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2  PARTICIPATING Blitzortung.org

1 Introduction

The aim of the project is to accomplish a low budget but high accurate world-wide lightning location
network based on a high number of receiver sites spaced close to each other, typically separated by
50 km - 250 km. Those stations transmit their data to a central server, where the stroke locations are
computed by the arrival times of the signals.

The station operators are volunteers who bought and assembled the hardware by themselves.
There are also volunteer programmers who develop and/or implement algorithms for the location
or visualization of sferic positions, and people who assist anyway to keep the system running. There
is no restriction on membership. There is no fee and no contract. If a receiver site stops pooling its
data for a longer time period, the server stops providing the access to the archive of sferic positions
for the corresponding user.

The sferic positions are free accessible in raw format to those participants whose stations transmit
their data to our server. The station owner can use the raw data for all non-commercial purposes.
The lightning activity is additionally displayed on several public maps like Blitzortung.org or Light-
ningMaps.org. Most of the maps can be used for non-commercial purposes.

This document gives an overview about the physical and technical background of our lightning

detection and locating technology. It is also an assembling and operation manual for participants.

2 Participating

The hardware needed to participate to the network consists of an antenna system, a VLF amplifier,
a controller board and a GPS receiver providing an 1PPS (one-pulse-per-second) signal. Interested
people can get the needed parts from us. To participants not from Germany we sometimes also send
complete kits as shown in Figure 1. We do not send completely assembled kits. We do not have the
time to assemble the kits for you. You either can assemble the kits by yourself or should look for
somebody who can assemble the kits for you. You should only order some hardware from us if you
really have enough time to assemble a lightning detector. Note that we improve the PCBss from time
to time. Most parts of the hardware are standard components, only the PCBs are made by us. Please
do not try to make these PCBs by yourself. Do not make any changes on the parts on the PCBs,

especially on the amplifier.

It is essential for a TOA lightning locating network that all participating stations behave exactly the
in the same way. Otherwise the computing accuracy will drop!

We cannot guarantee, that the system will work at your location. Several electrical devices can

disturb the system, like power supplies, computers, energy saving lamps, CRT monitors/TVs etc. In
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

some cases the parameters of stations with lots of interference have to be set to non-optimal values
to work. For example, the boundary wire for robotic lawn mowers or big power lines with maximum
voltage produce very heavy interference. But don’t worry, all stations will be accepted as long as it
detects only a couple of strokes. It is no problem when a station doesn’t send data for some time each

day due to interference or other circumstances.

Figure 1: A complete starter kit

3 Lightning detection and locating

3.1 Lightning discharge

How lightning initially forms is still a matter of debate [BSL09]. Scientists have studied root causes
ranging from atmospheric perturbations (wind, humidity, friction, and atmospheric pressure) to the
impact of solar wind and accumulation of charged solar particles. Ice inside a cloud is thought to be
a key element in lightning development, and may cause a forcible separation of positive and negative
charges within the cloud, thus assisting in the formation of lightning. It was not obvious, that lightning
deals with electricity, since the electric current does not flow through the air. This, on June 10th 1752,
Benjamin Franklin flies a kite during a thunderstorm and collects a charge in a Leyden jar when the
kite is struck by lightning, enabling him to demonstrate the electrical nature of lightning. He also
invented the lightning rod, used to protect buildings and ships.

A lightning discharge emits radio frequency energy over a wide range of frequencies. When

high currents occur in previously ionized channels during cloud-to-ground flashes, the most powerful
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

-30 °C

10 km
P Clou. .
Lighning

Electromagnetic | h 1 i
Wave i ) / !

.
! g Receiver

()
=]

+20 °C

Figure 2: How lightning forms

emissions occur in the VLF range. VLF (very low frequency) refers to radio frequencies in the range
of 3 kHz to 30 kHz. An essential advantage of low frequencies in contrast to higher frequencies is
the property that these signals are propagated over thousands of kilometers by reflections from the
ionosphere and the ground. In general, a lightning discharge generates several short duration pulses
running between a storm cloud and the ground, or between or within storm clouds. The current flow
generates an electric field parallel to the current flow, and a corresponding magnetic field perpendicu-

lar to the electric field.

3.2 Receiving a lightning signal

Waves with a frequency between 3 kHz and 30 kHz have a length between 100 km and 10 km. A
suitable antenna for these frequencies is a small loop antenna with size of less than 1/10000 of the
wavelength in circumference. Small loops are also called magnetic loops, because they are more
sensitive to the magnetic component of the electromagnetic wave, and less sensitive to near electric
field noises when properly shielded. If the loop is small with respect to the wavelength, the current
around the antenna is nearly completely in phase. Therefore, waves approaching in the plane of the
loop will cancel, and waves in the axis perpendicular to the plane of the loop will be strongest. This
property changes if the loop becomes larger.

The electric field of the radio waves emitted by cloud-to-ground lightning discharges is mainly
oriented vertically, and thus the magnetic field is oriented horizontally. To cover all directions (all-
around 360 degree) it is advisable to use more than one loop. A suitable solution can be obtained by

two orthogonal crossed loops as they are used for a direction finding system.
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

Figure 3: Two orthogonal crossed VLF loop antennas, 8 turns, diagonal size 1 m connected to
Amplifier PCB 3 Version 2.

