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Abstract—VHF broadband interferometers have allowed the
physical processes occurring during a lightning flash to be mapped
out in great detail. High sensitivity measurements allow even very
faint sources to be detected and located, giving insight into
processes which have been difficult to observe in the past.
However, the location uncertainty of a source degrades as the
source becomes fainter. One possible way to improve the source
location accuracy is by making many independent measurements
of the emission though the use of additional antennae. The effects
of multiple baseline locations are presented for a single hybrid
cloud-to-ground lightning flash, which occurred over Langmuir
Laboratory in New Mexico during the summer 2013 storm season.

of noise mitigating algorithms. If possible, all methods which
can improve the signal-to-noise ratio should be utilized.
Another way to improve the location accuracy of low
amplitude sources is to make many independent measurements
by deploying additional antennae. In this case, each baseline of
the antenna network provides an independent measurement of
the location of the source in the sky. With a sufficient number
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I.

INTRODUCTION

The high time resolution and good angular uncertainty of
narrowband lightning interferometers has made them very
helpful tools in understanding the physical processes which
occur during a lightning flash [1]-[4]. Interferometry techniques
were further developed using digital broadband methods having
fewer antennae, but requiring high speed digitizers [5]-[9]. Most
recently, the availability of inexpensive high speed streaming
digitizers has made it possible to record the VHF time domain
record continuously over the duration of a flash [10], [11].
Continuous recording greatly improves the sensitivity of the
measurement, and consequently produces many more solutions
than sequentially triggered systems. The resulting maps can be
used to study the lightning flashes in great detail, and provides
information equivalent to that of high speed optical video but is
not constrained to observations of channels below the cloud base
[12]-[14].
The lowest amplitude sources located by interferometers are
of particular interest, as they show the development of physical
processes which were difficult to measure in the past. These
include emission from the positive breakdown region of the
flash, negative streamer emission seen during negative leader
propagation, and many other processes which have not been
fully explored. Unfortunately, the location accuracy of
interferometers is a function of the signal-to-noise ratio (SNR)
of the measurement [10]. The SNR can be improved to some
extent though the use of careful antenna design, by deploying
the instrument in VHF quiet environments, and through the use

Fig. 1. Overview of the flash used in this study. Bottom panel shows the
flash in the direction cosine projection, where the solid black line
represents the horizon. Top panel shows the elevation development of the
flash with time. Coloration for both panels shows time on the same scale.

of baselines, it should be possible to locate even very faint VHF
sources with great accuracy.
For this study, techniques are outlined for locating a source
using an arbitrary number of antennae in an arbitrary
configuration. The solutions provided by the multi-baseline
technique are then compared to those produced by a conventional crossed orthogonal baseline algorithm. The two
techniques are compared for a hybrid cloud-to-ground discharge
shown in Fig. 1. This flash was chosen for the study because it
has a good range of source amplitudes and covers a sizable
portion of the sky, which should limit biases in the results.

II.

INSTRUMENTATION

The New Mexico Tech Broadband Interferometer is located
at Langmuir Laboratory, a mountaintop observatory in central
New Mexico. For part of the 2013 storm season, the
interferometer was operated in a 4 antenna configuration (shown
in Fig. 2) for exploring the possibility of multi-baseline location
techniques. Antennas 0, 1, and 2 form a pair of approximately
perpendicular baselines between 16 and 17 meters in length.
The fourth antenna (antenna 3) was placed along the diagonal
purposely out of square to give longer, non-parallel additional
baselines. All 4 antennae are identical, however, antenna 3 is
located in a position with substantially higher environmental
noise contamination than antennae 0-2.
For the 2013 storm season, the front end antennae were
redesigned. The antennae are still resistively coupled, base
limited 25.4 cm diameter flat plate sensors. The gain of the front
end amplifiers was increased to reduce transient pickup on the
long signal cables running to the back end digitizer. The power
was run on the signal cables to allow for more flexible antenna
configurations. Finally, the antenna electronics were built into
a wide, flat enclosure which allows the sensor plate to sit
approximately 8 cm off the ground, hopefully reducing the
effects of reflections off nearby objects, including the ground.

