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Abstract:

The Global Lightning and sprite MeasurementS (GLIMS) mission has been conducted at the Exposed Facility of
Japanese Experiment Module (JEM-EF) of the International Space Station for more than 30 months. This paper focuses
on an electromagnetic (EM) payload of JEM-GLIMS mission, the very high frequency (VHF) broadband digital InTerFer-
ometer (VITF). The JEM-GLIMS mission is designed to conduct comprehensive observations with both EM and optical
payloads for lightning activities and related transient luminous events. Its nominal operation continued from Novem-
ber 2012 to December 2014. The extended operation followed for eight months. Through the operation period, the
VITF collected more than two million VHF EM waveforms in almost 18,700 datasets. The number of VITF observations
synchronized with optical signal is 8049. Active VHF radiations are detected in about 70 % of optical observations
without obvious regional or seasonal dependency. Estimations of the EM direction-of-arrival (DOA) are attempted
using the broadband digital interferometry. Some results agree with the optical observations, even though DOA esti-
mation is problematic because of a very short antenna baseline and multiple pulses over a short time period, namely
burst-type EM waveforms. The world’s first lightning observations by means of space-borne VHF interferometry are
achieved in this mission. This paper summarizes VITF instruments, the recorded VHF EM signals, and the results of DOA

VHF EM radiation

estimations by means of digital interferometry as a preliminary report after termination of the mission.
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Background

The efficacy of global environmental monitoring from
space has been demonstrated since the 1960s. Many
earth observing satellites have been launched, producing
outstanding contributions including satellites observa-
tions associated with lightning observations. The Opti-
cal Transient Detector (OTD) on Microlab-1 satellite was
launched in 1995 and the Lightning Imaging Sensor (LIS)
on the Tropical Rainfall Measuring Mission (TRMM) sat-
ellite in 1997 revealed the global distribution of lightning
activities with optical observations (Christian et al. 2003;
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Boccippio et al. 2000). The array of Low-Energy X-Ray
Imaging Sensors (ALEXIS) satellite and the Fast On-orbit
Recording of Transient Events (FORTE) satellite were
launched in 1993 and 1997, respectively. They recorded
many transionospheric pulse pair (TIPP) waveforms
by electromagnetic (EM) radio observations (Jacob-
son et al. 1999; Tierney et al. 2002). The ISS-b satellite,
which was launched in 1978 and measured short-wave
EM noise, can be considered as the first space-borne EM
observation satellite for lightning (Kotaki et al. 1983).
The Maido-1 satellite (Nakamura and Hashimoto 2005;
Kikuchi et al. 2010, 2013) is the world’s first specialized
satellite for lightning observation that is the predeces-
sor project of this study. A microsatellite, Chibis-M of
the Space Research Institute of the Russian Academy of
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Sciences which was launched in 2012, has also conducted
EM lightning observations in VHF band (Zelenyi et al.
2014).

The authors have been developing the ground-based very
high frequency (VHF) broadband Digital InTerFerometer
(DITF) to image precise lightning channels and to exten-
sively monitor lightning activities. The remarkable feature
of DITF is its ultra-wide bandwidth (from 25 to 100 MHz)
and implicit redundancy for estimating VHF source loca-
tions (Mardiana et al. 2000; Morimoto et al. 2004). We
applied DITF to the space-borne measurement system and
joined Maido-1 satellite and Global Lightning and sprlte
MeasurementS (GLIMS) projects as mission scientists.
GLIMS is a mission on the Exposed Facility (EF) of Japa-
nese Experiment Module (JEM) on the International Space
Station (ISS). Both missions intend to implement lightning
observation from space by detecting VHF broadband EM
signals associated with lightning discharges as a gradual
approach to space-borne lightning monitoring by means
of EM observations (Morimoto et al. 2011). Observations
of the JEM-GLIMS mission were conducted for 32 months
and terminated on August 24, 2015. This paper describes
the instrument of an EM payload on the JEM-GLIMS
mission, called the VHF broadband digital InTerFerom-
eter (VITF), and provides a preliminary report of its obser-
vation results. It also introduces the world’s first lightning
observations by means of space-borne VHF interferometry.

