifier to improve its radiation tolerance, and we added
a temperature-compensation circuit [9] to minimize
temperature dependence.

Our new ASIC receiver achieved a flat gain response
with a ripple of 0.8 dB or less, and a wide dynamic range
of 2.7 Vpp: 82% of the 3.3 V supply voltage. The receiver
demonstrated aradiation tolerance of 350 krad or more, and
a gain response with an ultra-low temperature dependence
of 0.05 dB or less.

2. ASIC Receiver

The schematic circuit diagrams of the conventional
and new ASIC receivers are shown in Figure 1. In each
design, stage (i) is a differential low-pass filter (LPF) to
remove common-mode noise and to limit the bandwidth.
Stage (ii) is amain amplifier to adjust the system gain. Stage
(iii) is asixth-order Chebyshev low-pass switched-capacitor
filter (SCF) to prevent aliasing. The cutoff frequency of
the switched-capacitor filter can be controlled by its clock
frequency. In this study, we applied a | MHz clock signal
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Figure 2. The layouts of the conventional (a) and new (b) ASIC receivers.

of 3.3 Vpp to the switched-capacitor filter to tune the
cutoff frequency to 10 kHz. The final stage (iv) is a low-
pass filter to reduce ringing from the switched-capacitor
filter clock. Stages (i) and (iv) of the conventional ASIC
receiver are Gm-C low-pass filters, based on operational
transconductance amplifiers (OTAs). We replaced the
Gm-C filters with active low-pass filters based on the
new operational amplifier to improve the ASIC receiver’s
dynamic range. The existing operational transconductance
amplifier, without output buffering, had a narrow dynamic
range. Our new amplifier was two times larger than the
conventional amplifier to reduce its radiation absorbed
dose, which is discussed in Section 4.

As plasma waves propagate in three-dimensional
space, plasma-wave measurements demand a three-axis
electromagnetic sensor. The size of a three-channel ASIC
receiver is limited to a bare die size of 5 mm x 5 mm.
Figure 2 shows the layouts of the conventional and new
ASIC receivers. Both green areas of stages (i) in Figure 2
show the metal-insulator-metal capacitors. The capacitor
area of new stage (i) was smaller than the conventional are
because of changing the cutoff frequencies from 170 kHz to
300 kHz. The size of the new ASIC receiver was 0.57 mm
x 3.30 mm, which was close to that of the conventional
ASIC receiver and within the acceptable range. Power
consumption figures for the conventional and new ASIC
receivers were 20 mW and 25 mW, respectively. The 5 mW
increase was due to the addition of the new amplifiers and
a temperature-compensation circuit. The conventional
ASIC receiver had a temperature-compensation circuit
different from that of the new receiver. However, the
conventional switched-capacitor filter was supplied not
by the compensation circuit but by an external resistance,
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which was not sufficient for supplying reference currents
corresponding to ambient temperature.

3. Electrical Characteristics of
ASIC Receiver

The ASIC receiver required a flat gain response
between 1 Hz and 10 kHz, with a sharp cutoff at 10 kHz,
and a low pass-band ripple of 1.0 dB or less, to capture
plasma waves without aliasing. Figure 3 shows the gain
response of the conventional and new ASIC receivers. Both
simulations in Figure 3 were performed with a Tanner EDA
circuitsimulator [ 15]. Inthe gain simulations, we calculated
both gains using the harmonic ratio between output and input
waveforms when inputting a 100 Hz clock waveform. For
each receiver, the gain response of the switched-capacitor
filter clock was simulated using transient rather than ac
analysis. Both sets of results were plotted from 100 Hz
to 100 kHz to reduce the memory required for the circuit
simulations. The conventional ASIC receiver exhibited
significant pass-band ripple of2.0 dB. The measurements in
Figure 3adisplayed a 2.5 dB difference between calculated
and simulated values due to the output impedance of the
conventional amplifier [11]. The large ripple could cause
the conventional ASIC receiver’s output to saturate. The
new ASIC receiver displayed flat gain characteristics up to
the cutoff frequency of 10 kHz, with a low ripple of 0.8 dB,
as shown in Figure 3b.

Figure 4 shows the input-output characteristics of the
conventional and new ASIC receivers. The conventional
ASIC receiver had a narrow output dynamic range of
1.5 Vpp, which was 45% of the 3.3 V supply voltage.
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Figure 3. The measured (red solid lines), calculated
(black dashed lines), and simulated (blue solid lines)
gain-response results for the conventional (top) and
new (bottom) ASIC receivers.