The signal from the 4 antennae were digitized by a 180
MS/s, 16 bit digitizer. The digitizer is capable of streaming data
continuously into PC memory, sufficient for up to 30 seconds of
continuous recording. The memory can be split into several
shorter length triggers, or can be used to record a single long
continuous record. The combined 4 channel recording produces
1440 MB/s of data, however the hard drives are only capable of
a sustained write speed of approximately 800 MB/s. This gives
rise to a trigger duty cycle of 55%, which can be sustained for
the entire duration of a storm. Recording is triggered by an
above threshold criteria using data from the Langmuir network
of DC field mills, which is streamed continuously over a
network connection. The latency of the trigger signal is sometimes as high as 1 second, however the long record lengths easily
compensate for the poor trigger latency. Importantly, the DC
field change produced by lightning falls off very rapidly with
distance, so the signal is well suited for allowing the
interferometer to trigger on weak nearby lightning while
naturally filtering out strong distant cloud-to-ground flashes. In
practice, the system triggers on most lightning flashes within
about 10 km of the interferometer location.
III.

METHOD

Typically, broadband digital interferometers use a single pair
of orthogonal baselines to locate a source, requiring 3 antennae.
First the time difference of arrival of the signal from lightning
is measured between each pair of antennae, either by fitting the
phase difference vs. frequency, or through the use of a cross
correlation. Then the azimuth and elevation direction to the
source can be obtained from:
𝐴𝑧 = 𝐴𝑧1 + arctan (
𝑐

𝐸𝑙 = arccos ( √
𝑑

𝜏𝑑1 cos(∆𝜃) − 𝜏𝑑2
)
𝜏𝑑2 sin(∆𝜃)

𝜏𝑑1 2 +𝜏𝑑2 2 −2𝜏𝑑1 𝜏𝑑2 cos(∆𝜃)
sin2 (∆𝜃)

(1)

),

where 𝜏𝑑1 are the time delays, 𝐴𝑧1 is the azimuth angle of
baseline 1, and ∆𝜃 = 𝐴𝑧1 − 𝐴𝑧2 is the angle between the
baselines [10]. While the baselines need not be perpendicular,
the quality of the solution degrades as |∆𝜃| deviates from 90°.
A. Least Squares Solution
Equations 1 is well suited for correcting deviations from
perpendicular for a deployed array of antennae, but is not well
suited for determining the solutions using more than 2 baselines. In principle, equations 1 can be applied to all combinations of 3 antennae in the array, an array of N deployed
antennae is 𝑁!/2(𝑁 − 3)!; in the case of a 4 antennae array
there are 12 possible combinations. However, the combinations are not fully independent of one another. N antennae
give 𝑁(𝑁 − 1)/2 baselines, each of which corresponds to an
independent measure of the source location. In practice, using
equations 1 to solve for a solution using more than 2 baselines
tends to yield poor results.

Fig. 2. Antenna Configuration. Antennae 0, 1 and 2 form a traditional
orthogonal crossed baseline. Antenna 3 is moved purposely out of square
to produce longer, non-parallel baselines.

Geometrically, equations 1 is solving for the intersection of
two lines in the cosine projection of the sky, as illustrated in
Fig. 3. A time of arrival difference between two antennae, τ,

equations. The measurements are θij, dij, and τij, and the
unknowns are cos(α) and cos(β). For a 4 antenna configuration,
there are 6 equations and 2 unknowns. Configurations with
more antennae will have more equations, but have the same 2
unknowns. A solution for cos(α) and cos(β) can then be found
using the usual least squares regression techniques.

