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Abstract

Background: Multipoint observations of plasma waves are essential for separating spatial and temporal variations of
a plasma turbulence. Miniaturization and high environmental (temperature and radiation) robustness are key require-
ments for scientific instrument design toward a sensor network consisting of palm-sized probes. With increasing these
demands, a preamplifier for the 3-axis loop antenna of an electromagnetic sensor probe has been developed by
using application-specific integrated circuit (ASIC) technology with a 0.25-um complementary metal-oxide-semicon-
ductor process.

Findings: In the present study, a new temperature compensation method is proposed by using the open-loop gain
of the ASIC preamplifier with a bandgap reference (BGR) circuit. Usually, the gain is characterized by the closed-loop
gain, which is governed by the accuracy of the polysilicon resistances in a chip. The open-loop gain is characterized
by the effective transconductance of the ASIC preamplifier, which often has a negative temperature dependence.
The temperature dependence of the gain can be dramatically improved by using the temperature-compensated
BGR circuit to cancel out the negative dependence of the transconductance. The temperature dependence of

the gain was about —0.01dB/°C in the frequency range within the closed-loop bandwidth. On the other hand, the
temperature dependence of the gain at 60 kHz operating with the open-loop gain was improved from —39 x 1073
to —2.6 x 1072 dB/°C by using the temperature-compensated BGR circuit. Moreover, the radiation robustness for the
total ionizing dose (TID) level is evaluated by irradiation with gamma rays from cobalt-60. The ASIC preamplifier is not
sensitive to TID effects when a thin gate oxide is used. The ASIC preamplifier showed a high radiation tolerance to at
least a total ionizing dose level of 400 krad(Si). Finally, the effectiveness of the ASIC preampilifier is evaluated on the
basis of a virtual sounding rocket experiment using theoretical calculations of LF standard electromagnetic waves.

Conclusions: Fundamental issues (miniaturization, low-noise performance, and high environmental robustness) are

solved by the presented ASIC preamplifier. The success in developing the high robustness ASIC preamplifier leads to a
future mission using a lot of palm-sized probes in space.
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Findings

Significance of ASIC technology in plasma wave
observations

Plasma wave observations are important for understand-
ing energy transport due to wave—particle interactions
and the propagation characteristics in space plasmas.
As an innovative design for plasma wave probing, a
space sensor network by a monitoring system for space
electromagnetic environments (MSEE) has been pro-
posed by Kojima et al. (2010). The main objective of the
MSEE is to reveal the spatial distribution of plasma wave
turbulence around a target area with a range of several
kilometers around artificial objects such as a space sta-
tion and spacecraft through a number of palm-sized
sensor probes. Plasma wave turbulence of this sort was
observed as electrostatic and electromagnetic emissions
in the vicinity of the Space Shuttle below a frequency of
100 kHz (e.g., Gurnett et al. 1986; Cairns and Gurnett
1991). The MSEE can also be employed to study natural
phenomena with their strong spatial inhomogeneities. As
an example of the applications in space science, multiple
MSEE sensor probes can contribute to understanding
nonlinear plasma turbulence on small (Debye and elec-
tron) scales within reconnection and shock regions by
monitoring spatial inhomogeneity of plasma waves hav-
ing short wave lengths, which can be sensitive to Doppler
effect related to fast plasma motions (Torbert et al. 2014).
Another example is localization of plasma wave sources
by deploying a distributed sensor network (Constanti-
nescu et al. 2006). Miniaturization of scientific instru-
ments is a key technology for developing a palm-sized
MSEE sensor probe. These probes can then be used to
measure the plasma wave turbulence in a high spatial dis-
tribution. Application-specific integrated circuit (ASIC)
technology is one of the best solutions for the advance-
ment of miniaturization technologies. Recently, ASICs
for spaceborne instruments for electromagnetic field
observations have been actively studied and developed
in order to considerably reduce circuit resources (mass,
volume, and power) (e.g., DC magnetic field measure-
ments, see Magnes et al. 2008; Sordo-Ibéiez et al. 2015;
AC magnetic field measurements, see Rhouni et al. 2013;
Ozaki et al. 2014; plasma wave receivers, see Kojima et al.
2010; Fukuhara et al. 2012). The use of ASICs not only
serves to reduce the mass and volume, but it also yields
a number of analog circuits with almost identical char-
acteristics. MSEE sensor probes can become powerful
tools by exploiting ASIC technology. ASIC technology
is also suitable for multipoint ground-based observa-
tions of natural VLF waves, by the use of a number of tiny
instruments having the same electrical properties. (e.g.,
localization of ionospheric exit point for down-going

Page 2 of 13

whistler-mode waves, see Ozaki et al. 2008; Martinez-
Calderon et al. 2015).