The electromagnetic signals of lightning discharges are not waves of a fixed frequency. The signals
have more or less the form of an impulse and thus emits waves over a wide range of frequencies. Every
of these impulses is unique and looks different. To measure the time of arrival of a lightning discharge,
we need a wide-band receiving system, and not a tuned system. The antenna should be large to get a
high voltage caused by the change of the electromagnetic field. If the loop consists of more than one
winding, the wire placed side by side forms a capacitance.

However, the unavoidable own resonance frequency of a loop should be as high as possible such
that we can easily suppress these frequencies by a low-pass filter. Figure 5 shows to the left a signal
received by two equal sized untuned loops antennas. These loops have no additional tuning capacitor.
The resonance frequency of the antenna is approximately at 1000 kHz (= 1 MHz). The used amplifier
reduces frequencies of 1000 kHz by -72 dB (=4000 times). To the right of Figure 5, Loop B is con-
nected to a parallel tuning capacitor of 1 uF. Now, the tuned frequency is the antenna is approximately
10 kHz. Since lightning impulses often contain a lot of energy at 10 kHz, the tuned loop antenna only
outputs unusable uniform waves of 10 kHz. This shows that it is very important to use a pure loop

without any parallel capacitor.

Hint: Please avoid any additional tuning capacitor!
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org
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Figure 4: A spectrogram of the signal received by a 35 cm ferrite rod antenna. The signal was
recorded by a Creative Professional E-MU 0202 sound card with a sampling frequency of 192 kHz.
The spectrogram is made by Spectrum Lab. Vertical lines shows radio transmissions for special

purpose, and do not affect our reception.

RETURN

Figure 5: To the left, a signal received by two loop antennas without tuning capacitors, to the right,

antenna B is tuned to approximately 10 kHz. This signal cannot be used for time measurement.
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

3.3 Time-of-Arrival method

The TOA lightning location technique is based on the computations of hyperbolic curves. The emit-
ted radio signal of a lightning discharge is traveling through the air with the speed of light. This
is approximately 300000 kilometers per second, or equivalently, 300 meters per microsecond. Each
received signal gets a time stamp. Let t4(s) be the time stamp for signal s from station A. Time
stamp t 4(s) is the Coordinated Universal Time (abbreviated UTC) in microseconds with an accuracy
of +1us. The difference of two time stamps for the same signal received by two different stations
and the positions of these two stations define a hyperbolic curve. Let d 4 (p) be the distance of a point
p to station A in meter. Then the hyperbolic curve for signal s, is the set of all positions p whose
distance difference d 4(p) — dp(p) in meter corresponds to the time stamp difference ¢ 4(s) — t5(s)

in microseconds converted by the speed of light into meter. That is,

da(p) —dp(p) = (ta(s) —tp(s)) - 300.

20184km Altitude GPS Satellites

60km = 200ps

Figure 6: The receiver to the left receives the lightning signal 60us later than the receiver to the right,
because the lightning discharge is 18 kilometers more far away from the receiver to the left than from

the receiver to the right.

The source of the signal has to be somewhere on this hyperbolic curve. The intersection point of
three or more such hyperbolic curves defines the unique location of the source of the radio signal, see
Figure 7. The computed position is then be assumed to be the location of the lightning discharge. At
least 4 sites not on a line are needed to define always a unique intersection point. With more than four
receiving sstations reporting a time stamp for the same signal there is some redundant information

available to improve the accuracy and to verify the performance.
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

Figure 7: Three hyperbolic curves defined by the three time differences t5(s) —ta(s), to(s) —ta(s),
and tp(s) — ta(s) of four sites A, B, C, and D (the green squares). The intersection of all three
curves uniquely defines the location of the source of the radio signal (the white dot). The curves have
a width corresponding to a tolerance of +5us. That is, the white area for signal s received by station

A and B is the set of all points p for which
(ta(s) —tp(s))-300 —5 < da(p) —dp(p) < (ta(s)—tp(s)) 300+ 5.

A time difference of £100 microseconds corresponds to a distance difference of £30 kilometers.
That is, if site A receives the same signal 100 microseconds earlier than site B, the corresponding
hyperbolic curve is defined by the set of all points that are 30 kilometers near to site A than to site B.
Assume the time stamps have an accuracy of £1us and there are four sites arranged such that their
positions define a square. If the signal source is exactly in the middle of the square, then the deviation
of the computed position to the real source of the signal is greater than +300m - v/2 = 424m. It
can be much greater if the source of the signal is outside the square, see Figure 8. The argumentation
of some commercial providers that their system has an accuracy of + 300 meters, because the time
stamp has an accuracy of +1us, is a naive fallacy.

The main challenge of a TOA lightning location system is to assign the received signal a unique
characteristic time stamp. This is not easy, because the outline of the signal changes when it travels
over long distances. One way to handle different signal forms, is to compute a time of group arrival,
see [DBRO2]. However, if the time stamps are not consistently assigned, the hyperbolic curves do not
intersect in a common intersection point. A collection of several nice papers about lightning detection
can be found in [BSL09].
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Deviation: 671m Deviation: 1878m Deviation: 4318 m

100000 m
Site 1 Site 2

Figure 8: The deviations for an accuracy of +1us for different cut angles

The computations at our server are carried out in two steps. In the first step a starting point is com-
puted using the method from [KSO1] applied to the first 4 time stamps. After that a numerical method
is used to minimize the sum of all squared distances to the hyperbolic curves. All our computations

use spherical coordinates.