Fig. 3. The geometry used to determine the location of a source. The red
line shows the orientation of the baseline. The source with time delay τ
will lie on the blue line indicated perpendicular to the baseline orientation.

defines a line running perpendicular to the baseline in the cosine
projection, given by:
𝑐𝜏𝑖
cos(𝛼) sin(𝜃𝑖𝑗 ) + cos(𝛽) cos(𝜃𝑖𝑗 ) =
,
𝑑𝑖𝑗
(2)
where cos(α) and cos(β) are the direction cosines, θij
is the angle of the baseline relative to north, dij is the length of
the baseline, and τij is the time delay. It does not matter how
the time delay is determined, equation 2 applies so long as the
time delay is accurate. For example, a very good solution can
be produced by fitting a linear trend to the phase difference
versus frequency, or using the cross correlation of the signals.
Equation 3 applies to each baseline of the antenna
configuration, and forms a heavily over determined system of

An example of this method’s implementation is shown in
Fig. 4. The example uses a 256 sample (1.4 µs) window
recorded during the flash shown in Fig. 1. The time delays for
each pair of antennae were obtained using a cross correlation,
with a line perpendicular to the baseline drawn in blue. The
blue lines intersect at the source location in the cosine
projection, with a blue × showing the resulting least squares
location. For bright sources, the performance of the least
squares solution is very good. The blue solutions lines all
converge on a well-defined point on the sky. For faint sources,
the technique is very prone to locating a side lobe of the cross
correlation, instead of the correct maximum. The traditional 2
baseline technique is susceptible to the same error, however the
probability of the error occurring with more baselines is higher.
In the configuration used, antenna 3 has a higher noise floor,
and is much more likely to produce an outlier solution line. If
an initial guess of the location of the source is known, there are
techniques that can be implemented to correct this problem.
B. Image Centroid Solution
One method to the problems encountered with the least
squares solution is to use Fourier synthesis techniques to
produce an image of the source. Typically, this is done by using
the cross spectra measured at each baseline to determine a
complex amplitude for each spatial frequency in the diffraction
plane. Each wavelength at each baseline samples the
diffraction plane in a single location. The image is then the
inverse Fourier transform of the sparsely sampled diffraction

Fig. 4. Results of the least squares location technique for a bright source (left) and a faint source (right). The blue lines show the location of the source based
on the time delay from a single baseline. The blue × shows the least squares solution. For bright sources, the least squares location technique works well, but
for faint sources, side lobes of the cross correlation cause significant problems.

Fig. 5. Results of the image centroid location technique for a bright source (left) and faint source (right). The image of the source is shown as the red hued
pixels. The centroid of the brightest source is shown with a green +. Overlaid in light blue are the same solution lines seen in Fig. 3.

plane measurements. However, computing the image in this
way is computationally expensive.
The cross correlation of the signal arriving at two antennae
is the fringe pattern of the source emission. Therefore the image
can be computed by projecting the cross correlation onto the
sky. In the cosine projection, this is a linear transform for each
baseline, and can be computed very efficiently. If the image of
the sky is split into a pixel grid, then the amplitude Vmn of the
m,n pixel is given by:
𝑁

𝑁

𝑉𝑚𝑛 = ∑ ∑ 𝑅𝑖𝑗 𝜏𝑚𝑛
𝑖=0 𝑗=𝑖+1

(3)

where Rij is the cross correlation of the i and j
antennae, and τmn is the time delay associated with this pixel.
The computation required for imaging in this manner is very
efficient if the number of baselines is relatively small.
However, the image may differ from the one obtained through
traditional Fourier synthesis techniques due to interpolation
effects. This difference can be lessened, at the expense of
processing time, by up-sampling the cross correlation by 0
padding the cross spectra at high frequencies.
Modern lightning interferometers will locate a VHF source
every microsecond. With time resolutions this high, the
lightning VHF emission can be well modeled as a point source.
In the case of locating a single point source, a solution can be
obtained by computing the centroid of the brightest source on
the sky, and a high quality image is not needed. Fig. 5 shows
the results of doing this for the same windows shown in Fig. 4.
The rays extending from the central maximum are the side lobes
of the image. In the cross correlation of a single baseline, the
side lobes are seen as the secondary peaks about the central
maximum of the function. For bright sources, the central
maximum always has a higher amplitude than the secondary
peaks. For dim sources, this is not always the case, but there is

always a local maxima where the central maximum should be.
For this reason, the image is much less susceptible to locating a
source on one of the side lobes than by simply locating the
maximum of the cross correlation for each baseline. In Fig. 5,
this can be seen clearly in the faint source example. Where the
least squares solution miss-locates the faint source, the centroid
of the brightest peak in the image correctly located the source.
The least squares and image centroid solutions can be
combined such that the image provides the initial guess for the
least squares solutions. Then the various solution lines can be
weighted, and outliers removed. This combined technique produces good results, but there is no computation benefit, and
there is no indication that the resulting solution is better than
the image centroid solution.
IV.