In this study, an ASIC preamplifier for magnetic field
observations in the MSEE sensor probe is developed,
characterized, and assessed. The ASIC preamplifier is
required to have high robustness against temperature and
radiation in the harsh space environment. As a first test
of high-temperature robustness, gain insensitivity and a
wide operational temperature range (—60 to +100 °C) are
obtained by using an open-loop gain with a temperature-
compensated current source. Moreover, high radiation
tolerance is obtained by using a thin gate oxide. Finally,
the effectiveness of the ASIC preamplifier for the MSEE
sensor probe is evaluated on the basis of theoretical cal-
culations of LF standard electromagnetic waves.

Brief overview of the MSEE sensor probe

The prototype of an MSEE sensor probe is shown in Fig. 1.
Three sets of self-deployable dipole antennas with a tip-to-
tip length of 1.6 m and of a square-shaped loop antenna
(100 turns each) with an area of 0.01-m?* are attached.
Analog components for the sensor probe consist of pre-
amplifiers for electric fields constructed by discrete analog
parts, an ASIC preamplifier for magnetic fields (the pre-
sent study), and an ASIC waveform receiver (Fukuhara
et al. 2012) for probing six components of electromagnetic
fields below 100 kHz. For digital components, a peripheral
interface controller (dsPIC33EP512GP504) containing 4ch
AD converters with sampling hold circuits and a wireless
communication module (WH-MZ2, Oki Electric Indus-
try Co., Ltd.) are included. All circuit components and a
lithium-ion battery as a power supply are installed into
the body (72 x 72 x 72 mm cube). The waveform data
for 6 components of the electromagnetic fields are trans-
mitted to a base unit through the wireless communica-
tion module at 115.2 kbps. The details of the MSEE sensor
probe have been described by Zushi et al. (2015).

ASIC preamplifier for probing magnetic fields

In this study, an ASIC preamplifier for a 3-axis loop
antenna is developed and fabricated into a 5 x 5 mm
chip. The temperature dependence is improved by using
the open-loop gain with a temperature-compensated
current source. The three-axis loop antenna is orthogo-
nally built in a square around the MSEE probe body. The
ASIC preamplifier for the loop antenna has the design
shown in Fig. 2. The circuit parameters for the ASIC
preamplifier are listed in Table 1. The ASIC preamplifier
consists of a low-noise differential amplifier (62 dB gain)
and a gain adjustment amplifier (6 dB gain). The cutoff
frequency (1/27C1Ry and 1/2wC3Rs) of both ampli-
fiers is 100 kHz, which is the same as that for the ASIC
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MSEE body

Self-deployable

3-axis loop antenna g dipole antennas

Fig. 1 Photograph of the prototype of an MSEE sensor probe

waveform receiver. Each loop consists of a 100-turn coil
with a 0.01-m? area and an electrostatic shield for reduc-
ing the capacitive coupling. An external capacitance Cy is
added to obtain a resonant frequency of 60 kHz. Then,
magnetic field observations by the MSEE probe give the
best noise equivalent magnetic induction (NEMI) at a
frequency of 60 kHz for measuring an LF standard elec-
tromagnetic wave, which will be discussed later. Wide-
band NEMI techniques using multiple resonances are
discussed in Coillot et al. (2010) and Ozaki et al. (2013).
When the external capacitance Cyp is much larger than the
parasitic capacitance (several tens of pF) of the coil, the
antenna impedance at terminals Vinn—Vinp is given by
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Table 1 Circuit parameters of the ASIC preamplifier

Element Value Unit
Ro 6.0 k2
Ry 0.80 k2
R2 Rs 1.0 M
R3 480 k2
R4 10 k2
Co 3.1 nF
Q, C3 13 pF
G 0.1 uF

where R =100 2 and L = 3 mH are the resistance and
inductance of the coil, respectively. Ideally, the antenna
impedance approaches infinity at the resonant frequency
fi = 1/27/LCy, but it is damped by an external resist-
ance Ry = 6 kQ to avoid the instability caused by the
high-quality factor at the resonant frequency. The output
noise voltage e, for an ideal amplifier having a noise gain
Gn combined with the loop antenna can be expressed as

e = Guy/(en)? + (nlZJ)? + 4keT Re (Z) ()

where e, and i, are the equivalent input noise voltage
and current of an ideal amplifier, respectively, kg is the
Boltzmann constant, T is the temperature, and Re (Z)
is the real part of the complex impedance of the loop
antenna. The first term in Eq. (2) is usually dominant at
f < fu so the lower voltage noise of the amplifier is well
suited to measurements below the resonant frequency.

