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ABSTRACT 
 

The authors have been developing a new type of lightning location and monitoring system based on a technique 
of “VHF broadband digital interferometry”. This paper summarizes this VHF broadband digital interferometer 
(DITF), together with new observations. As a first step of the development, the experimental system is installed and 
lightning observations are conducted. In these observations, imaging of lightning progression is obtainable in two- 
and/or three-dimensions. The effectiveness of our results has been confirmed by the comparisons with the results of 
previous studies and other observations. The evaluation of the system is discussed to improve its accuracy, and, at 
present, the first result is obtained by the advanced system. The real-time display of azimuth-and-elevation mapping 
of lightning discharges is actualized on the feature that single DITF operation provides them without any data 
communication with other sites. It is concluded that the function of the system works well, and the VHF broadband 
DITF for lightning monitoring is accomplished with high accuracy from the aspects of time and space resolutions. 
 
 
INTRODUCTION 
 

It is widely believed that lightning discharges emit fairly broadband electromagnetic (EM) waves from VLF/LF 
to VHF/UHF, occasionally up to SHF. Lightning discharges, both cloud-to-ground (CG) and cloud-to-cloud (CC) 
flashes, are the phenomena, which continue for one or two seconds. That is a main reason why from the aspect of 
the daily life the duration of lightning discharges can be concluded to be really short. One or two seconds in a daily 
life is seemed to be instantaneous. Therefore, the traditional understanding of “lightning discharges emit ultra 
broadband electromagnetic waves” may be correct. However, if we think about these phenomena from the aspect of 
science, like the comparison with the lifetime of free electrons in the atmosphere, the causes for VLF/LF and 
VHF/UHF waves are completely different. The VLF/LF EM waves are mainly radiated during lightning return 
strokes (RSs), while VHF/UHF are emitted during the progressions of breakdowns like stepped leaders. Since it is 
known that VHF/UHF impulses are mainly radiated from the tip of the breakdown, the locations for their sources 
are equivalent to imaging the lightning channel development. Moreover recent investigations suggest that locations 
of negative breakdown source may give us information on positive charge distribution inside thunderclouds as 
well[1] [2]. 

The authors have been developing a new type of lightning location and monitoring system based on a technique 
of VHF broadband digital interferometry since 1995. The VHF broadband digital interferometer (DITF) has been 
proposed by the group of New Mexico Tech[3] and Lightning Research Group of Osaka University (LRG-OU) 
[4][5] independently and simultaneously. LRG-OU has been working for developing the system, and accomplished 
the experimental system. We have been conducting thunderstorm observations using this experimental system, and 
validating its capability. In order to improve the performance of the system further, we have designed a special ana-
log-to-digital converter (ADC) and amplifier. This paper presents a brief summary and current state of the broad-
band DITF. The evaluation of the system and the first result by the advanced system are also described. 

 
  