JEM-GLIMS mission

Project outline and objectives

The JEM-GLIMS mission aims to observe global distri-
butions of lightning and lightning-associated transient
luminous events (TLEs) by combining observations with
radio and optical sensors. The science requirements of
this mission are (1) to capture the temporal and spatial
distribution of lightning and its associated phenom-
ena and (2) to characterize the relationship between the
horizontal structure of sprites and lightning discharges.
In order to achieve these objectives, the integrated four
sensors are installed into the Multi-mission Consoli-
dated Equipment (MCE), which is the bus system and is
mounted on JEM-EF as shown in Fig. 1. The four sensors
consist of the VITF (Morimoto et al. 2011), a very low
frequency (VLF) receiver, CMOS cameras at two differ-
ent wavelengths (Sato et al. 2011a), and photometers at
six channels (Sato et al. 2011b).

Instrument of the VITF

The VITF of the JEM-GLIMS mission is based on the
VHEF sensor of the Maido-1 satellite (Kikuchi et al. 2010,
2013; Morimoto et al. 2011). Figure 2 shows the configu-
ration diagram of the VITE, which consists of two sets of
antennas, band-pass filters, amplifiers, and a 2-channel
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Fig. 1 JEM-GLIMS payload on the JEM-EM. The representation of the
ISS is adopted from the handbook of applications of JEM-EF by JAXA
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Fig. 2 Configuration diagram of the VITF

AD converter. The VHF EM signals received by the
antennas are digitized by the AD converter synchronized
with the other channel after passing through the filter
and the amplifier.

The antenna needs to be a blunt shape to ensure safety
for the ISS crews and mountability on the MCE. Their
sizes, weights, materials, and structures are heavily
restricted from the ISS side. Broadband digital interfer-
ometry requires the antenna to have both a wide band-
width in the VHF band and omni-directionality in the
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nadir direction. A patch-type antenna is designed for the
mission with a size of 200 mm x 200 mm mounted on
the antenna base, which is made of aluminum alloy and
Teflon block, with a total height of 100 mm to obtain its
bandwidth and reduce interference from other structural
objects in the bottom panel of the MCE facing to the
nadir direction. The antenna is covered with cloth for lit-
tering prevention and surface protection. The total mass
of one antenna unit is 3.4 kg. Two identical antenna units
are installed at both ends of the MCE with a distance of
1.6 m, as illustrated in Fig. 1. The actual measured value
of the bandwidth of the VITF antenna with a return loss
higher than —3 dB is from 70 to 100 MHz, with a reso-
nance frequency of 88 MHz, while the simulated reso-
nance frequency is 90 MHz. The major specifications and
a photograph of the VITF antenna are listed and shown
in Table 1 and Fig. 3, respectively. The signals received by
the antenna are transmitted through cables to the elec-
tronics. The cables for both antennas are semirigid coaxial
cables with the same length for tolerance to the exposed
space environment. The band-pass filter has a 3 dB pass
band from 30 to 100 MHz with 20 dB attenuation at 20
and 110 MHz. The gain of the amplifier is designed to
be about 45 dB. In the case of the ground-based DITE,
with an observation range of around a hundred and sev-
eral tens of kilometers, the dynamic range is given more
importance than the gain. A space-borne system, on
the other hand, requires high gain because the intensi-
ties of received EM signals are inversely proportional to

Table 1 Specifications of the VITF antenna

Antenna (one unit)

Type Patch type

Size 200 mm x 200 mm x 106 mm
Weight 34kg

Bandwidth (S;; > —3 dB) 70-100 MHz

Directionality Omni-directionality to the zenith

Fig. 3 VITF antenna with antenna base. Two antenna units are
installed on the bottom panel of the MCE with cloth covers
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the distance between the EM radiation source and the
receiving antenna. The gain of the amplifier is determined
to be 45 dB, adding 20 dB to the ground-based DITF on
the pretext of numerical estimation for attenuation in the
propagation path (Taniguchi et al. 2006).