RESULTS

The data obtained from a bolt from the blue type lightning
flash (shown in Fig. 1) was processed using both a conventional
crossed baselines algorithm, and using the multi-baseline image
centroid technique described above. In the conventional
algorithm, only the two perpendicular baselines of the antenna
configuration were used (baselines 0-1 and 1-2 in Fig. 2).
Conversely, the multi-baseline algorithm made use of all 4
antennae and 6 different baselines.
Both algorithms made use of generalized cross correlations
between antenna pairs using the same windowing function, the
smoothed coherence transform (SCOT). In addition to the
location of the VHF source, both algorithms produce several
additional metrics, including received power, correlation
amplitude, closure delay, etc. All metrics possible have been
computed using contributions from only antennae 0—2 so that
they will be as similar as possible. However, some small
differences are still present. For example, while the received

Fig. 6. Received power distribution for the conventional crossed baselines
algorithm (blue) and the 4 antenna multi-baseline algorithm (red). The
black line shows a power law with -0.6 exponent.

power for each window is calculated in the same way, the data
windows are not guaranteed to be perfectly aligned in time.
The noise detection and removal algorithm described in
Stock et. al. 2014 was applied to the VHF source locations
provided by both algorithms. The thresholds for the de-noising
was purposely set to remove only the most noise contaminated
solutions.
A. Detection Efficiency
The mult-baseline processing technique shows a substantial
increase in the total number of sources located during a flash.
Using minimal noise reduction, the conventional algorithm
located 202,426 sources, while the multi-baseline algorithm
located 308,799 sources.
The distribution of received power for all sources located in
the flash is shown in Fig. 6. The blue line shows the received
power of the sources detected using the conventional algorithm,
and the red shows the same for the multi-baseline algorithm.
The vast majority of additional sources located had received
power lower than -90 dBm. Excluding windows with received
power lower than -90 dBm, the conventional algorithm located
124,246 sources, and the multi-baseline algorithm located
125,812 sources.
Both algorithms produce a distribution which follows a
power law, 𝑁𝑠𝑜𝑢𝑟𝑐𝑒𝑠 ∝ 𝑃 −0.6, which is shown by the solid black
line in Fig. 6. A power law fall off of the number of located
sources with power is typical of interferometric observations of
lightning. However, not enough flashes have been examined to
determine if an exponent of -0.6 is also typical. The abrupt
falloff of located sources with received power lower than -96
dBm is due to the thermal noise floor at the input of the first
amplification stage of the antenna. The spike seen in the power

Fig. 7. Overall estimated error for sources located using the conventional
(red) and multi-baseline (blue) algorithms. The distributions can be
modeled as a Cauchy Lorentz function (black line) with full-width-halfmaximum of 0.0120 in the cos(𝛼), and 0.0136 in the cos(𝛽) directions.