3.4 The Blitzortung.org network

Figure 9: Some lightning discharges in the atmosphere, (©)Bernd Mirz

The lightning location network Blitzortung.org consists of several VLF lightning receiver sites
and one central processing server for each larger region. The receiver sites transmit their data in short
time intervals over the Internet to our server. Every data sentence contains the precise time of arrival

of the received lightning strike impulse ("sferic") and the geographic position of the receiver site. With
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

this information from all receiver sites the exact positions of the discharges are computed. The sferic
positions are made available in raw format to all users that transmit their data to our server. The users
can use the raw data for all non-commercial purposes. The lightning activities of the last two hours

are displayed at Blitzortung.org on several public maps recomputed every minute.

0 wwu.Blitzortung.org 2013-09-20 UTC 09:00:00]

= 240 Minutes Lightnings: 21900
= 480
120
960
izoo
i440

= : \’r'-i \t:.:-

Figure 10: A lightning map of USA from Blitzortung.org

Note that it is not possible to compute positions or at least accurate directions with the data from
one station. We need the data of several stations (at least four stations) to compute strike positions.
There is currently no software that enables you to set up a connection with other sites like the LR
software of LightningRadar.net for the direction finding system. The computation of strike positions

is only done by one of our computing servers.
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3 LIGHTNING DETECTION AND LOCATING Blitzortung.org

3.4.1 Accuracy

Figure 11, 12, and 13 show a comparison of the positions computed by Blitzortung.org and "BLIDS"

over Germany, Belgium, and Poland. BLIDS is a lightning information system in Germany. Figure

14 shows the used color code for the age of the discharges.
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Figure 11: A comparison of the positions computed by blitzortung.org (the white framed colored

squares) and BLIDS (the colored squares) in Germany
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Figure 12: A comparison of the positions computed by blitzortung.org (the white framed colored

squares) and BLIDS (the colored squares) over Belgium, the Netherlands, and Luxembourg
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Figure 13: A comparison of the positions computed by blitzortung.org (the white framed colored

squares) and BLIDS (the colored squares) over Poland
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Figure 14: The BLIDS color code for the age of the lightning discharges in minutes
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4 LIGHTNING DETECTION HARDWARE Blitzortung.org

4 Lightning detection hardware

The hardware of our the lightning detection system consists of three components.

e Antenna System

The VLF-signals are received by wide-band H-field or E-field antennas

e Amplifier

A wide-band VLF-amplifier amplifies the antenna signal such that it can be further processed

and analyzed.

e Controller

The controller digitize the signals and send them together with the reception time and reception

location to our server.

The current hardware is called SystemRED. The first version of RED PCBs has been shipped to
participants in July 2013. It has several advantages compared to the former GREEN hardware. The
colors are simply for easier distinction between the two systems. See 6 for a comparison between old

and new system.

4.1 Antennas

4.1.1 Loop antennas

Loop antennas receive the magnetic component of the electromagnetic wave. There are several ways

to build such an antenna, which have different names. But they are all loop antennas.

4.1.1.1 Frame antennas

It is easy to set up a frame antenna for VLF frequencies by yourself. Useful construction manual can
also be found in a document written by Gerald Ihninger for http://www.lightningradar.net.

For a square frame antenna with a diagonal of 1 m and 8 turns of wire you need
e approximately 4 m of 20 x 20 mm wooden coving,

e 2 x 25 m cable with a single conductor of area 1.5mm? (this corresponds to a diameter of
1.38 mm),

e 8 screw hooks,

e 3 screws/washer/wingnuts, and
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4 LIGHTNING DETECTION HARDWARE Blitzortung.org

e some cable ties.

The assembling takes about two hours. The price for the material is approximately 40 €in a German

home improvement store.

i

i

Figure 15: Assembling details for the frame antenna

4.1.1.2 Coaxial cable antennas

A cheep loop antenna can easily be constructed using coaxial cable. It has the advantage, that the
shield is already integrated in the cable. You can use an arbitrary impedance, but the 75 Ohm version
are very cheap to get. With 20 Meter coaxial cable you can form a loop with 3 turns and a diameter
of 180 cm. Keep 20 cm cable for the connection at both ends. Such a construction will create a loop

with an induction of approximately 60 ©H and a self-resonance at 2 MHz.

Important: The shield has to be broken in the middle!

May 11, 2014 18



4 LIGHTNING DETECTION HARDWARE Blitzortung.org

+ Ground -

Figure 16: A coax antenna, (ORicho Andersen

e e

Cut off the plastic sheath, remove the wire grid,

put the separated plastic sheath back, and cover the area by a flexible hose.
(©Richo Andersen

Figure 17: Cutting the wire grid in the middle of the coaxial antenna
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Figure 18: Connecting a coax antenna, (ORicho Andersen and Bernhard Kilimann

4.1.1.3 Other loop antennas

Several other techniques can be used to build a loop antenna. There is an instruction manual of a
copper pipe loop antenna written by Daniel Verschueren for the lightning radar project.

More examples will follow...
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Figure 19: (©Daniel Verschueren

4.1.2 Ferrite rod antennas

The size of a loop antenna can extremely be reduced by using ferrite rods, but a ferrite rod antenna
needs a higher number of turns to get the same voltage compared with the larger loop antenna. That
is, a corresponding ferrite rod antenna has a lower resonance frequency than the larger loop antenna.
This is one reason why the loop antennas are more adequate than small ferrite rod antennas. The
resonance frequency of the ferrite rod antenna for wide-band VLF reception should not fall below
100 kHz. Suitable ferrite rod antennas can be obtained from http://www.sfericsempfang.de.