VHF BROADBAND DIGITAL INTERFEROMETER 
 
Basic Concept 
 

A broadband DITF is a system to locate sources of VHF impulses based on the digital interferometric technique. 
The basic idea of the technique is to estimate the phase differences between the EM pulses received by a pair of 
spatially separated broadband antennas at various frequencies. A remarkable feature of this system is its ultra-wide 
detection frequency range, and it takes no account of a carrier frequency. The simplest radio interferometer consists 
of two separate antennas. Let us consider two broadband antennas separated horizontally above the ground with a 
distance d, as shown in Fig. 1. The received broadband signal, which is originated from a common source, by the 
antennas 1 and 2 are r1(t) and r2(t), respectively. These signals are digitized at a certain time interval ∆t and ex-
pressed as discrete time series 
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 Here ∆t × (N－1) is a total record length. The Discrete 
Fourier Transform (DFT) is applied to r1and r 2 as 
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The phase difference (θ12) of signals r1 and r 2 for each 
frequency component is given by 
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In practice, the Fast Fourier Transform (FFT) is applied 
for data processing. Thus, N/2 Fourier components are 
taken into account. When the phase difference goes 
through more than one cycle in high frequency compo-
nent, there is the possibility of the fringe ambiguity. We 
remove the ambiguity using the feature that the phase 
difference should be linear dependence with frequency. 
In particular, we displace θ12 for the high frequencies 
over ±2π, ±4π, ･･･, and then select only a series of θ12s 
that crosses the origin. This process is described in more 
detail in [5]. 
 For the case where the source is sufficiently distant to 
be approximated by a plane wave from the antennas’ 
positions, the angle of incidence φ[m] defined in Fig. 1 
can be interpreted with θ[m] by 
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Where c is the speed of light in vacuum (~3×108m/s). 
We adopt the arithmetic mean value for all Fourier fre-
quency components as the angle of incidence of the signal. 
 A radio interferometer as a two-element array gives the location of an EM source in the one-dimension, namely 
the angle of incidence. Two pairs of antennas and two independent baselines are imperative for two-dimensional 
(2D) mapping in azimuth and elevation format. In our system, we use three sensors, which are equipped at three 
apexes of a level isosceles right-angled triangle. We define linearly independent two couples of antennas with a 
separation of 10m as shown in Fig. 2. In this arrangement, antennas 1 and 2 form the first baseline, and antennas 1 
and 3 form the second baseline. Note that these baselines are perpendicular to each other. From the angle of inci-
dence φ1 and φ2 against to each baseline, the direction of an EM source can be estimated as azimuth (α) and eleva-
tion (β) by the following equations. 
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 Three-dimensional (3D) localization of EM sources can be accomplished by a synchronized operation of two units 
of interferometers as in Fig. 2 with a proper separation using Global Positioning System (GPS). 
 
 
Instrumentations 
 
 Fig. 3 illustrates a block diagram of one unit of the VHF broadband DITF for 2D mapping. As a VHF receiver, we 
use circular flat-plate antenna, which has a diameter of 30cm. The received broadband signal is limited its band-
width and amplified by a band-pass filter and an amplifier equipped beneath the sensor, respectively. Then the sig-
nal transmitted through a coaxial cable is digitized by a three-channel ADC synchronizing with the signals from the 
other two antennas, and then stored in a personal computer (PC). As a first step of the development, we install an 
experimental system using a commercially available high-speed digital oscilloscope (LeCroy9374) with a sampling 
rate of 500MHz (∆t=2ns) and an 8-bit resolution. This is controlled by the PC through the IEEE-488 interface bus. 
The band-pass filter with the pass band of 10-250MHz and a logarithmic amplifier to compensate for an insufficient 
resolution are equipped. 
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Fig. 1.  The simplest radio interferometer. 
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Fig. 2.  Antenna arrangement of a perpendicular 
baseline interferometer for two-dimensional 
mapping. The antennas 1 and 2 form the first 
baseline, and the antennas 1 and 3 form the second 
baseline. 



 After the validation of the application of the 
broadband DITF technique to lightning monitoring, 
the advanced system is developed by virtue of re-
cent progress of electronics. Significant improve-
ment can be expected from its specially developed 
ADC, which has a 200MHz sampling rate and a 
10-bit resolution. The three-channel ADC is on one 
board and plugged in to ordinary PCI-bus of a PC. 
The band-pass filter with the pass band of 
25-100MHz and a linear amplifier are also manu-
factured. A representative VHF impulse captured 
by the advanced system is given in Fig. 4. The 
specifications of experimental and advanced sys-
tems are summarized in Table 1. Because of such 
high-speed digitization, the whole VHF radiation 
from a lightning flash cannot be recorded continu-
ously. To overcome this difficulty we applied a 
sequential triggering technique. Namely the mem-
ory on the digitizer is divided into 2000/2048 seg-
ments to store signals for 1/2.5µs and here after it 
is called “event triggering”. Dead time in Tab.1 
means the instrumental interval between segments 
when signal cannot be recorded. We apply the 
mapping process described in the section 2-1 to 
each VHF impulse, which has at most 500ns pulse 
width. This means that the sources of three VHF 
impulses shown in Fig. 4 are located, while the 
second and third impulses in Fig. 4 cannot be seen 
by the experimental system, and this is a major improvement of the system. 
 