It is known that thousands of impulsive EM pulses
are radiated intermittently in association with lightning
leader progression. The typical width of each radiation
pulse is several hundred nanoseconds. The AD converter
is designed to record a maximum of 130 waveforms with a
duration of 2.5 us with 200 MS/s as one dataset. When the
input signal exceeds the threshold voltage, a waveform for
2.5 s is stored in the onboard buffer of the AD converter
with 25 % of pre-triggering. The input signal to the master
channel A is used for detection of the triggering, and the
waveform of the slave channel B is recorded in synchro-
nization with channel A. Since the size of the onboard
buffer is for 130 waveforms per channel, up to the last
130 waveforms are saved with their time stamp. The accu-
racy of the time stamp is maintained at a sufficient level
using GPS signal, in order to compare the observations to
other sensors. The AD converter is connected to the Sci-
ence Instrument Handling Unit (SHU) of the JEM-GLIMS
mission with a 2 Gbps RS-422 interface. The AD con-
verter is controlled by the commands from the SHU, and
the VITF captured data are transferred and temporarily
stored in the SHU. The VITF operation commands are
start/stop recording, waveform/status data output, data
clear, threshold setting, and forced triggering to respective
channels. All other sensors on the JEM-GLIMS mission
are also connected to the SHU, and the timing of the data
recording is managed by the SHU, which interfaces with
the MCE bus system (Kikuchi et al. 2011).

The band-pass filters, the amplifiers, and the AD con-
verter of the VITF are packaged in the box-shaped VITF
electronics unit. The primary specifications of each com-
ponent of the VITF electronics unit are summarized in
Table 2. Figure 4 shows the manufactured VITF electron-
ics unit installed on top of the JEM-GLIMS box unit.
The size and weight of the VITF electronics unit are
180 mm x 210 mm x 60 mm and 2.4 kg, respectively.

After designing and manufacturing, various environ-
mental tests were conducted as well as electrical tests.
Vibration, impact, and thermal vacuum tests for the
VITF antennas were conducted individually. The elec-
tronics unit was tested integrated with the JEM-GLIMS
box unit once. The JEM-GLIMS hardware had completed
its development and environmental testing, and then it
was delivered to the integrator of the MCE.

Mission target of the VITF
The main objective of the VITF is lightning observations
by recording VHF broadband EM waveforms received by
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Table 2 Specifications of the VITF electronics unit

Outline

Size

Weight

Communications interface
DC power

Band-pass filter

3 dB pass band

Insertion loss

Attenuation

Input and output impedance
Amplifier

Input level

Gain

Output level

Input and output impedance
AD converter

Data sampling speed

AD resolution

Input channel

Input impedance
Coupling

Input level

Input frequency
Triggering

Threshold level

Memory

180 mm x 210 mm x 60 mm
24kg

2 Gbps RS-422

8I1W (4+12,45V)

30 to 100 MHz

—1 dB (at center frequency)
—20dB/20, 110 MHz

500

—85to —35dBm
45 dB

1Vp-p

50Q

200 MS/s

8 bit

2 channel

50Q

AC

1Vp-p

20 to 100 MHz

Level trigger (event trigger)

50 to 500 mV (10 steps variable, positive

only)

Ring buffer for 130 x 2.5 ps waveforms/

channel

Fig. 4 VITF electronics unit

the antennas and estimating their source locations. The
VITEF is expected to provide location and time informa-
tion for lightning leader developments. The expected
accuracy of the VITF estimation for the direction-of-
arrival (DOA) of the VHF EM source is 1.5° based on the
experience of the ground-based DITF (Nakamura et al.
2009; Stock et al. 2014). When the ISS altitude is 400 km,
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the VITF with two antennas is able to identify the loca-
tion of the EM source as a doughnut-shaped ring with a
width of 10 km. This resolution at the Earth’s surface is
equivalent to the typical size of a thundercloud. The VITF
localizes the lightning activity on the scale of a thunder-
cloud by combining with the observations of the opti-
cal sensors on the JEM-GLIMS payload as well as other
observations such as satellite imaging, and ground-based
lightning, and/or weather radar observations. The range
of the lightning leader extension is also given. The infor-
mation for horizontal distance and temporal relationship
between VHF EM sources corresponding to the lightning
processes and TLEs might help clarify the mechanism of
TLE initiation.

