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Broadband Radio Interferometer Utilizing a
Sequential Triggering Technigue for Locating
Fast-Moving Electromagnetic Sources Emitted

from Lightning

Redy MardianaMember, IEEEand Zen KawasakiMember, IEEE

Abstract—A broadband radio interferometer to investigate
the location of fast-moving electromagnetic (EM) sources emitted
from lightning discharges has been designed. A sequential trig-
gering technique was applied to the system for recording the data
of broadband electromagnetic pulses from 25 to 250 MHz. Once
the electromagnetic pulse is detected and its amplitude exceeds a
threshold level, the triggering circuit is turned on to record the
waveform and get ready to acquire another pulse afterwards. This
technigue can overcome the limitation of the digitizer's memory Fig. 1. Two broadband antenna sensors separated horizontally.
due to such high digitization rate and very large bandwidth. We

have implemented our system to locate and retrace fast-moving be recorded continuously. Also, it is not practical if the digi-
electromagnetic sources emitted from lightning discharges during ) ’

a field experiment in Australia in summer 1997. As one of the ti_zer has to record l_mdetected broadband pulses_during a light-
results, a cloud-to-ground lightning discharge has been recon- ning flash progression. To overcome the above disadvantage, a

structed in the two-spatial dimension and in time sequence. sequential triggering technique was proposed where the instru-
Index Terms—Broadband interferometer, electromagnetic radi- Mentation begins to acquir_e data only if a lightning flash emits
ation, interferometer, lightning, sequential trigger. broadband pulses exceeding a threshold level. $hao. [9]

have illustrated the basic principle of a broadband interferom-
eter and used this technique in the one-spatial dimension. Ushio
etal.[10] and Mardianat al.[11] reported more clearly the use
ORE THAN two decades ago, the time-of-arrival (TOADf a broadband interferometer for locating fast-moving electro-
and narrow-band interferometer systems were first devagnetic sources with 500 MHz sampling rate of the digitizer
veloped to study the dynamics of lightning. Both systems shamd mapping the two-spatial and temporal progression of light-
excellent results for mapping lightning radiation and can explaiting discharge processes.
lightning progression in detail [1]-[7]. Currently we have de- Inthis paper we give particular attention to the detail principle
veloped another system based on an interferometer but usingf @ur broadband interferometer system and the experimental
broadband signal processing. Unlike the narrow-band interf@etup along with the sequential triggering technique. A short
ometer, which is operated at a fixed frequency to estimate tteport of one of our experimental results will also be discussed.
source positions, the broadband interferometer takes into ac-
count all frequency components of the lightning flash emitted II. DETAIL OF A BROADBAND INTERFEROMETER
during its progression and uses them to resolve the source pg\si-
tions. ’
It is known that electromagnetic (EM) radiation from light- The basic idea of this interferometer technique is to estimate
ning flashes is characterized by a broadband spectrum frorthg phase differences at various frequency components of
few kHz through several GHz, and during the occurrence off@urier spectra between a pair of broadband antenna sensors.
lightning flash broadband EM radiation is emitted continuousijhe simplest radio interferometer consists of two separate
[8]. Since the lightning spectrum has very large bandwidth, tfieceiving antenna sensors. Consider two broadband antenna
broadband interferometer system needs a high digitization r&@nsors separated horizontally above the ground by a distance
to record its broadband signals, but since the memory of the dig-2s shown in Fig. 1. The broadband signal which is originated
itizer is limited, the entire radiation from a lightning flash canndfom a common source impinging on antenna i) and on
antenna 2 is(t). Assuming a total record length &, then
deriving the signals in the frequency domain by using Fourier
transformation [9]-[12], we have

|. INTRODUCTION

Basic Principle
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cross energy spectral density function by the well-known rela- g . - ——— -
tionship 2 :___-———/
~ 0 : B
Guf) = Ri())-Ri(f) @ % 2| S =
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o(f) = atanGrm(f)/Gre(f)]- 4) 12 L 6=1.5359 :
The term¢(f) of (4) corresponds to the phase difference of -10 - —
signalr(¢) andr;(¢) for each frequency component. For the 20 0=19199 7
case where the source is sufficiently distant to be approximated 30k ]
by a plane wave at the receiver locations, the angle of incidence a0k ]
8(f) for the received signal can be interpreted@g) given by 0 0 100 B 20 %0
Frequency (MHz)
¢(f) = [27fd cos 6(f)]/c (5)
Fig. 2. The first three panels show the phase difference as a function of
or frequency for several incident angles. The fourth panel shows the phase
difference after displacing the fringes. The unit of the incident angle is in
0(f) = acoges(f)/(2m fd)] (6) radians.