Zy = R+jol , | On the other hand, the second term in Eq. (2) is domi-
(1 — @?LCy + %) + jw(CoR + R%) M nant around the resonant frequency because of the high
0.01-m2 loop
100 turns
(100 turns) A A
R2 R5
0—' I—(D 0—' I—(P
Vinn  R1 C1 C3
- " Vout
Vinp » Vo —>
ey cozt T o
| s L L
ES shield Vbias
R2 il Ci GND
Vbias

Fig. 2 Schematic circuit diagram of the ASIC preamplifier for the loop antenna onboard the MSEE sensor probe. The external passive components
are Cp and Rq for fine-tuning of the resonance frequency and G, and Rs for gain adjustment
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Table 2 Device dimensions for the ASIC preamplifier

Device W (um) L (wm)
Mo, My 800 10
My, My 10,000 20
Ms, Mo, Myo, M17, M1g 1200 10
Mg, Ms, My, M3 2000 10
Me, M7, Mg, Mha, Mhs, Mre 400 10

antenna impedance. The current noise for metal-oxide-
semiconductor (MOS) transistors is very low compared
with that for bipolar junction transistors (BJTs). Thus,
complementary metal-oxide-semiconductor (CMOS)
technology is more suitable for magnetic field measure-
ments around the resonant frequency (Ozaki et al. 2014).

The complete circuit structure of the ASIC pream-
plifier is shown in Fig. 3. The dimensions of each MOS
transistor are tabulated in Table 2. Our ASIC preampli-
fier is designed with the standard 0.25-um CMOS pro-
cess. An ultralow-noise CMOS preamplifier for MSCs
has already been developed using ASIC technology
(Rhouni et al. 2013; Ozaki et al. 2014). This ASIC pre-
amplifier for the 3-axis loop antenna of an MSEE sensor
probe is based on the CMOS preamplifier for MSCs by
Ozaki et al. (2014). Large-area (LW) input devices with a
high W/L ratio are used to minimize the effects of ther-
mal and flicker noise, where L and W are the channel
length and width of a MOS transistor, respectively. The
optimization of the device area for a differential ampli-
fier has been discussed by Paulus et al. (2001). The low-
noise differential amplifier consists of three stages: (1) a
differential amplifier (M; and M>) with a simple resistive
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load (Ry = 10 k2) for achieving sufficiently low noise;
(2) a differential amplifier with an active load (M4, Ms,
Ms, and M) for improving the open-loop gain; and (3)
a voltage buffer having a low output impedance (Mg and
Mip). The gain adjustment amplifier is a typical opera-
tional amplifier consisting of an operational transcon-
ductance amplifier followed by an output buffer (M7
and Mig). The output buffer provides rail-to-rail output
swings for improving the dynamic range of the ASIC
preamplifier. Passive components (resistance and capaci-
tance) use precision polysilicon resistors and metal
insulator metal capacitors, which offer relatively high
accuracy in electrical performance for the analog circuit
design. To achieve a stable operation by improving the
phase margin, series resistance (Rc1, Rep, and Rc3) and
capacitance (C¢j, Cco, and Cc3) compensations are added.
Some passive components (R3 and Cy) use external parts
for fine-tuning of the gain.

Temperature compensation method
The gain of the ASIC preamplifier in the angular frequency
from1/Cy(R3 + Ra) to1/C1Ro(=1/C3R5) is given by

Vvt ~lAes - Hy (@) - Hy()] 3)
Ry Rs
=A% Z Ry ®s o+ Ra) @
where
A= Ro
" Ro+ (R +joL) (1 + jwCoRo) &)

VDD ——
e ) )¢
MO st L|[||\/|8 |—||'__|\/|9 M11 M16 |-| M17
C1
Ibiast R1 Ibias2
; A LT
Vinn
R1 R2
M1 M2 [ M4 wms M12 M13
Vinp
h A v c Vout
Cel== Cc1 1_|3
R2 [ Ct Ccﬁ_'l' c2 R5 1 CL
Rc2 Vo Rc3 écS
Vbias SRd §Rd M6 |—L| M7 ——[ m10 M14 |—1—| M15 ——][ m18

GND
Fig. 3 Integrated circuit structure of the ASIC preamplifier for the MSEE sensor probe
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is a coefficient for voltage dividing, e is the induction volt-
age of the loop, Hi(w) and Ha(w) are the transfer func-
tions for the differential amplifier and the gain adjustment
amplifier, respectively. The gain of the differential amplifier
should be high for low-noise applications, and the closed-
loop frequency of the gain adjustment amplifier should
be larger than the cutoff frequency of 1/C1R2(=1/C3Rs).
The temperature dependence of the differential amplifier
is dominant in the ASIC preamplifier, because of its high
gain. The output voltage of the differential amplifier can be
approximated as follows:

Ry
Aes - 770

(0w <€ wcL)

Vo

. 1 1
Vin Aes - gmeft Reff - (e K o < C1R2)
()