To improve this, we designed the new ASIC receiver to
use operational amplifiers, increasing the dynamic range
by 80% to 2.7 Vpp. Figure 5 shows the measured output
waveforms for the conventional and new ASIC receivers
fora 1kHz0.25 Vpp sine-wave input. The narrow dynamic
range of the conventional ASIC receiver caused the output
to saturate, but the new ASIC receiver sufficiently amplified
the sine waves. The output voltage of the ideal operational
transconductance amplifier and operational amplifier are
given by [16]
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where V;,, is the positive input voltage of the operational
transconductance amplifier; V1, V.5, V,,3,and V4
are the CMOS overdrive voltages; Vpr, is the output
voltage; V), isthe ASICreceiver power supply voltage;
and Vyp, is the operational amplifier output voltage. In
both ASIC receivers, Vi, , Vouis Voyas Voyzs Vova» and
Vpower are approximately 1.65 V, 0.1 V, 0.2V, 0.2 V,
0.4V, and 3.3 V, respectively. The input voltage, V,,,
was set at the common voltage of the conventional ASIC
receiver to consist of the fourth stage (iv) based on the
single-ended operational transconductance amplifier from
Figure 1a. The voltages V1 and Vyp, in Equations (1)
and (2) ranged from 1.55 V to 3.1 V and from 0.2 V to
2.9 V, respectively. An ideal output dynamic range for
the operational transconductance amplifier was 1.55 Vpp,
which was 4.82 dB lower than that of the operational
amplifier. Moreover, as shown in Figure 1a, the operational
transconductance amplifier needed a voltage follower due
to its high output impedance of 300 kQ, which could
otherwise couple to stray capacitance and pick up noise.
From Equation (2), the ideal output dynamic range of the
new ASIC receiver was 2.7 Vpp, which was the same as the
measurement shown in Figure 4. The low output impedance
of the operational amplifier was 10 kQ for driving the
large output buffer current of 320 pA. We measured total
harmonic distortion (THD) by inputting 5 kHz sine waves
of 0.12 Vpp and 0.09 Vpp into the ASIC receivers, under
which input conditions both receivers could output a
1.0 Vpp sine wave. Both ASIC receivers displayed total
harmonic distortion degradation at 5 kHz due to the presence
of ripple at 10 kHz, which was the second harmonic of a
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Figure 4. The input-output characteristics of the conventional (black line) and new

(red line) ASIC receivers.
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Figure 5. The output waveforms at 1 kHz for the con-
ventional (blackline) and new (red line) ASIC receivers.

distorted 5 kHz sine wave. The total harmonic distortion
of the conventional and new ASIC receivers was 20 dB
and 42 dB, respectively. The measured slew rates of the
conventional and new ASIC receivers were 0.01 V/usec
and 0.03 V/usec, respectively.

AsshowninFigure 1a, the conventional ASICreceiver
includes several capacitors between signal and ground
lines. We assumed charging and discharging of these to
be responsible for the slow slew rate. When outputting a
1.0 Vpp sine wave, both receivers put out waveforms below
3.18 kHz and 9.55 kHz without the slew-rate limitation.
The new ASIC receiver displayed reduced total harmonic
distortion at 5 kHz due to the suppression of ripple between
2.0 dB and 0.8 dB and an improved slew rate. Figure 6
shows the output noise of both receivers. We evaluated their
noise performance using output noise rather than equivalent
input noise due to the switched-capacitor filters being the
dominant noise source. Low output noise is preferable for
probing weak plasma waves. The new receiver offered
improved output-noise performance between 1 Hz and
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Figure 6. The output noise of the conventional (black line)
and new (red line) ASIC receivers.

10 kHz. In particular, its output noise at | Hz was 10 dB
lower than that of the conventional ASIC receiver. The
voltage noise spectral density of CMOS is described as
per [17]

k
e, = —fi+§kTL’ (3)
26, WL f 3 gn

where k, is the flicker noise coefficient, C,, is the gate
capacitance per unit area, ¥ and L are the gate width and
length, f is the frequency, k is the Boltzmann constant,
T is the absolute temperature, and g, is the CMOS
transconductance. The firstand second terms in Equation (3)
dominate in the frequency range of flicker noise from 1 Hz
to 1 kHz and thermal noise over 1 kHz, respectively. Flicker
noise is reduced by increasing the gate dimensions, WL
WL . the resulting amplifier design had a larger surface
area and lower output noise than the original.

Figure 7. The radiation test setups for the conventional and new ASIC receivers.
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Figure 8. The radiation test results for the conventional (a) and

new (b) ASIC receivers.