wherec is the electromagnetic propagation speed in free spage’) at anyf < 15 MHz, as seen from (5) for any < ¢/2f.
(~3x 10® m/s). The mean value of incident angles can be solveq.
by averaging thé(f) of all frequency components. Note again that if the output @f( f) (5) is not limited fromr

In practice, the continuous signal will be digitized into digitajo — 7, ¢(f) for £ < 250 MHz should cover a range of about
data. For digital data processing with a recording tifhand a

sampling interval\¢ there willbeT'/ At = N data points. Thus, —17m < ¢(f) < 17w

the discrete frequencies will be separateddy = 1/T = or

1/(At.N), and the upper frequency limit of the analysigis= —7—2mr < $(f) < 7+ 2mm m=§. 7)

1/(2At). Hence, for (1)—(6) the frequency increment will g - - ’

with the highest frequency.. Equation (7) shows that(f) will have a maximum of eight
fringes (vary fromr to —, or —x to ) asf(f) varies from

B. Phase Difference Analysis 0 to 7. Therefore, it is obvious that to eliminate the ambiguity,

There is a dependence of the calculatéfl) ond(f) because ¢(f) should have a unique value for eagfty) for the entire
of the large bandwidth and antenna separation geometry. Frgfuency range. Hence, tkg[) function should be linear as
(5), to illustrate the relation betweéfif) andé( f), acomputer f increases (see the fourth panel in Fig. 2). In our system, the
simulation has been made. The two antennas are assumegresedure to remove this ambiguity was proposed as follows:
haved = 10 m with the corresponding two antennas being ided) displacings(f) for the high frequencies (in our case 25-250
tical. Fig. 2 shows)(f) as a function off for several different MHz) over=+2nw, wheren = 1, 2, 8, m and 2) selecting only
6(f) values and is limited to a range of 0-250 MHz. Becauséhe ¢(f) function that crosses the origin, because it is known
(5) and also (4) are trigonometric functions, the outpusf) that for f = 0, ¢(f) = 0. This process can be seen later in
varies fromr to —7 as thef( f) varies from 0 tor. Itis shown Figs. 7 and 8.
in the first and third panels tha( /) goes through more than .
one cycle with increasing, except ford(f) = 1.5108-1.6308 C- Base Line Geometry
radian (see the second panel). This means there are at least twdsing two-antenna sensors, we only can image one-dimen-
frequencies that have the saiig’) and, therefore, they provide sional localization. To provide a two-dimensional system, the
ambiguous indication @f{ f) (6). These cycles in( f) are often third antenna is added to determine azimuth and elevation. The
referred to as fringes [4], [5], [7]- As the radiation source movdsst and second antennas form the first base line, and the second
overheadd(f) ~ w/2), the number of fringes decreases. Howand third antennas form the second base line. These two base
ever,¢(f) has a unique value or provides no ambiguity for eadmes are perpendicular to each other. Fig. 3 shows the basic ge-
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Distant source Broadband antennas E-field antenna
N(90") A
h S apE@ >
W(+/-180%) E(0) : HPfiter 1 [ []
S(-90°) - Integ|rator
Antenna 3 Q L Digitizer Trigger | e
X IEEE-488 [II II]
N\, \a
----------------------- ) Personal Computer
Antenna 2 Antenna 1

Fig.3. Antennas 1 and 2 form the first base line and measure the incident angle
61. Antennas 2 and 3, as the second base line, measure the inciden@anglq:ig. 4. Broadband measurement system.
These two base lines are perpendicular to each other. The azimuth and elevation
of the source can be determined from those incident angles. ] o ]
not practical. To overcome this difficulty, we applied a sequen-

ometry of a perpendicular base line interferometer. ConsidetrIal triggering technique for each electromagnetic pulse. The

. . : whole memory of the digitizer was divided into segments, and
source in the northeast quadrant. Each base line provides a_di- ;

. : : ach segment can record one broadband electromagnetic pulse
rection cosine between the source and the respective base ine