distribution at -96 dBm is also a consequence of the thermal
noise floor.
B. Overall Location Uncertainty
The angular uncertainty for sources located using both
algorithms can be estimated by examining clusters of VHF
sources which belong to slowly moving processes [10]. A
cluster is defined loosely as more than 10 sources in a 0.2 × 0.2
box in the direction cosine plane during a 25 µs time window.
The clustering is done in the cosine projection, instead of the
azimuth-elevation projection, so that errors are constant across
the entire sky. Because the power distribution of the algorithms
differ for sources with received power lower than -90 dBm,
only sources with received power above this are included in the
clustering. The spatial mean is subtracted from each cluster,
and the distribution for all clusters is shown in Fig. 7.
This histogram in blue shows the distribution obtained from
the conventional algorithm, and is based on 100,656 sources
found in 4894 clusters. The histogram in red shows the
distribution obtained from the multi-baseline algorithm, and is
based on 100,430 sources found in 4839 clusters. Because the
clustering was limited to windows with received power greater
than -90 dBm, the number of sources included in the clustering
for both algorithms is nearly identical. The multi-baseline
algorithm shows a slightly tighter distribution, indicating less
angular uncertainty.
The distribution seen in Fig. 7 is not Gaussian, instead it
follows a Cauchy-Lorentz distribution, defined as:
𝑃(𝑥) =

1
𝛾
(
),
(𝑥
𝜋
− 𝑥0 )2 + 𝛾 2

(4)

where x is the independent variable centered at x0, and γ is a
parameter of the distribution. The Cauchy-Lorentz distribution

Fig. 8. Scribble plots showing the scatter of various processes. (a-c) shows results using a 2 baseline algorithm, (d-f) shows the results using the multi-baseline
algorithm. All panels show 100 µs of data, and are colored by power using the same scale. In the upper right hand corner is the number of sources located.

does not have any well-defined moments higher than 1, which
means the standard deviation is not defined. This is because the
distribution has very wide tails which do not converge. There
is a well defined full-width-half-maximum (FWHM) of the distribution: 𝐹𝑊𝑀𝐻 = 2𝛾. In Fig. 7, the black line shows a fit of
the Cauchy-Lorentz distribution to the data with FWHM of
0.0120 and 0.0136 in the cos(α) and cos(β) directions,
respectively.
C. Location Uncertainty and Power
The clustering analysis presents the average performance of
the interferometer, but it says little about whether the multibaseline algorithm is improving the angular uncertainty of faint
sources.
The theoretical lower bound of the
dependence of angular uncertainty with SNR is shown
(5)
in Stock et. al. (2014) to be
𝜎2 =

𝑐 3 1 + 2 𝑆𝑁𝑅
1
𝑑 8𝜋 2 𝑆𝑁𝑅2 𝐵𝑇(3𝑓𝑐2 + 𝐵2 /4)

for both the cos(α) and cos(β) directions. In equation 5, d is the
diameter of the array, B is the bandwidth, fc is the center
frequency of the bandwidth, and T is the integration time. The
dependence of position uncertainty on received power can be
measured by examining a single slow moving source in detail
using scribble plots as shown in Fig. 8. To generate a scribble

plot, the data are processed using the normal 256 (1.4 µs)
windows, but using a very heavy overlap of adjacent windows
of all but 1 sample. Instead of combining all the overlapping
windows into an aggregate solution, the solution for each
window is plotted. Due to the extremely heavy overlap, the
solutions from each window are not independent. As the
window is moved through the data, the source appears to slowly
and randomly drift in the sky, forming a scribble like pattern.
While imperfect, if the VHF source is being produced by a
stationary and compact process, the amount of drift seen in the
location gives a measure of location uncertainty.
Fig. 8 shows scribble plots for a variety of processes using
both the 2 baseline and multi-baseline processing algorithms.
In all cases, each panel shows 100 µs of data, and in the upper
right corner is the number of sources located. Panels a. and d.
show very faint emission produced after a negative leader step.
This type of emission is very common, and is believed to be
produced by negative steamers extending past the previous
leader step. Panels b. and e. show the emission produced during
a negative leader step, which is much brighter than the faint
negative streamer emission. In both the previous cases, the
radiation is produced near the tip of a stepping negative leader.
These leaders have propagation speeds of around 10 5 m/s, so
over the duration of the scribble plot the leader should have
propagated around 10 m. However, the radiation source may