4. Radiation Tolerance

In space environments, plasma-wave instruments
are exposed to high-energy particles of several hundred
MeV [18]. The effects of radiation on the ASIC receiver
degrade its noise characteristics. To design a rad-hard
amplifier for the new ASIC receiver, we evaluated the
relationship between amplifier surface area and radiation
absorbed dose using a particle and heavy ion transport code
system (PHITS) radiation simulator [ 19]. Radiation affects
amplifiers by entering their gate oxide films (SiO,) [20].
In the radiation simulation models, we used SiO, plates to
model the two amplifier designs. Both simulation models
had the same surface area as the CMOS area of the two
amplifiers. The first model was 0.5 mm x 0.5 mm, and
the second was 0.7 mm x 0.7 mm. The thickness of both
models was assumed to be 10 nm. A pencil beam was used
as a gamma radiation source.

From the simulation results, the total dose rate for the
model with 0.7 mm % 0.7 mm surface area was approximately
0.5 times lower than that ofthe model with 0.5 mm x 0.5 mm
surface area. The surface area ratio of 0.5 mm x 0.5 mm
to 0.7 mm x 0.7 mm is approximately 0.5, which was the
same ratio as the total dose rate between both simulation
models. The total dose rate depends on the surface area of
the SiO, plate: Increasing the SiO, surface area decreases
the amplifier’s total dose rate. The amplifier in the new
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ASIC receiver was designed to be approximately twice as
large as that of the conventional ASIC receiver to provide
improved radiation tolerance.

To evaluate the conventional receiver’s radiation
tolerance, the experimental ASIC receiver was exposed to
gamma ray from cobalt-60 at the Radioisotope Research
Center, Tokyo Institute of Technology. Figure 7 shows
the radiation test setup for the new ASIC receiver and the
experimental receiver. The switched-capacitor filter of
the experimental ASIC receiver was similar to that of the
conventional ASIC receiver. The noise of the switched-
capacitor filter was dominant in both ASIC receivers.

Figure 8 shows the pre- and post-radiation output
noise levels for the experimental receiver and new ASIC
receivers. Both ASIC receivers were exposed to total
dose rates of up to 350 krad. As shown in Figure 8a, the
experimental receiver’s output noise was degraded between
2.5 Hz and 1 kHz following the radiation tests. Output
noise degradation was 4.0 dB at 2.5 Hz. The radiation
test results can be described by the CMOS voltage noise
density Equation (3). The degradation in output noise
below 1 kHz in the conventional ASIC receiver was
possibly due to the gate capacitance per unit area, C,,,
in Equation (3) having decreased by 0.4 times its pre-rad
value as a result of charged particles from the gamma ray
becoming trapped in the gate-oxide films. Conversely, we
theorized that the output noise of the new ASIC receiver
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Figure 9. The simulated (a, ¢) and measured (b, d) temperature-dependence results for the conventional

(top) and new (bottom) ASIC receivers.

was unchanged by the radiation tests due to the increased
recombination rate of the larger amplifier. Gamma rays
cause the transconductance, g, , in Equation (3) of both
ASIC receivers to decrease, generating interface states. A
decreasein g, leadstodegraded outputnoise performance.
However, in both receivers, output noise over 1 kHz was
not affected by gamma rays. We selected a process (TSMC
0.25 um CMOS) with a thinner gate-oxide film for both
ASIC receivers to prevent generation of interface states.
As shown in Figure 8, the conventional ASIC receiver was
unable to tolerate radiation of 350 krad and over, while
the new ASIC receiver showed no degradation of output
noise performance following the radiation test. The new
amplifier design with a CMOS surface area twice as large
as that of the conventional amplifier effectively decreased
the radiation absorbed dose and improved the radiation
tolerance of the conventional ASIC receiver.

5. Stability in Thermal Variation

The gain response of the ASIC receiver was affected
by ambient temperature variation, making measured plasma-
wave amplitudes ambiguous. A constant gain with no
temperature dependence was hence required. To evaluate the
temperature dependence of both ASIC receivers, a Tanner
EDA circuit simulator [15] was used. Figure 9 shows the
temperature dependencerelativetoa +25° Creference point
for the gain responses of both ASIC receivers. It should be
noted that the range of the vertical axis for both receivers is
different in Figure 9. The fluctuation for the new receiver
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was much smaller. As shown in the simulation results in
Figure 9a, the conventional ASIC’s temperature dependence
was high due to the 2.0 dB pass-band ripple and the CMOS
threshold voltage variation based on ambient temperature.