It is not necessary to align the two antennas to north/south and west/east. The antennas only
have to be placed horizontally, because the magnetic field of radio waves emitted by cloud-to-ground

lightning discharges is mainly oriented horizontally.

If you are using ferrite rod antennas, you have to strip the insulation of the copper enameled wires,
before the blank copper wires can be soldered to the amplifier board. The wires definitively have
to be soldered to the board. It is not possible to tighten such thin wires sufficiently good with the
screws of the terminal block.

Please do not twist the connection cable of the ferrite rod antennas. This creates a capacity and
leads to a lower self resonance. If you are using the ferrite rod antennas of http://www.sfericsempfang.
de, then one of the two copper enameled wire ends has a knot. Connect these wires with the positive

inputs of your amplifier and the other wire with the negative input of the amplifier.
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Figure 20: Egon holds a 35 cm ferrite rod antenna. Two 20 cm ferrite rod antennas mounted on a

PVC board connected to Amplifier PCB 5 Version 7

4.1.2.1 Shielding ferrite rod antennas

Figure 21: Shielding a ferrite rod antenna with ribbon cable
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4.1.2.2 Self-made ferrite rod antennas

We do not recommend to wind ferrite rod antennas by yourself!

It is not easy to wind ferrite rod antennas by yourself. The quality of a ferrite rod antenna depends on
the used material for the rods and on the type of the coil. A large range of rods can be found at http:
/lwww.amidon.de. High quality rods can be obtained much cheaper by http://www.sfericsempfang.de.
Coil placement and the length of windings on the rods, bars, plates and tubes affect the effective
permeability of the antenna. Greatest inductance will be obtained when the winding is centered on
the rod rather than placed at either end. The best ”’Q” will be obtained when the winding covers the
entire length of the rod. The spacing between the turns has also a significant effect on the ”Q”. The
best values for the Q" are obtained when the coil turns are spaced one wire diameter apart, with a
winding covering the entire rod. This would not increase the inductance to much. Note that we have
to design a ferrite rod antenna with a high ”Q” but a low inductance, such that we do not get low

resonance frequencies with small capacities.

ic

s
[ '_Lfrj |

Figure 22: A 20 cm ferrite rod antenna with an inductance of 22.5 mH and a ”’Q” of 125 and a 30 cm

ferrite rod antenna with an inductance of 13.4 mH and a ”Q” of 156

4.1.2.3 Housing

Ferrite rod antennas can also be made waterproof, as the image presentations at Figure 23 show.
Note: Instead of using holders made from aluminum as shown in the photographs, you should use

some wooden or plastic ones.
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Figure 23: A guidance for building an outdoor ferrite rod antenna, continued, (©)Florian Bamberg

4.1.3 Shielding of magnetic antennas

Since Amplifier 12 the difference between shielded and unshielded antennas is not as big as it was
before. Instead of investigating time in assembling a shielding you should first use an unshielded
antenna system to search for a place with low electric interference.

A shielding of the E-field component can improve the signal to noise ratio, especially in metropoli-
tan areas. This can improve the detection rate of lightning discharges. As we only want the magnetic
part of the signal (H-field), any Electric field (E-field) is unwanted. The shielding of a loop antenna
can be realized for example by wires in a copper tube. It is important that the tube is not closed. It
can either be separated at the top or at the bottom. If it is separated at the bottom, then only one end

of the copper tube has to be connected with the ground of the amplifier.

4.1.4 Electrical antennas

An e-field antenna is sensitive to the electric component of the electromagnetic wave. As already
mentioned above, the electric field of the radio waves emitted by cloud-to-ground lightning discharges
is mainly oriented vertically. That is, in the simplest case, the e-field antenna is a vertical wire. Such
a wire is directly connected to the input of Pre-Amplifier 14, which is particularly designed for e-field
antennas, see Figure 24.

The advantages and disadvantages of an e-field antenna are the following:
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An example of an e-field antenna

R W closure

~— plastic tube

inflexible wire 1,5mnf

20cm - 180cm

+—PCB 141
—— F—connector

A

\ T

- 75 Ohm coaxial cable
4cm

Figure 24: An example of an e-field antenna

+ Since it receives signals from all horizontal directions, we need only one antenna instead of two
antennas.

+ The received signals are very clean and free of any resonances frequencies. However, the res-
onance frequencies of the ferrite rod antennas are mainly eliminated by the damping resistor at
the input of Amplifier 12.

+ It is possible to determine the polarity of the lightning discharge, if the lightning discharge was
not too far away.

+ It is easy to construct for a very low price.

- It is very sensitive to field electric noises.
- It has to be placed outside or at least on an attic, and thus, conditions for lightning protection
have to be respected.

Figure 26 shows several examples of simple e-field antennas.

4.2 Amplifiers

Every amplifier has its own specific signal characteristic depending on the type of the low-pass, the

type of the high-pass filter, the type of the op-amps used and so on. The different types of the circuits
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Figure 25:

Figure 26: An e-field antenna build with a 30cm wire
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Figure 27: A signal of a lightning discharge received by an electrical antenna (above) and by a ferrite

rod antenna (below)

and components can cause different signal forms and different time delays. This is the main reason
why we strictly recommend that all users should exclusively use the same amplifier circuits, in par-
ticular, one of our recommended amplifier circuits. Wrong time stamps can considerably confuse our
calculations. Finding the reason for false calculations can be very time consuming.