Observation results

Global lightning observations of JEM-GLIMS

The MCE equipped with the JEM-GLIMS mission pay-
load was successfully launched on July 21, 2012, and
transported and installed to the ISS. After the initial
check and maintenance, its nominal operation was con-
ducted from November 2012 through December 2014.
An extended operation followed until August 2015.
Through the operation period, the VITF collected numer-
ous VHF EM observations synchronized with optical sig-
nals. In the former operation period from January 2013
to July 2014, 394,407 VITF waveforms were obtained
as 4071 datasets. Additional 1,777,106 waveforms were
captured as 14,624 datasets in the following 13 months
from August 2014 to August 2015. Much more frequent
operations of the VITF alone were conducted in the lat-
ter period than in the former period to collect many
additional observations to bolster the data required for
the statistical studies such as producing a global map or
regional distribution by means of VHF observations. The
data acquisition was triggered when the VITF recorded
100 EM pulses exceeded the threshold level within
100 ms in this mode. Optical signals were not recorded
in this mode, but the frequency of VHF EM radiation was
obtained continuously.

Figure 5 represents the locations of the ISS where
JEM-GLIMS photometers captured optical signals from
lightning for the entire observation period of 32 months
from January 2013 to August 2015. The timing of data
acquisition was controlled by the optical sensor of the
JEM-GLIMS. Namely, the simultaneous EM and opti-
cal observations were triggered by the optical signal. The
details of the observation sequence and trigger method
are given in Sato et al. (2015). All the dots in Fig. 5 cor-
respond to the optical signal records, and red dots show
active VHF signals. About 70 % (5538 of 8049) of the
optical observations are accompanied with VHF radia-
tion. While this ratio depends on the threshold level
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of the data acquisition, neither regional nor seasonal
dependency was found. As noted in Sato et al. (2016),
more than 90 % of optical signals do not record TLEs but
only lightning discharges.

DOA estimation by digital interferometry

Two antennas of the VITF are installed at the bottom
panel of MCE with a distance of 1.6 m. The distance
between the two antennas is not sufficient, but DOA
estimation can be attempted based on the digital inter-
ferometric technique (Mardiana and Kawasaki 2000;
Morimoto et al. 2004). The principle of this technique
is to calculate the phase differences between the EM
waveforms received by a pair of antennas at various
frequencies. Figure 6 shows an example of (a) a pair

of typical waveforms captured by the two antennas of
VITF and (b) the operation of broadband digital inter-
ferometry for VHF signals recorded by the VITE. Now
let us express the received broadband signals, which
originate from a common source, acquired by the two
VITF antennas as r4(t) and rp(t). These signals are dig-
itized at a certain time interval At and expressed in a
discrete time series

fm=0,1,..,N—1} (1)

raplm] = rap(mAt)
Here, At is 5 ns at a sampling rate of 200 MS/s. Since
\N\ is set to 128 in our calculation, the record length
At x (N — 1) of each pulse is 635 ns. A discrete Fourier
transform (DFT) is applied to r4 and rp as

a 500 (ndex Tladrura)=(127,424)
S
E b
< T 4
£ @ T —— . .
O 500 = 1 insensible .
0 0.5 1 15 2 25 S . N
& Of —t e . o .
500 5 O o G i *
(Index Maximura)=(127,316) o -2f . PR x . .
— (2] . ..
S e S . .
_4 1 1 1 1
§ 0 & 20 40 60 80 100
S -500 Frequency [MHz]
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Fig. 6 An example of a a pair of typical waveforms simultaneously captured by the two VITF antennas and b operation of broadband digital inter-
ferometry
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N-1
j2wmn
Raplm] =Y raplnlexp ¥ )
n=0

The phase difference 645 between signals r4 and rp for
each Fourier frequency component is given by:

_1 ImRg[m] ~ tan-! ImRy4 [m]
ReRp[m] ReR4[m] 3)

In practice, a fast Fourier transform (FFT) is applied
for the date processing, and N /2 (=64) Fourier compo-
nents are taken into account. In the case of the wave-
forms in Fig. 6a, the parts between the red lines are
selected as r4 and rp. The calculated phase differences
0ap[m)] are plotted at each Fourier frequency in Fig. 6b.
The phase difference should have a linear dependence
with a frequency in the bandwidth of the antenna, from
85 to 100 MHz in this case. The red line crossing the
origin fitted to the calculated phase differences by the
least-square method is drawn in Fig. 6b. The focused
frequency range is fine-tuned with waveforms. For the
case where the EM source is sufficiently distant from
the antenna array to be approximated as a plane wave,
the slope of the fitted line corresponds to the incident
angle against the baseline of the antennas. The DOA can
be estimated as 94° for the VHF waveforms shown in
Fig. 6.