(6)
where wcy, is the closed-loop angular frequency of the dif-
ferential amplifier, g, is the effective transconductance,
Ref is the effective output resistance, and wp is the first-
pole frequency of the differential amplifier. The effective
transconductance is given by gyef = gm1 gma g€mi1o, where
Zm1 gm4, and gnio are the transconductances of the My,
My, and Mo transistors, respectively. The closed-loop
gain of the ASIC preamplifier depends on the accuracy
of polysilicon resistors on a chip, as shown in Eq. (6). The
size ratio accuracy of polysilicon resistors on the layout is
high, but their absolute accuracy is usually poor, owing to
the large parameter drift with temperature. The tempera-
ture dependence is strongly influenced by the accuracy of
the passive components, which may cause a large drift in
the electrical performance of the ASIC preamplifier with
temperature variation. On the other hand, greater control
of the temperature dependence of the transconductance
is possible by using the open-loop gain in the frequency
range above the closed-loop frequency. The temperature
dependence of the transconductance of the ith MOS tran-
sistor is given by

dgmi _ 3gm,' 8/L Bgmi 3[])
dT = ow 9T ' dlp T
_ CoxID 87/1 Coxut @ A
gmi 0T gmi 0T

where  is the mobility, Ip is the drain current, and Cox
is the oxide capacitance. The mobility usually shows a
negative temperature dependence (9p1/d7T < 0), so a cur-
rent source having a positive temperature dependence
(0Ip/dT > 0) could be canceling out the temperature
dependence of the transconductance. A sufficiently weak
temperature dependence is obtained by using a current
source having a positive temperature dependence. In this
study, a bandgap reference (BGR) circuit is used to keep
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the variation in transconductance with temperature to a
minimum.

Figure 4 shows the integrated circuit structure of the
BGR circuit using the base emitter diodes of lateral B Ts.
The device dimensions are listed in Table 3. The BGR
circuit consists of a proportional to absolute tempera-
ture (PTAT) current generator and a current reference.
In Fig. 4, a start-up circuit (M,, My, and M,) is included
to avoid a zero current state. The principle of a PTAT
current generator is based on the stable temperature
dependence of a differential voltage between two groups
of diodes (Q; : Q) with different current densities. The
PTAT current is given by

kgT

a

IpTaAT = In (n), (8)
where g is the elementary charge and # is the ratio
of the number of base emitter diodes of lateral BJTs
(Q1 : Q2 = 1: n). The reference currents for the ASIC
preamplifier are generated by copying the PTAT current
with the current mirror circuits (M;j, Mj, and M,). It is
possible to cancel out the negative temperature depend-
ence of the mobility by using the PTAT current source. In
this study, the PTAT current source is designed to have a
thermal gradient of +0.67 LA/°C with a 3.3-V supply.

Radiation tolerant layout

The ASIC preamplifier for spaceborne systems requires
tolerance to a harsh radiation environment. The follow-
ing three influences of radiation on CMOS circuits are
well known (e.g., Schrimpf and Fleetwood 2004; Velazco
et al. 2007; Cressler and Mantooth 2012): (1) single-event
effects due to a single strike by mainly high-energy ions;
(2) displacement damage dose effects caused by colli-
sions between neutral particles and silicon nuclei; (3)
total ionizing dose (TID) effects due to long-term ion-
izing radiation damage by low-energy ions and elec-
trons. In analog circuits, the emphasis would be on the
TID tolerance, rather than other effects, because the
electrical performance would be gradually degraded by
the TID level. Moreover, one other distinct type of deg-
radation to the electrical performance of BJTs at a low
dose rate is thought to be enhanced low dose rate sen-
sitivity (Hjalmarson et al. 2003), which is negligible for
CMOS circuits. The TID tolerance for scientific instru-
ments onboard satellites is usually improved by adding
a shield composed of a heavy metal such as Ta or Mo,
but this requires a large mass. The TID effect is caused
by electron-hole pair production in the gate oxide layer
under radiation exposure (Oldham and McLean 2003).
Holes become trapped in lattice defects in the gate oxide
layer because of their low mobility compared with that
of electrons. Accumulated holes are equivalent to a fixed
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Fig. 4 Circuit structure of the temperature-compensated bandgap reference for the ASIC preamplifier

positive charge. As a result, the threshold potential of the
device shifts, and hence, electrical performance param-
eters such as gain, noise, and consumption current, are
degraded. MOS transistors having thin gate oxides can
improve the TID tolerance, because thin gate oxides pro-
vide a high probability of annihilation for trapped holes
and of compensation by tunneling electrons. Thus, ASIC
technology is only one solution for ensuring a sufficient
TID tolerance without additional mass budget. In this
study, MOS devices having thin gate oxides are selected.
Additionally, double guard rings surrounding each circuit
block are employed to suppress latch-up caused by ener-
getic ions (Voldman 2007).