We will use the degree unit rather than the radian unit for th ' .1 #s or 502 equ_ally s_paced sa_lmples. Once th_e electr(_)mag-
: - - netic pulse from a lightning flash is detected and its amplitude

explanation of angular position. Lét and - be the incident ds a threshold level. the tri . cuit i t dont

angles of the source for the first base line and the second basa. cu @ treshold level, the triggering circuit1s turned on to

line, respectively [5]. The azimuthy] and elevationg) of the record a waveform and save .'t as one segment. The pre-trigger
. . : setup was 50%, and the minimum time between two consecu-
source can be determined using the relations

tive segments was about 78 due to instrumentally dead time.

cos(6) = cos(a) cos(B) (8) With this technique, the system can record a maximum of 2000
segments within 1 s. The system was operated to record radia-
and tion sources fronyf = 25 MHz to f. = 250 MHz. Of 502 data
points sampled for one segment, only the center 256 data points
cos(f2) = sin(a) cos(f). (9) (I = 256) are analyzed due to the fast Fourier transform (FFT)

limitation. This meand" = 0.5 usandA f = 2 MHz.

In addition to the broadband antennas, an electric field
(£'-field) antenna with a decay time constant of 1€ was
also equipped to measure the electric field changg The

By dividing (9) with (8), with the constrairt; # 90° andg #
90°, we obtain

o = atan[cos(62)/ cos(6)]. (10) decay time constant was set in the integrator circuit. The

Finally, we determines, as E signal was sampled by an A/D converter having 1 MHz
sampling rate and 12-bit resolution. The A/D converter was
B = acos[cos(y)/ cos(a)]. (11) triggered by the digitizer and connected to the same PC. This

E measurement was used primarily to reveal the polarity of
lightning discharges and charge motions. The synchronization
[ll. EXPERIMENTAL SETUP between thelZ measurement and th&”/dt measurement is
An experiment to locate fast-moving electromagnetic sourcghin 1. ms. Thus, this broadband measurement system was

emitted from lightning discharges was conducted in Darwil_(‘f,aloabl_e of recordinglE'/d¢ and £ radiation from mu_ltlple
pulsive events (return stroke, leader steps, cloud discharges,

Australia in summer 1997. Fig. 4 shows the broadband interfér:

ometer measurement system. The system employed three br&é@_within individual lightning flashes, with sub-microsecond

band circular flat antennas having diameter of 30 cm each. Tht e resolution, and of placing these events in the context of

were separated horizontally with the base line’s lenigth 10 m the flash as a whole.

and aligned at three apexes of a square (see Fig. 3). The an‘[he accuracy of this system has been tested on site by com-

tennas were connected to a digitizer through coaxial cables %ing_with the narrow band system thatwas already established
high-pass filters £25 MHz). The broadband lightning£/d¢ 29 With an all-sky video camera. The resuit showed that the
signals were digitized at 500 MHz sampling ratet(= 2 ns) average discrepancy for azimuth direction is less ttawith

L o . . o
using a digitizer having 8-bit resolution, which was controllegtandard deviation d@f.5° and for elevation direction is less than

by a Personal Computer (PC) through the IEEE-488 interfa Z}With standard deviation &f.0° [13], [14].

bus. Because of such high digitization rate, the entire radia-
tion from a lightning flash cannot be recorded continuously.
For example, in order to record a one-second-long stream, 50@\s a case study, we will give attention to data from a cloud-
MWords memory per-channel of digitizer is required, which ig-ground lightning flash, which was detected during the cam-

IV. RESULTS
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Fig. 5. Broadband signals: (a) the first ten segments of the broadband signa?s
received by the antenna 1 and (b) expanded signal of the fifth segment.

paign on November 28, 1997 at 14:41:14 local time. This flash
lasted about 400 ms from the beginning of broadband pulses,
and 347 segments were successfully recorded. Fig. 5(a) shows
the first ten segments of broadband pulses from antenna 1 and
Fig. 5(b) shows the expanded scale of the broadband pulse from
the fifth segment for all antennas. Itis clearly seen the difference

of arrival-time delay among signals. As mentioned earlier, one
segment will correspond to one angular position. To simplify
the next explanation of broadband interferometer processing,
we will focus on the signal of this fifth segment only, aiid

is from 25—-MHz due to the bandwidth of our system. Using the
FFT, the amplitude and phase of this signal as a functiofi of
can be seen in Fig. 6 for all antennas. T¢) for every f is
shown in Fig. 7(a), and we can see fringes clearlyffdrelow