An optical sensor of the JEM-GLIMS, LSI, records the
lightning image at the same time as VITF. Figure 7 shows
the LSI image superimposed on the estimated DOA of
94° with VITE. The distance depicted by Fig. 7 is equal to
200 km on a side. If the LSI image is taken to be a phe-
nomenon on a horizontal plane, the estimated DOA cor-
responds to a hyperbola on the plane, as illustrated in
Fig. 8. The estimated DOA is therefore drawn as a hyper-
bola in Fig. 7. Figure 7 shows a good agreement between
the VHF DOA estimation and optical observations. Even

04,8[m] = tan

Fig. 7 LSIimage superimposed with the VITF using estimated DOA
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Fig. 8 Comparison model between DOA estimation and an optical
image

though DOA estimation is problematic due to the very
short antenna baseline of 1.6 m and multiple pulses over a
short time period, many results with high signal-to-noise
ratios (SNRs) and isolated VHF pulses agree with optical
observations. The status of the analysis of the joint VHF
and optical dataset is that more time is required to com-
pute DOAs for all VITF impulses. The quantitative and
statistical results will be reported a following paper after
the completion of this analysis. A new location method
of VHF radiation sources, combining the interferometry
as described above and the measurements of the iono-
spheric propagation delay, is proposed in Kikuchi et al.
(2016).

Summary and future work

The JEM-GLIMS mission was conducted on the ISS to
observe global distributions of lightning and lightning-
associated TLEs by combining observations with radio and
optical sensors. Though the early results of each sensor are
reported in Sato et al. (2015), this paper focuses on the EM
payload of the JEM-GLIMS mission (i.e., VITF) and serves
as an initial overview of its observational results after the
termination of the mission. The VITF consists of a pair of
VHF broadband antennas and electronics to record VHF
EM waveforms from lightning discharges. It is designed
to estimate the DOA with about 10-km resolution, which
is equivalent to the scale of a thundercloud. This means
that the VITF is able to monitor thunderclouds with global
lightning activity. Comprehensive analyses on the VITF
and optical observations of lightning and TLEs during the
JEM-GLIMS mission are expected to provide us with new
scientific insights and understanding.

The JEM-GLIMS mission payload was successfully
launched, transported, and installed to the ISS in July and
August 2012. After the initial check and maintenance,
its nominal operation continued from November 2012
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to December 2014. The extended operation followed for
8 months. Through the entire operation period, VITF
collected over two million VHF EM waveforms. Focusing
on the synchronized observations with optical sensors,
5538 out of 8049 optical events, about 70 % are accom-
panied by active VHF radiations. DOA estimates of the
received VHF pulses are attempted using the broadband
digital interferometry. The results for high SNR and iso-
lated VHF pulses agree with the optical observations,
even though DOA estimation is problematic because of
the very short antenna baseline. The JEM-GLIMS mis-
sion represents the world’s first space-borne lightning
location by EM DOA estimation.

The JEM-GLIMS also has an operation mode that
acquires only the VITF observations. Optical observa-
tions were not recorded in this mode; however, about 1.5
million waveforms in 1300 datasets of VHF EM radiation
were obtained across the globe. Kikuchi et al. (2016) pro-
pose a new location method of VHF radiation sources by
combining the interferometry in this study with meas-
urements of the ionospheric propagation delay. A global
lighting map by means of space-borne VHF observation
is expected to be provided. Statistical studies involving
regional, seasonal, and local time dependencies will be
implemented in our future work. Sato et al. (2016) estab-
lish a method to distinguish weak optical emissions of
sprites from incomparably intense lightning emissions
and succeed in identifying 672 TLE events in the JEM-
GLIMS observations. Detailed comparison between
characteristics of VHF and optical emissions, especially
for the TLE events, has begun. A comprehensive analysis
of VHF and optical observations on lightning introduced
in this paper is also in progress.
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