Results and discussion

Gain and NEMI

Figure 5 shows an optical micrograph of the manufac-
tured ASIC preamplifier. Four sets of preamplifiers and
temperature-compensated BGR circuits are built in a
5 x 5 mm bare chip. (The fourth circuits are the spares
for the 3-axis loop antenna.) The differential amplifier,
gain adjustment amplifier, and BGR circuit for each axis
occupy 1500 x 970 um, 630 x 630 um, and 160 x 280 um,
respectively. To suppress the crosstalk between the loop
antennas, all circuit components are isolated from each
other with an analog ground. The gain measurement and

simulation (SPICE) results for the ASIC preamplifier
combined with a 0.01-m? loop antenna (100 turns) are
plotted in Fig. 6. The measurements were taken with a
Helmbholtz coil in a magnetically shielded room. The gain
was designed to take a resonance frequency of 60 kHz for
the detection of an LF standard electromagnetic wave by
a virtual sounding rocket experiment, which will be dis-
cussed later. The gain measurement results agreed well
with the simulation results. The measurements and simu-
lation results for the NEMI of the ASIC preamplifier are
plotted in Fig. 7. The NEMI measurement result is almost
the same as that obtained by simulation, with the differ-
ence being caused by the error in the SPICE parameters
and by neglecting the effect of noise due to the drain
resistances Ry in the simulation. The NEMI for a previous
preamplifier (assembled with discrete electronic com-
ponents by Yagitani et al. 2011) combined with the 0.01-
m? loop (15 turns) is also plotted in Fig. 7. The power
consumption of the ASIC preamplifier for a 1-axis loop
antenna was 5.0 mW with a 3.3-V supply, which is half
that of the previously reported preamplifier. The NEMI
curve of the ASIC preamplifier was designed to be sim-
ilar to that of the previous preamplifier. The number of
coil turns (100 turns) was modified from the previous
prototype (15 turns) in order to satisfy the mechani-
cal requirements for the loop antenna in a sounding
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Fig. 5 Optical micrograph of the ASIC preamplifier for the MSEE sensor probe The chip size is 5 x 5mm. The dimensions of the differential ampli-
fier, gain adjustment amplifier, and BGR circuit for each axis are 1500 x 970 um, 630 x 630 pm, and 160 x 280 um, respectively

Table 3 Device dimensions and circuit parameters for the

rocket experiment. The equivalent input noise voltage
of the ASIC preamplifier is acceptable even though it is
6.7(=100/15) times worse. The noise characteristics of
the ASIC preamplifier can be improved by using larger
differential gate inputs (e.g., Rhouni et al. 2013; Ozaki
et al. 2014). The NEMI for the ASIC preamplifier is suf-
ficiently low for the detection of whistler-mode emissions

10 . .
Measurement BGR circuit
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S 20 ol Ma, M, Me, Mg 15 1
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Q L~ Mp 3 1
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10 10 10 10 Device Value Unit
Frequency (Hz)
. . . i Q: O 1:8
Fig. 6 Measurement and simulation results for the gain of the ASIC @
preamplifier combined with a 0.01-m? loop Ra a1

excited by an electron beam from the Space Shuttle
(Gurnett et al. 1986) shown on the same graph as a refer-
ence. Also, this MSEE sensor probe will be able to detect
large amplitude whistler waves (up to several nT) in
the radiation belts with a sufficient NEMI (Cattell et al.
2008). The formation and evolution of coherent whistler
waves play an important role in understanding nonlinear
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Table 4 Temperature coefficients of the ASIC preamplifier
gain for each frequency

Measurements Simulations
Frequency  Without/ptat With lprar  Without Iprar  With lprar
(Hz) (x1073 (x1073 (x1073 (x10~3
dB/°C) dB/°C) dB/°C) dB/°C)
1k —83 —9.1 —57 —56
10k —12 —8.6 —7.1 —53
60k -39 —26 —22 +0.46

| Measurement
imulatiol

NEMI (fT/Hz'"2)

| |
102 10° 10°
Frequency (Hz)

Fig. 7 Measurement (black solid line) and simulation (red dotted line)
results for the NEMI for the ASIC preamplifier combined with a 0.01-
m? loop (100 turns). The gray solid line is for the NEMI by a previous
preamplifier combined with 0.01-m? loop (15 turns) by Yagitani et al.
(1994). The dot-dashed line represents the spectral characteristics
of the whistler-mode radiation from a Space Shuttle experiment by
Gurnett et al. (1986)

wave—particle interactions. The validity of the gain and
NEMI for the ASIC preamplifier will be discussed below,
on the basis of a virtual sounding rocket experiment.