As shown in Figure 3, redesigning the switched-
capacitor filter transfer function reduced the ripple from
2.0 dB to 0.8 dB. When the pass-band ripple in Figure 3
was shifted by a change in ambient temperature, the
temperature dependence of the conventional ASIC receiver
was greater than that of the new ASIC receiver. Reference
currents should correspond to a threshold voltage variation
of approximately £10% from +25°C to —60°C and to
+100° C. Abiasresistance of 32 kQ provided thereference
currents of the conventional ASIC receiver.

We performed temperature simulations from —60° C
to +100° Cto evaluate the temperature-induced variation in
the reference currents supplied by the bias-resistance and
temperature-compensation circuit. From those simulations,
the calculated rate of variation of the reference current
from standard temperature at +25° C was approximately
+6% across the temperature range. We designed a
temperature-compensation circuit without external bias
resistance to supply reference currents depending on
ambient temperatures [9]. The rate of variation of the
reference current from the temperature-compensation circuit
increased by approximately £30% across the temperature
range. Reference-current variation of +30% across the
range —60°C to +100°C corresponded with a 10%
variation in threshold voltage due to ambient temperature.

e Radio Science Bulletin No 372 (March 2020)



(a) Genventional

Conven\tional

Thermostatic chamber
(ETAC FL420N)

Figure 10a. The temperature test setup for the
conventional ASIC receiver.

Comparing the simulation results in Figures 9a and 9c, the
temperature dependence of the new ASIC receiver with the
temperature-compensation circuit improved significantly
from +15.0dB to £3.0 dB.

Figure 10 shows the temperature test setup for the
conventional and new ASIC receivers. The temperature
tests for the conventional and new ASIC receivers were
conducted in ETAC FL420N (Kusumoto Chemicals, Ltd.)
thermostatic chambers at Kanazawa University and MC-
712 (ESPEC Corp.) at the National Institute of Technology,
Ishikawa College, respectively. As per the temperature test
results in Figures 9b and 9d, the temperature dependence
of the new ASIC receiver drastically decreased to +0.05
dB compared to the conventional ASIC receiver due to
suppression of the pass-band ripple and compensation
for temperature-induced variation in CMOS threshold
voltage. These temperature test results indicated that the
compensation circuit effectively reduced temperature
dependence, minimizing the impact of wide temperature
variations in space environments on the gain response of
the new ASIC receiver.

6. Conclusion

We developed arad-hard amplifier and atemperature-
compensation circuit to improve the environmental
tolerance of a conventional ASIC receiver. By replacing
Gm-C filters with active low-pass filters, the new ASIC
receiver’s dynamic range expanded significantly from
1.5 Vpp to 2.7 Vpp, which was over 80% of the 3.3 V
supply voltage. Because of this wide dynamic range and
flat gain response from 1 Hz to 10 kHz with low pass-band
ripple, thenew ASIC receiver probes plasma waves without
saturation. Based on the environmental test results, our
new ASIC receiver demonstrated radiation tolerance of
350 krad or more and ultra-low temperature dependence
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Thermostatic chamber
(MC-712)

Figure 10b. The temperature test setup for the new
ASIC receiver.

of £0.05 dB variation in gain response in the range —60°
Cto +100°C.

The vibration and vacuum tests assuming the SS520-
3 sounding rocket experiment were conducted to evaluate
the robustness of the experimental ASIC receiver. The
difference between the experimental receiver and the new
ASIC receiver was the amplifiers comprising the switched-
capacitor filter. During both the tests, the experimental
receiver operated efficiently without any breakdowns.
We consider the new ASIC receiver and the experimental
receiver to be equally robust. Plasma waves have nonlinear
temporal characteristics that are the key to understanding
magnetospheric dynamics. Plasma-wave amplitude and
phase information detected by the Arase (ERG) satellite
[21, 22] contributed to the observation of the relationship
between chorus waves and the auroral phenomena [23,
24]. The waveform receiver connected to the search-coil
magnetometer of the Arase satellite covered the frequency
range from 1 Hz to 20 kHz [22]. The new ASIC receiver
operates over the same frequency range as the waveform
receiver by inputting a2 MHz clock. With its wide dynamic
range and high environmental tolerance, our new ASIC
receiver is therefore eminently suitable for obtaining
accurate plasma-wave observations in high radiation
environments and across wide temperature variations. The
new ASIC receiver will contribute toward understanding the
formation of radiation belts in harsh space environments.
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