100 MHz for each base line. For ttfeabove 100 MHz theé( f)
seems to scatter, this might be due to the low Fourier spectrum
in that frequency range [see Fig. 6(a)]. Fig. 7(b) shows the dis-
placing process af( f) of the first base line (antennas 2 and 1)
over +67 only with incrementt 27 (or » = 3). The displacing

of phase difference is continued until= m = 8. Then, only
the( f) function that crosses the origin is selected, as indicated
by an arrow in the Fig. 7(b). The same procedure is also applied
to the second base line, and the result for the entire frequency
range is shown in Fig. 8(a) for both base lines. From here, we

100
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6. Fourier spectrum of the fifth segment: (a) amplitude and (b) phase.
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_Can see th_at th@(f) f(_)r [ above 100 MHz stillhas ?t?nd_ency toFig. 7. Phase differences and incident angles of the fifth segment: (a) phase
increase linearly ag increases, although the deviation is largdfifferences of antennas 2-1 and 2-3 show fringes for the frequency below 100

than that forf below 100 MHz. To find4(f),
those values af( f) in Fig. 8(a), and the result for each base line
can be seen in Fig. 8(b). By averagifigf) for all frequencies,

(6) is applied to MHz and (b) displacing the phase difference of antennas 2-1 up-ta3. The
arrow shows the phase difference function that crosses the origin.

then, the mean values éf andé- are 1.15 and 2.08 radians, resspectively. By using (10) and (11), finally, the radiation source
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position of this fifth segment can be seen later in Fig. 9. -180 -90 180

All successful segments can be mapped into angular-time

f_or_mat and a2|mu_th-elevat|on format. Fig. 9 dlsplays the aﬁl’g. 9. Activity of a cloud-to-ground flash: (a) electric field waveform

tivity of the flash in both formats, where a dot represents a&corded by theE-field antenna. The series of time tags that is indicated by

angular position from one segment. An electric field Waveforn‘f]e thin vertical_ lines at the'time axis _sh(_)ws the occurrence of the broadband
d by thé&-field antenna. and labels A. B. and C are alsS|gnals, (b) azimuth direction of radiation sources in time sequences, (c)

Sens_e y ; - ! - Th = & Qevation direction in time sequences. Three lightning leaders propagating

provided to simplify the explanation to this lightning event. Alownward to ground can be identified, and (d) azimuth-elevation format. The

number of “5” indicates the angular position of the fifth Segmem}ymber of “5” indicates the position of the fifth segment as shown in panels

that we have discussed earlier. During the Al period, the fla -

began with cloud discharge activity with no significant change. N

in electric field [Fig. 9(a)]. Strong broadband radiation was d vith the A2 event, as seen in Fig. 9(b)—(d), so the second leader

tected during the first leader progression moving downward ﬁpannel followed the path made by the first leader. The radia-

event A2. In this event the azimuth direction of the sources ngn ceased at the beginning of the return stroke, whose elec-

: o g, tric field changed abruptly. This leader completed its extension
moving from east to northeast(—50°), as shown in Fig. 9(b), E/ithin 15-18 ms. The last activity of this flash was similar to

0
Azimuth [deg]

and the elevation direction moved downward starting from ap- tB1. Th ¢ ded diation duri tC1
proximately60° [Fig. 9(c)]. In this instance the leader require ven - 1 e system recorded some radiation auring even

about 12 ms to reach ground. The electric field change wi Q‘?re the position was _inside the_cloud. Th_e fast field change
negative, as seen in Fig. 9(a), indicating that negative cha ring the very short period of within 2—4 ms in event C2 shows

was transported toward the observation site, or equivalently, t third leader progression followed by a return stroke. We ap-

positive charge was transported away from the site. This al roximate that the path of this leader channel was also the same

indicates that the lightning had negative polarity. The activigIth the previous leaders in event A2 and B2. Such discharges

culminated with an abrupt electric field change just beyond t opagating dqwnward inside the clouds labeled C3 occurred
end of A2, caused by a return stroke. The radiation intens er several milliseconds after the last return stroke.