Temperature test results

As shown in Fig. 7, the plasma waves radiating from
the Space Shuttle experiment had a frequency of over
10 kHz. The closed-loop frequency of the preamplifier
was designed to be 10 kHz to improve the temperature
dependence in the target frequency band (10-100 kHz).
Tests for the ASIC preamplifiers were conducted in
the temperature range from —60 to +100 °C to evalu-
ate the temperature sensitivity of the gain without/with
the BGR circuit in a thermostatic chamber (MC-712,
ESPEC Corp.). The temperature dependence of the ASIC
preamplifier was evaluated by the gain without the loop
antenna, because of electromagnetic noise from the facil-
ity. Figure 8 shows the measurement (panels a and c) and
simulation (panels b and d) results of the gain profile
for each temperature. The temperature behavior with-
out/with the BGR circuit shows a reasonable agreement
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Fig. 8 Measurement and simulation results for the temperature
dependence of the gain of the ASIC preampilifier. a, ¢ are for the
measurements, and b, d are for the simulations. a, b are the tempera-
ture test results without the temperature-compensated BGR circuit,
and ¢, d are for using the temperature-compensated BGR circuit

between the measurements and the simulations. The
ASIC preamplifier was operated in the temperature range
from —30 to +100 °C without the temperature-compen-
sated BGR circuit in the simulations (panel b), but the
operational temperature range was 0 to +100 °C in the
measurements (panel a). The reason of small errors would
be caused by the inaccuracy in the SPICE parameters
related to the temperature drift. On the other hand, the
operational temperature range was improved from —60 to
+100 °C by using the temperature-compensated BGR cir-
cuit for the measurements and simulations (panels ¢ and
d). It is clearly seen that the temperature-compensated
BGR circuit can be effective above 10 kHz. The tempera-
ture dependence of the gain showed a linearly decreasing
trend in units of dB. The temperature coefficients of the
gain without/with the BGR circuit are listed in Table 4
for each frequency. The temperature coefficients of the
gain below 10 kHz were about —12 ~ —8 x 1072 dB/°C
without/with the BGR circuit for the measurements
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and —7 ~ —5 x 1073 dB/°C for the simulations, respec-
tively. These values are almost the same as those for the
ASIC preamplifier for MSCs (Rhouni et al. 2013). In the
frequency range within the closed-loop bandwidth, the
temperature coefficients cannot be controlled, because
they are determined by the thermal drift of the polysili-
con resistors embedded in the chip, as shown in Eq. (6).
They are not inferior in quality, but the temperature coef-
ficients of the gain were dramatically improved by using
the BGR circuit. Then, the values reach to —2.6 and 4-0.46
%1073 dB/°C for the measurement and the simulation.
The experimental temperature coefficient of the gain at
60 kHz with the BGR circuit was equal to one-fifteenth
that without the BGR circuit. Other ASIC preamplifiers
showed exactly the same insensitivity to temperature.
This high resistance to temperature eliminates the need
for a calibration process for temperature and improves
the reliability of the gain difference with multiple obser-
vations by MSEE sensor probes. The frequency range for
this temperature compensation method can be improved
by decreasing the closed frequency band. The present
method using the open-loop gain with the BGR circuit is
effective in improving the temperature dependence of the
ASIC preamoplifier.

Total dose test results

In order to estimate the sensitivity to the TID effect,
TID radiation tests for the ASIC preamplifiers were con-
ducted with gamma rays from cobalt-60 at the Radioiso-
tope Research Center, Tokyo Institute of Technology. The
target level of radiation tolerance is usually selected as a
maximum TID level of 100 krad(Si) for a satellite experi-
ment. The typical dose rate in space is below 1072 rad/s,
but the dose rate used in laboratory experiments is
several orders of magnitude higher to reduce the test
period. Recommended dose rates for laboratory experi-
ments have been reported elsewhere (e.g., Fleetwood
and Eisen 2003 and references therein). The ASIC pre-
amplifiers were irradiated at dose rates of 0.39 rad(Si)/s
[below 200 krad(Si)], 0.56 rad(Si)/s [200—-300 krad(Si)],
and 0.75 rad(Si)/s [300—400 krad(Si)]. The TID radiation
results were evaluated with the output noise at 40, 100,
200, 300, and 400 krad(Si). Here, only the measurement
result for 400 krad(Si) irradiation is described, because
the measurement results for other TID levels were the
same. Pre- and post-radiation results for the equiva-
lent input noise of the ASIC preamplifier are shown in
Fig. 9. No difference was detected between the pre- and
post-radiation results. Other channels and chips of the
ASIC preamplifier showed the same insensitivity under
400 krad(Si) irradiation for the flicker and thermal noise
behaviors. The power consumption was also the same for
the pre- and post-radiation tests. The equivalent input
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voltage noise level of the ASIC preamplifier changes with
the drain current of each transistor (Rhouni et al. 2013;
Ozaki et al. 2014) controlled by the bias currents from
the temperature-compensated BGR circuit (Jpjs1 and
Liiasp)- The BGR circuit suffers from a leakage current
induced by the radiation damage in the transistor diodes
(Cao et al. 2013). The variation of bias currents was an
increase of 1 % at the room temperature before and after
the radiation tests from 24 samples. The results of no dif-
ference in the noise level indirectly show that the varia-
tion of bias currents causing the degradation of the noise
level did not occur after the radiation tests, even though
the increase of 1 % in the bias currents was included. It
suggests that the BGR circuit has no significant damage
from the radiation at the TID level of 400 krad(Si). Thus,
it is concluded that the ASIC preamplifier satisfactorily
meets the high TID levels of space-quality ASICs.