We offer several different amplifiers for different antenna types. Our standard amplifier for mag-
netic field antennas (H-field antennas) is Amplifier PCB 12. These are for example loop antennas
or ferrite rod antennas. An amplifier for electric field antennas (E-field antennas) will probably be
introduced in the fall of 2013. We will modify the amplifier circuits from time to time to improve its

quality for our special application and to reduce the price.

4.2.1 Amplifier 12

Amplifier PCB 12 should be used for all magnetic loop antennas and all ferrite rod antennas. It uses
four single supply 5 Volt rail-to-rail op-amp ICs for each channel. The inputs of the amplifier are
terminated by damping resistors of 2.2k{2. This leads to a more realistic current measurement for
loop antennas and will reduce self resonances. For larger loop antennas, the damping resistor can be
lowered to 100€2- 300€2in parallel to the antenna. A coax cable antenna can be terminated by 752.
The first and third stage of the amplifier are realized by programmable gain amplifiers (PGAs)
MCP6S91 from Microchip. The gain of these amplifiers is controlled by a serial peripheral interface
(SPI) and can be adjusted between 1 and 32 for each MCP6S91. The second stage uses the dual op-
amp MCP6292 from Microchip. The two operational amplifiers of this IC realize a Besssel high-pass
filter with a cut-off frequency of approximately 1kHz. This filter is realized by two active Sallen-Key
filter circuits. The second operational amplifier of the MCP6292 additionally increases the gain by

a factor of 4 on version 12.3. After this stage a Besssel low-pass filter with a cut off frequency of
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approximately S0kHz is placed. This filter is realized by a passive low-pass filter chain of order five.
The last stage is realized by the output driver amplifier LMH6642 from Texas Instruments. This stage
additionally increases the gain by an factor of 10. The maximal overall gain of the amplifier is about
76dB. The maximal output current is 75 mA.

The block diagram, circuit diagram, printed circuit board, and an assembled circuit board of Am-

plifier PCB 12 Version 3 are shown in Figure 28, 29, 31, and 32, respectively.

4.2.1.1 Electronic parts

The electronic parts necessary for Amplifier PCB 12 Version 3 are listed in Table 1.

4.2.1.2 Connecting an Antenna

The antenna is connected to the terminal block. If you are using ferrite rod antennas with varnished
wires, you should solder the stripped wires to bigger copper wires that can be grasped by the terminals

SCIEwS.

4.2.1.3 Gain Control

The serial peripheral interface (SPI) for setting the gain of the PGAs is controlled by the Atmel AT-
mega8 micro-controller. The gain can be adjusted either manually by a potentiometer or automatically
by the controller board. It is a digital gain control in both cases. If the green LED named C is on, the
gain is adjusted by the controller, if it is off, the gain is adjusted manually. The manual gain control
operates as follows. A potentiometer is used for setting a variable voltage between 0 and 5 Volt mea-
sured by one of the A/D converters of the ATmega8 micro-controller. It determines from the adjusted
voltage the corresponding digital gain values and sends them to the PGAs via the serial peripheral
interface. In this case, the gain can be adjusted in 12 steps displayed by the yellow LED gain index as

shown in Table 2.

4.2.1.4 Connecting the controller

The RJ45 modular connector is used to connect the amplifier to the controller board. You should use
a shielded one-to-one CAT Se network cable. The length of the cable can be up to 30 meters. This

allows us to place the amplifier near the antennas far away from noisy environments.

4.2.1.5 Output test pins

The output test pins can be used to monitor the output of the amplifier. This is useful if you want to

connect an oscilloscope or a sound card to analyze the VLF output without to disconnect the amplifier
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operational amplifiers

IC1, IC3, IC5, IC7

MCP6S91 SMD SOI8

IC2,1C6 MCP6292 SMD SOI8
IC4,1C8 LMH6642 SMD SOI8
1C9 ATMega8

LEDs Power LED LED 3mm (red)
Control LED LED 3mm (green)
Gain LEDs 1,2,4,8 LED 3mm (yellow)

Diodes D1, D2, D3, D4 1N4148

Resistors, metal 1%, 0207 R3, R13, R18, R28 100k —{=—
R6, R21 68k —(ml—
R5, R7, R12, R20, R22, R27 22k02 —(Dm—
R2, R4, R14,R17,R19, R29, R31 10k —{DI—
R8, R23 6.8k —{I—
R1, R9Y, R16, R24, R32, R33 2.2kS) —(m—
R10, R11, R25, R26 1kQ2 —(Dm—
R34, R35 33002 —{Il—
R15, R30 47Q —(l—

Resistor network, star, 6-1 RN1 1kQA102

Potentiometer P1 50k$2

Capacitors, electrolytic, Smm | C33, C34 470 uF

2mm | C15, C30 2.2 uF

Capacitor, ceramic, 2.54mm Cl1,C2,C7,C11, C12,Cl13, C14, C16,C17, | 100 nF (104)
C22, C26, C27, C28, C29, C31, C32,C35
C3,C18 22 nF (223)
C4, Co, C19, C21 10 nF (103)
C10, C25 6.8 nF (682)
C5, C20 4.7 nF 472)
C9, C24 2.2 nF (222)
C8, C23 470 pF 471)