standard deviation was computed by fitting a normal distribution to the scatter of sources, and only 10 µs which were well
fit by a normal distribution are included in Fig. 9. The median
uncertainty at each received power is shown by the blue (2
baseline) and red (multi-baseline) trend lines. In general, the
trend lines show that the multi-baseline algorithm locates
sources with less uncertainty.
Shown in black is the Cramer-Rao lower bound estimation
of the uncertainty (equation 5). The estimated uncertainty of a
small number of 10 µs periods approaches very close to, and
sometimes below, the lower bound. This is likely because the
sources located using the scribble analysis are not fully
independent. The majority of 10 µs periods approach double
the lower bound uncertainty, shown with the black dotted line.
The majority of the uncertainties computed for powers higher
than -75 dBm utilized radiation produced by the K-change. The
apparent increase in uncertainty at high powers is therefore
almost certainly due to physical extent of the VHF source.
Fig. 9. Uncertainty of 10 µs clusters of sources as a function of received
power for the 2 baseline algorithms (blue) and the multi-baseline algorithm
(red).

not be compact. This is especially true in the case of the
negative streamer emission, since negative streamers can
extend as far as 500 meters at typical cloud altitudes. Finally,
panels c. and f. show radiation produced during a K-change late
in the flash. While the VHF radiation is very bright, it also
shows clear structure. This is expected since the propagating
ionization wave of a K-change will propagate as far as 100
meters during the 100 µs duration of the scribble plot.
The positive effects of multi-baseline processing can be seen
in the scribble plots. For the faint negative streamer emission,
not only did the multi-baseline processing (panel d.) locate
more sources, but those sources were more tightly clustered,
indicating less angular uncertainty. It is more difficult to
identify a difference for the negative step emission. Because
the digitizer records at 180 MS/s, the heavy overlap should
produce at most 180,000 sources over a 100 µs duration. For
the bright negative step emission, both processing algorithms
located produced a location for nearly all possible windows.
The bright negative step emission is more tightly located than
the faint negative streamer emission, but there is little apparent
difference between the processing techniques. For the emission
from the K-change, there is a mixture of very bright and
moderately faint emission. Interestingly, the multi-baseline
algorithm locates many more sources during this time. This
may be because the multi-baseline algorithm does a better job
of isolating the brightest source when multiple VHF point
sources are present.
The variation of location uncertainty with received power is
summarized in Fig. 9. Here, each circle shows the standard
deviation of the scatter seen in the cos(α) or cos(β) direction of
a 10 µs period of scribble. A 10 µs period was included if 75%
of the maximum possible locatable windows had received
power within 4 dB of the maximum power in that 10 µs. The

V.

DISCUSSION

The multi-baseline algorithm presented here enables a larger
number of sources to be located, especially sources with low
received power. In addition, the location uncertainty of low
power sources is improved. However, the results presented
here are preliminary, and are intended only to provide a proof
of concept for multi-baseline interferometric location techniques. The ultimate improvements to minimum detectable
signal and angular uncertainty have been strongly limited by the
increased environmental noise seen on the fourth antenna.
Even in these unfavorable conditions, use of 4 antenna
algorithms does improve the quality of VHF source locations
provided by the interferometer.
Measuring the angular uncertainty of lightning sources
located using interferometers is very difficult because a true
source location is not known. The situation is further complicated because it is likely that the VHF emitter is not a point
source, but instead an unresolved extended source. This is
especially true for dim sources originating from the streamer
zone of the negative leader. In the current study, no attempt has
been made to account for the effects of distributed sources on
the angular uncertainty of source locations provided by the
interferometer. However, as the sensitivity of these instruments
continues to improve, eventually the effects of distributed
sources will have to be accounted for.
Interestingly, the distribution of sources for the very short
periods used in the scribble analysis are well fit by a normal
distribution, which the distribution of sources seen over the
entire flash is well fit by a Cauchy-Lorentz distribution. This is
likely due to the overall distribution including received powers
measured by the interferometer. A Cauchy-Lorentz distribution
is frequently associated with measurements affected by two
normally distributed random variables.
For future measurements, multi-baseline techniques show
much promise for pushing the sensitivity of interferometric

measurement of lightning as far as physically possible. Given
the received power distribution shown in Fig. 6, such sensitivity
will lead to new and exciting discoveries in lightning physics.
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