Virtual sounding rocket experiment

This section presents a virtual sounding rocket experi-
ment aimed at performing magnetic field observations
by an MSEE sensor probe. An LF standard electromag-
netic wave radiating from the ground station is one of
the observation targets to assess the electrical perfor-
mance of the MSEE sensor probe. In this study, a virtual
sounding rocket experiment for an LF standard electro-
magnetic wave is performed by using full-wave analysis
(Nagano et al. 1975). The calculation model assumes the
horizontally stratified ground-free space—ionosphere
system with Cartesian coordinates. The z-axis represents
the altitude direction. The x- and y-axes point to the geo-
magnetic east and north, respectively. The y—z plane is
the geomagnetic meridian plane. The plasma in the iono-
sphere is assumed to be magnetized cold plasma without
thermal motion of electrons. The ground is assumed to
be an isotropic conductive medium. A dipole source is
oriented vertically on the ground. The inhomogeneity of
each medium is considered only in the z direction. On
the basis of the above assumptions, a spherical wave field
e at an arbitrary point (x, y, z) radiating from a dipole
source can be expressed as

+o00  p400 )
e(x,y,2) = / / &k, ky, 2) - e 7K T9) e dk,,
—00 —00 (9)

where e is an elementary plane wave, and k. and k; are the
x and y components of the wave normal vector k, respec-
tively. Equation (9) indicates that a spherical wave field
can be represented as the superposition of a large num-
ber of elementary plane waves propagating in all direc-
tions of the wave normal vector. Here, the elementary
plane waves at an arbitrary altitude z are rigorously cal-
culated with various incident angles in the horizontally
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stratified medium as the full-wave solution. The elemen-
tary plane wave in each stratified layer, as established by
Nagano et al. (1975), is given by
g = —jkoTe,
where ky is the free space wave number and T is a prop-
agation matrix determined by the medium constants
(electron density, collision frequency, geomagnetic field,
permittivity, and permeability) of each stratified layer.
Each elementary plane wave is connected with those in
the adjacent layers to satisfy boundary conditions based
on Snell’s law. The calculation techniques for the super-
position of elementary plane waves based on the full-
wave solutions have been described in detail by Nagano
et al. (1993), Yagitani et al. (1994), and Ozaki et al
(2009). In this study, full-wave analysis is performed on
the basis of the study by Nagano et al. (1993) to evaluate
the Omega signals radiating from a dipole source on the
ground. The infinite integral of Eq. (9) can be numerically
computed as a finite integral, because the elementary
plane waves become evanescent waves for large k, and k.
It is possible to rigorously evaluate the propagation of an
LF standard electromagnetic wave in the ionosphere by
using full-wave analysis.

The altitude profiles of the electron density and the
effective collision frequency between electrons and neu-
tral particles in the daytime and nighttime ionosphere are
shown in Fig. 10. The electron densities are taken from
the international reference ionosphere model for a north-
ern hemisphere midlatitude (Bilitza 2001). The collision
frequency is calculated as proportional to the atmos-
pheric pressure with the MSIS-E-90 model (Hedin 1991).
The other calculation parameters are listed in Table 5.
These parameters assume an LF standard electromag-
netic wave radiating from Hagane-yama LF Standard
Time and Frequency Transmission Station, which is one
of Japan’s standard electromagnetic wave stations.

Figure 11 shows the daytime (panels a and b) and night-
time (panels c and d) intensity distributions of LF stand-
ard electromagnetic waves on the magnetic meridian
(y—z) plane. The electromagnetic waves above the dipole
source showed null fields and a figure-of-eight radia-
tion pattern within a horizontal distance of 200 km. The
spherical electromagnetic waves in the Earth-ionosphere
waveguide showed interference between radiated waves
from the dipole source and reflected waves (L-mode)
from the lower ionosphere. The interference pattern
was particularly clear in the nighttime because of the
higher reflection coefficient at the lower ionosphere. In
the ionosphere, the LF standard electromagnetic waves
propagate as whistler-mode waves along the geomagnetic
field line and show an asymmetric distribution in the

(10)
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Table 5 Calculation parameters for full-wave analysis