Inductors, ferrite, Smm L5 470/330 uH

Inductors, SMCC | L2,L4 3.3mH ==

SMCC | L1,L3 1.5mH —{rJ—

Table 1: The list of electronic parts for Amplifier 12 Version 3

from the controller board.
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LED LED LED LED first second | gain
8 4 2 1 | MCP6S91 MCP6S9!1 | factor
©O O O O 1 1 1
O O O O 2 1 2
O O O O 2 2 4
©O O O O 4 2 8
O 0 O O 4 4 16
©O O O O 8 41 32
©O O O O 8 8 64
©O O O O 16 8| 128
© O O O 16 16| 256
© O O O 32 16| 512
© O O O 32 32| 1024

Table 2: Gain index of Amplifier PCB 12

4.2.1.6 First hardware check

During normal operation, the controller powers the amplifier through the Ethernet cable. But for the
first hardware check, you should not connect the controller but connect the USB jack on the amplifier.
After connecting a 5V USB power supply, the red power indicator LED should glow and the four
yellow LEDs of the gain index should start flashing four times. The green LED should be off. A few
seconds later the four yellow LEDs should display the adjusted gain. If the potentiometer is turned
then the new gain value should be displayed, see also Table 2.

The green LED is only on if the amplifier is controlled by the controller board. In this case the
yellow LEDs have no meaning. A manual gain adjustment is not possible if the gain is controlled by

the controller.
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4.2.1.7 Amplifier PCB change log

12.2 First release

12.3 Added additional gain factor 4 in high pass
Changed IC2 and IC6 to SMD versions
More space between L1/L.2 and L3/L4

12.3b | Minor layout changes

12.3¢ | Changed IC1, IC3, IC5, IC7 to SMD

Table 3: Change log of Amplifier PCB 12

May 11, 2014

32



Blitzortung.org

4 LIGHTNING DETECTION HARDWARE

p» HOAS

\

49]]043U0)0IIA

¢t 1 dwy

A

1l 1
T

-
g - |puuey)

To Controller

<

/\

pd
"

oL

<]

¥
N

4-4 %

Jayng

apog-o uteo
a|qeisnlpy

19}|14 ssed moq

19314 ssed YSiH

9POE-0 UIBD  yopdajoud
a|qeisnipy

DLD

-

v - [auuey)

3|qe) 9g1e)

/\

pd
"

Ma %

ﬁm

euuayuy

1l 1
T

oL

<]

e
/_._.%

Jayng

9pOE-0 ulen
alqeasnipy

19314 ssed Mo

13314 ssed YSiH

9P0E-0 UIBD  yojpoa3044
a|qeisnlpy

!

euusjuy

Figure 28: Block diagram of Amplifier PCB 12 Version 3
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Figure 31: Assembly Diagram of Amplifier PCB 12 Version 3
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Figure 32: An assembled Amplifier PCB 12 Version 3
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4.2.2 Amplifier 13

The amplifier/pre-amplifier system PCB 13 and PCB 14 is designed for an electric field antenna. The
system consists of an amplifier board (PCB 13) with three different filter systems and a pre-amplifier
board (PCB 14) with a very high input impedance. Any vertically oriented wire or copper plate
connected to the input of Pre-Amplifier PCB 14 can be used as e-field antenna.

The most important thing in building an e-field antenna is the search of the right site. Electric
antennas work best on non-developed areas. The utility frequencies of the main electricity is in general
between 50 Hz (Europe) or 60 Hz (America and parts of Asia). These frequencies, their harmonics,
and other very low frequencies are well filtered out by the high pass filter of pre-amplifier PCB 14 and
amplifier PCB 13. The combined high pass filter starts at 5 kHz and dims frequencies around 50 Hz
/60 Hz with more than 150 dB, see Figure 33.

0.00 —
-50.00 —|
1 E-Field Amp
] ———— Combined
o 1 Pre-Amp
o i
£ -100.00—
= 1
(D 4
-150.00 —
'20000_ [ IIIIII1| [ IIIIIII| [ IIIIIII| I IIIIIII| [ IIIIIII|
10 100 1k 10k 100k 1

Frequency (Hz)

Figure 33: The high pass filters of Pre-Amplifier PCB 14 and Amplifier PCB 13

The signals have to be filtered, because at certain regions the very low frequency range is dis-
turbed by various radio transmitters, see for example Wikipedia.org/wiki/Very_low_frequency. These
signals can considerably disturb our measurements, on the one hand, because the lightning signals

can not be triggered and on the other hand, because the superposition can make it difficult to deter-
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mine characteristic time stamps. The challenge is to find a filter that reduces most of the disturbances
without destroying the measurements. Obviously, there is no ideal filter that suppresses all types of
disturbances equally well. Amplifier PCB 13 has three different low pass filters, a SOKHz Bessel filter
to keep compatible to the H-field amplifier PCB 12, a sharper 44KHz elliptic filter, and a very ‘rough’
18KHz elliptic filter, see Figure ??. The filtered signals can be used for different purposes. The signal
after the SOKHz Bessel filter is optimal for computing characteristic time stamps. The signals after
the 44KHz and 18KHz elliptic filters can be used to trigger in disturbed regions and for a more simple

computaton of the polarity. This is a feature which is possible with e-field antennas.