dropped abruptly after the return stroke [4], [7]. That is way no
pulse was detected after the return stroke for several tens of mil-
liseconds, as seen in Fig. 9(a). During event B1, the radiationA broadband interferometer technique for locating
was emitted rarely and since the elevation position of this radif@st-moving electromagnetic sources emitted from light-
tion was above ground level, this activity could be inside clouting has been introduced and demonstrated. The basic principle
discharges. The second leader progression to ground appeafethis technique is to extract the phase differerd¢) at
during event B2 along with strong broadband radiation. Sinearious frequency components of the Fourier spectra between
the leader channel had approximately the same angular positgpair of broadband antenna sensors, and thereafter the incident

V. CONCLUSIONS
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angled(f) of the radiation sources can be determined. There[s] C. O. Hayenga and J. W. Warwick, “Two-dimensional interferometric
is a dependence of the calculaie() ond(f) because of the positions of VHF lightning sources,J. Geophys. Resvol. 86, pp.

| bandwidth db i d thi ibl 7451-7462, 1981.
arge bandwidth and base lines geometry, and this possibly progg; p, Rrichard, A. Dellanoy, G. Labaune, and P. Laroche, “Resuilts of spatial

duces the ambiguous indication of source direction. Arranging  and temporal characterization of the VHF-UHF radiation of lightning,”

#(f) to have a unique value for the entire frequency range can__ J- Geophys. Resvol. 91, pp. 1448-1260, 1986. .
eliminate this ambiguity [7] X. M. Shao, P. R. Krehbiel, R. J. Thomas, and W. Rison, “Radio inter-

_ ) o ferometric observations of cloud-to-ground phenomena in Florida,”
The system applied a high digitization rate to overcome  Geophys. Resvol. 100, pp. 2749-2783, 1995.

the large lightning frequency bandwidth, and a sequentiaI[S] M. Le Boulch, J. Hamelin, and C. Weidman, “UHF-VHF radiation from
tri . techni dt the limitati f lightning,” in Lightning ElectromagneticR. L. Gardner, Ed. New
riggering tecnnique was used 1o overcome the limitatuon O York: Hemisphere, 1990, pp. 211-256.

digitizer memory. The memory of the digitizer was divided into [9] X. M. Shao, D. N. Holden, and P. R. Krehbiel, “Broadband radio inter-

segments. One segment can record one broadband electromag- ffgf;“el‘;yz{)"rl';gg'g‘“i”g observationGeophys. Res. Letwol. 23, pp.

netic pu_lse f(_)r s, and it corresponds to one angular pOSition[lo] T. Ushio, Z.-I. Kawasaki, Y. Ohta, and K. Matsuura, “Broad band inter-
of the lightning radiation source. A total of 2000 segments  ferometric measurement of rocket triggered lightning in Jap&ed-
within 1 s can be acquired by the system, which is enough t?ll] phys. Res. Leftvol. 24, pp. 2769-2772, 1997.

hole lightning flash . R. Mardiana, Y. *Ohta, M. Murakami, T. Ushio, Z. Kawasaki, and K.
measure a whole lightning flash progression. Matsuura, “A broadband radio interferometer for observing lightning

We analyzed a cloud-to-ground flash as a case study. From discharge processes)’ Atmos. Electricityvol. 18, pp. 111-117, 1998.
this flash, a total number of 347 segments had been succed?l ﬁ- G. Pieéso" “Emse' de'%eSﬁmf’%ﬁor ;'\Ssig%pzhgase di‘ffi;;ags-
L . . . coust., eecn, sighal Processingl. =29, . — , June
fully recorded within 400 ms. The lightning discharge had neg-  gg1. P 9 S PP
ative polarity as measured by the electric field sensor. Strong3] M. Murakami, Z. Kawasaki, Y. Ota, R. Mardiana, H. Isoda, and T. Ushio,
broadband radiations were detected a|0ng with all leaders pro- “Comparison between broad band and narrow band interferometer for
. . .o lightning observation,'Inst. Elect. Eng. Jpn.vol. 119, pp. 807-812,
gression. Then, the radiation ceased and an abrupt electric field  1ggq
change occurred just after each leader reached the ground. Adl] z. Kawasaki, R. Mardiana, and T. Ushio, “Broadband and nNarrowband
leader channels were estimated to have the same angular po- interferometers,”, submitted for publication.
sition, indicating that subsequent leaders followed the channel

path made by the first leader to ground.
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