Parameter Value Unit
Wave frequency 60 kHz
Geomagnetic dip angle 48.2 degrees
Gyrofrequency 1271 MHz
Altitude of dipole source 900 m
Length of dipole source 200 m
Effective radiation power 25 kw
Conductivity of the ground 10x 1073 5/m
Relative permittivity of the ground 10
Altitude range of the ionosphere 60to 150 km
Altitude resolution 0.25 km
Horizontal distance range —512t0+511 km
Horizontal distance resolution 1.0 km
«—
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Fig. 9 Measurement results for the equivalent input noise voltage of
the ASIC preamplifier under radiation testing

north-to-south direction. It is assumed that a sounding
rocket is launched from a horizontal distance of —260 km
on the ground toward magnetic south with a constant
elevation angle of 63.43 deg along the magnetic meridian
plane. The horizontal distance is approximately 260 km
toward south from Hagane-yama Station to Uchinoura
Space Center, which is the Japanese sounding rocket
launch facility. It is planned that the MSEE sensor probe
onboard the sounding rocket will measure an LF standard
electromagnetic wave during the ascent and be separated
from the sounding rocket at maximum altitude. Figure 12
shows the intensities of the LF standard electromagnetic
waves and their polarization (—1 = L mode, 0 = linear,
and +1 = R mode) along the assumed trajectory during
the ascent for daytime (panels a, b, and c¢) and nighttime
(panels d, e, and f). Clearly, the linear polarization in the
free space mode turned into whistler-mode waves in the
ionosphere. The magnetic field intensity is about 10 pT in
free space regardless of the time of day or night, but the
intensity in the ionosphere for the nighttime is about 4
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Fig. 10 Altitude profiles of electron density and effective collision
frequency in the ionosphere

times stronger than that for the daytime. The NEMI for
the ASIC preamplifier combined with the loop antenna is
20 fT/Hz!/2 at a frequency of 60 kHz, which is sufficiently
low for the measurement of LF standard electromagnetic
waves. The gain of the ASIC preamplifier combined with
the loop antenna is 2 dB/nT at a frequency of 60 kHz.
Then, the output voltages for the LF standard electro-
magnetic waves (B, or By) become 130 mV in free space
and 0.31 to 1.6 mV in the ionosphere, which are lower
than the saturated level of the ASIC preamplifier (1.5 V).
These voltage levels can be detected with a 14-bit AD
converter. The temperature change of an MSEE body
without a survival heater would be easily several tens of
degrees Celsius in a sounding rocket experiment dur-
ing the ascent. The amplitude variations of the magnetic
field along the assumed trajectory include a rapid change
(about 3 dB/km) around the boundary of the lower ion-
osphere. If the temperature difference between on the
ground and in the lower ionosphere is 50 °C, the gain
variations without/with the BGR circuit may become
2 dB and less than 1 dB, respectively. Such gain variations
directly affect the estimation of the electron density. The
temperature compensation technique using the BGR cir-
cuit is useful to determine a sharp boundary of the lower
ionosphere with a few hundred meters accuracy, which is
sufficient for the observation of the ionospheric irregu-
larities having km scales. Thus, the ASIC preamplifier
for a 3-axis loop antenna of the MSEE sensor probe sat-
isfies the electrical performance needed for probing an
LF standard electromagnetic wave by a sounding rocket
experiment.
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Fig. 11 Intensity distributions of the LF standard electromagnetic
waves on the magnetic meridian plane. a, b are for the daytime, and

¢, d are for the nighttime

Conclusions

In this study, an ASIC preamplifier for magnetic field
observations by an MSEE sensor probe was designed,
developed, and assessed. This ASIC preamplifier included
low-noise differential amplifiers, gain adjustment ampli-
fiers, and temperature-compensated BGR circuits for a
3-axis loop antenna in a 5 x 5 mm bare chip. The NEMI
for the ASIC preamplifier combined with a 0.01-m? loop
was adequate for the detection of whistler-mode waves
excited by an electron beam from the Space Shuttle
(Fig. 7) and an LF standard electromagnetic wave for a
virtual sounding rocket experiment (Fig. 12). The ASIC
preamplifier showed a high resistance to temperature
change (Fig. 8) and TID radiation (Fig. 9). Fundamental
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Fig. 12 Altitude profiles of the LF standard electromagnetic waves
along the assumed trajectory for the virtual sounding rocket experi-
ment. a, b, c are for the daytime, and d, e, f are for the nighttime

temperature and radiation issues on the miniaturization
of MSEE sensor probe were solved by using our devel-
oped ASIC preamplifier. A distributed MSEE sensor
network motivates separating spatial and temporal vari-
ations of plasma phenomena. One remaining issue is the
evaluation of the threshold for latch-up caused by MeV-
level particles and to embed a latch-up protection circuit
in the chip. Furthermore, a chopper stabilization tech-
nique (e.g., Yan et al. 2014) will be considered to mark-
edly improve the flicker noise characteristics of the ASIC
preamplifier in a future ASIC design. Finally, a major goal
of the MSEE sensor probes is to reveal the plasma wave
turbulence caused by space missions.
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