0.00—
-15.00—]
. 22k [45K] 128K
-30.00—]
R 0%
) :
= -45.00—]
M ]
|G}
60,00 —] 18K (23 4) - Elliptic
] 44k Eliptic
] 50 Khz
-75.00—]
-90.00 — T | ]
1k 10k 100k

Frequency (Hz)

Figure 34: The low pass filters of Pre-Amplifier PCB 14 and Amplifier PCB 13

4.2.2.1 Electronic parts

The electronic parts necessary for Amplifier PCB 13 Version 1 are listed in Tables 2?.

May 11, 2014 39



4 LIGHTNING DETECTION HARDWARE

Blitzortung.org

operational amplifiers IC1, IC3, ICS, IC7 MCP6S91 SMD SOI8
IC2 MCP6292 SMD SOIS8
IC4, IC6, 1C8 LMH6642 SMD SOIS8
1C9 TLE2426
IC10 ATMega8

LEDs Power LED LED 3mm (red)
Control LED LED 3mm (green)
Gain LEDs 1,2,4,8 LED 3mm (yellow)

Resistors, metal 1%, 0207 | R2, R11, R17, R23 100k€2 (==
RS, R7 39k(2 — (Il
R4 27k2 —(ml—
R10, R16, R22 22kS) ——
R6 12kS) —{—
R3,R12, R18, R24, R62 | 10k2 — (Dl
R8, R9, R15,R21 1kQ2 —Dml—
R60, R61 33002 —{ul—
R14 22092 —{mJ—
R20 18012 (I
R1 750 —nd—
R13,R19, R25 470 —{nJ—

Resistor network, star, 6-1 | RN1 1kQA102

Potentiometer P1 50k$2

Table 4: The list of electronic parts for Amplifier PCB 13 Version 1
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Capacitors, electrolytic, Smm | C62, C64 470 uF
2mm | C17,C27,C37 2.2 uF
Capacitor, ceramic, 2.54mm Cl1 220 nF (224)
C3,C4, C9, C13, C14, Cl15, Cl16, | 100 nF (104)
C23, C24, C25, C26, C33, C34,
C35, C36, C60, C61, C63, C65
C30, C32 68 nF (683)
C20, C22,C29 33 nF (333)
C28 22 nF (223)
C18 15 nF (153)
C31 10 nF (103)
C12,C19 6.8 nF (682)
Cc7 4.7 nF 472)
C5 3.3 nF (332)
Cl11,C21 2.2 nF (222)
C8 1.5 nF (152)
C2,C6 1.0 nF (102)
C10 470 pF 471)
Inductors, radial, Smm O09P | L8 4.7 mH
L6 2.2 mH
L5 1.5 mH
L3/L4 1 mH
L7 470/330 uH
Inductors, axial SMCC | L2 3.3mH —r—
SMCC | L1 1.5mH —Ir3)—

Table 5: The list of electronic parts for Amplifier PCB 13 Version 1, continuation
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Figure 35: Block diagram of Amplifier PCB 13 Version 1 and Pre-Amplifier 14 version 1
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Figure 36: The complete circuit diagram of Amplifier PCB 13 Version 1
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Figure 37: The Printed Circuit Board of Amplifier PCB 13 Version 1
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Figure 38: Assembly Diagram of Amplifier PCB 13 Version 1
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4.2.2.2 Gain Control

The gain control is analogous to the gain control of amplifier PCB 12.

4.2.2.3 Connecting the controller

The RJ45 modular connector is used to connect the amplifier to the controller board. You should use
a shielded one-to-one CAT 5e network cable. The length of the cable can be up to 30 meters. This

allows us to place the amplifier near the antennas far away from noisy environments.

4.2.2.4 Output test pins

The output test pins can be used to monitor the output of the amplifier. This is useful if you want to
connect an oscilloscope or a sound card to analyze the VLF output without to disconnect the amplifier

from the controller board.

4.2.2.5 First hardware check
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Figure 39: An assembled Amplifier PCB 13 Version 1
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4.2.3 Pre-Amplifier 14
4.2.3.1 Electronic parts
The electronic parts necessary for Pre-Amplifier PCB 14 Version 1 are listed in Tables 6.

The Power LED must be a green LED, because it is used to generate a virtual ground of approxi-

mately 2.5 Volt. Other colors have different voltages.

operational amplifiers IC1 ADA4891 SMD SOI8

LEDs Power LED | LED 3mm (green)

Diodes D1, D2 1N4148

Resistors, metal 1%, 0207 R3 6.8MS) ==
R2 4. 7M€ —ml—
R1 10k$2 —Dl—
R4 4.7k —{(mJ—
RS 7502 —{(rl—

Capacitors, electrolytic, 2.54mm | C4, C6 220 uF

Capacitor, ceramic, 2.54mm C7 220 nF (224)
C3,C5 100 nF (104)
C1 22 pF (220)
Cc2 10 pF (100)

Inductors, radial, Smm 09P | L1 4.7 mH

Table 6: The list of electronic parts for Amplifier PCB 14 Version 1, continuation

4.2.3.2 Connecting Amplifier PCB 13

The pre-amplifier is connected to the amplifier by standard 75 Ohm coaxial cable with F-connectors.
Such 75 Ohm cables are widely used for the connection of satellite dishes and other outdoor antennas.
The cable may have a length of up to 300m/1000ft. Although there are big differences between coaxial
cables, (woven or foil wound), most of them are suitable for our purposes. There are also very cheap
window feedthrough available in various online stores. Note that the time stamp of the lightning signal
is delayed if the e-field antenna is placed far away from the GPS module. The delay can be twice the

distance between e-field antenna and GPS module.