 
OPERATIONAL VHF BROADBAND DIGITAL INTERFEROMETER FOR THUNDERSTORM 
MONITORING 
 

We operated both of the experimental and advanced system at the same location to compare their results. Fig. 5 
gives the estimated azimuths and elevations of the same negative CG flash, which are recorded by the experimental 
system (a) and by the advanced system (b), respectively, in time domain. This event is recorded on 1 September, 
2003 at 1625:28 h (LT) in Gifu. The relative electric field change (not shown) indicates the occurrence of RS at the 
time of the character “R” in the figure. Both results show the leader propagations toward the ground. Comparing 
both results, it is noticed that the mapping by the advanced system have higher time resolution. Furthermore, the 
branching of the leader progression can be seen clearer in the azimuth in Fig. 5(b). The advantages of dead time and 
resolution of the ADC and the linearity of the amplifier (see Table 1) are responsible for these progresses. Because 
of its shorter dead time, the memory became full in the middle of the leader propagation in the event of Fig. 5. This 
is easily resolvable by changing the size of its memory. 
  Single station of the VHF broadband DITF provides the VHF impulse source location in 2D, namely azi-

 
Table 1.  Specifications of the experimental and the advanced broadband DITF systems. 

 Experimental system Advanced system 

Band-pass filter Pass band 10 － 250MHz 25 － 100MHz 

Input range 
(in) -70 － 5dBm 

-85 － –15dBm, -75 － –5dBm 
-65 － 5dBm, -55 － 15dBm 

(with 10dB-step variable attenuator)   Amplifier 
Output range 

(out) 
out[-mV] = 3.33[dBm]+300     
(logarithmic amplification) 

out[dBm] = in[dBm]+25 
(linear amplification) 

Sampling rate 500MHz 200MHz 

Resolution 8-bit 10-bit 
Time of data acquisi-

tion 1µs × 2000segments  2.5µs × 2048segments 

Memory 1MW/ch (8-bit) 1.024MW/ch (16-bit) 

ADC 

Dead time ～70µs ～1µs 
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Fig. 3.  Block diagram of the one unit of the 
broadband DITF for two-dimensional mapping. 
 

0 500 1000 1500 2000 2500

 antenna1
 antenna2
 antenna3

 d
E
/
dt

 [
ar

bi
ta

ri
ly

 u
n
it
]

 Time [ns]

  

Fig. 4. Typical waveform of VHF impulse captured 
by the advanced system. 



muth-and-elevation. It means that we are able to 
image lightning channels in 2D without any data 
communication with other sites. This is a one of 
significant advantages of the system to other tech-
niques for EM radiation source localization. In this 
section, we actualize the real-time display of 2D 
mapping of lightning discharges on the advantage 
and increases in computing capability. 
  In our system, waveforms of VHF impulses less 
than size of on-board memory in 1 s are stored as 
one dataset. In other words the maximum number of 
VHF impulses is 2000 in the case of the experimen-
tal system and the maximum duration is 1 s for one 
dataset. It takes less than 1 s to apply the mapping 
process described in the section 2-1 for one dataset. 
If we process the data for every data acquisition 
immediately, the 2D mapping of lightning discharge 
is displayed in at most 1 s on the observation site. 
Of course this real-time display is accessible 
through the Internet. 
 
 
SUMMARY 
 
  A VHF broadband DITF has been developed in 
order to image lightning channel. Lightning obser-
vations were conducted and imaging of lightning progression is realized in 2D and/or 3D using the experimental 
system. In order to validate the application of the broadband DITF technique to lightning monitoring we compared 
our observations with observations by video camera, narrowband interferometer, weather radar, and so forth. The 
consistencies of these results with previous studies are explicit evidences for the effectiveness of the system. At 
present, the advanced system has been completed with some specific parts and the first result is shown. Furthermore, 
the mutual coupling between the antennas composing the DITF was estimated numerically and a compensation 
scheme of this effect was proposed. 
  It should be accented that 2D mapping can be given in quasi real-time. Quasi real-time means the interval from 
data acquisition to output of the mapping for a flash is an instant (at most one second). The short baselines are re-
sponsible for the feature in the sense of that the data transfer from other sites is not needed. This suggests the supe-
riority of interferometry to a time-of-arrival (TOA) technique. 
  In this paper the VHF broadband DITF was summarized with some resent results, and we conclude an opera-
tional system for lightning monitoring is accomplished with high accuracy from the aspects of time and space. 
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Fig. 5.  2D mapping of the same negative CG re-
corded on 1 September, 2003 at 1625:28 h (LT) in 
Gifu by the experimental system (a) and by the 
advanced system (b), respectively. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