4.2.3.3 Connecting an Antenna

The antenna is connected to the terminal block of the pre-amplifier.
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4.2.3.4 First hardware check

The green LED should light slightly.
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Figure 40: The complete circuit diagram of Pre-Amplifier PCB 14 Version 1
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4.3 Controller

The heart of our Controller PCB 10 is a 32-bit ARM Cortex-M4F micro-controller. This controller
has 1 MB Flash, 192 KB RAM, and is running with a clock frequency of 168 MHz. Controller PCB
10 uses the STM32FADISCOVERY board which also includes an ST-LINK/V?2 programmer. The use
of this breakout board is only a temporary solution. If the controller works fine with the breakout
board then in a later version we will place the ARM Cortex-M4F micro-controller on our controller
board.

The ARM Cortex-M4F micro-controller has three 12-bit analog-to-digital converters. These con-
verters are capable to provide a throughput of up to 1,000 ksps = 1,000,000 samples per second even
if both input jacks of the controller board are multiplexed. The DMA of the controller is used to
store continuously the converted signals into the memory such that we can read out the signal samples
stored before the signal reaches a threshold.

The block diagram, circuit diagram, printed circuit board, and an assembled circuit board of Con-

troller 10.4 are shown in Figure 42, 43, 44, 46, and 47, respectively.

4.3.1 Controller 10.x

4.3.1.1 Electronic parts

The electronic parts necessary for Controller 10.4 are listed in Table 7.

4.3.1.2 STM32F4DISCOVERY board

This board board is placed piggyback on the controller board. It has two push buttons, a black reset
button and a blue user defined button. The functionality of the blue push button depends on the state
of the program. The four user defined LEDs, LED3 (orange), LED4 (green), LEDS (red) and LED6
(blue) are used to indicate the received signals, the GPS state, the 1PPS signal, the interference mode
and other problems.

The other additional hardware of the STM32F4DISCOVERY board is not used by the controller.

This especially concerns the motion sensor, the accelerometer, the microphone, and the audio DAC.

4.3.1.3 LEDs

When booting up, the different combinations of the four glowing LED show the steps of the ini-
tialization phases. They may be helpful for investigating problems. There are other LEDs on the
STM32F4DISCOVERY. One big red/green LED left to the mini-USB connector for the ST-Link
firmware programmer and a small red LED on the opposite site as power indicator. Both LEDs cannot

be controlled by the CPU, so the ST-Link LED is blinking all the time when no USB connection is
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Breakout board STM32F4ADISCOVERY
Display LCD 122DIP
GPS module GlobalTop PA6H (MT3339)
Ethernet Controller ENC28J60
Voltage transformer LF33CV
Transistors T40, T41 BC338
LEDs GPS fix LED LED 3mm (green)
Diodes D40, D41, D42, D43, D44, D45, 1N4148
D46, D47, D48, D49, D50, D51
D52, D53, D54, D55, D56, D57, D58, D59 | 1N5818
Resistor, metal 1% R47, R55, R56, R65 10k$2 (=
R46, R50, R52, R53 2.2k) — (I
R62, R63, R64 1kQ2 —(l—
R40, R41, R57 68012 —{(I—
R54 4702 —(mJ—
R58, R59, R60, R61 33012 — (Il
R42, R43, R44, R45 49.90 —{lil—
R48 47Q —{(nd—
R49, R51 10Q2 ——
Resistor network, star, 8-9 RN42 10k2 A103
Resistor network, 2 x 3-6 2 x RN41 1kQ2 B102
Resistor network, star, 8-9 RN40 1002 A101
Capacitors, electrolytic, Smm | C45 470 uF
2.5mm | C44, C48, C55, C56 100 uF
Capacitor, ceramic, 2.54mm C57, C58, C59, C60, C62, C63, 220 nF (224)
Capacitor, ceramic, 2.54mm C40, C43, C46, C47, C49, C50, 100 nF (104)
C51, C52, C53, C54, C61, Co64
C41, C42 18 pF (18)
Inductances, HBCC | L40,141, 142 10 uH (I~
Crystal 25 MHz

Table 7: The electronic part list for the controller board 10.4

available. There is another red LED close to the micro USB connector. It can light up when using the

analogue user input.
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4.3.1.4 Display

The LCD DIP122 graphic display provides a 122 x 32 dot matrix and is used to show several peaces
of information about the system. The dot matrix allows displaying graphical symbols and illustrations
beside letters and digits. The user can see the state of the network, the state of the GPS module,
the state of the amplifiers, and many other useful notes. The display is available with different LED
backlight colors. We recommend the most robust and cheapest green display whose size is only
67mm x 27mm. However, the contrast and brightness is more brilliant on the amber display than on
the green and blue display. The amber and blue displays have a size of 75mm x 27mm and are a little
bit more expensive than the green displays. The green backlight has a higher power consumption than
the other ones. The backlight is driven through a transistor, which is connected to a PWM output of
the controller. Thus, the brightness can be adjusted by software. A charge pump, which is driven by
another PWM of controller, converts 3V to around -5V for the contrast voltage. The correct voltage
depends of the display type, supply voltage and temperature. The LCD has an integrated temperature

compensation, so the contrast should be stable even when you use the LCD outside.

4.3.1.5 Buzzer

The buzzer of the controller board can be used to indicate different states and events by different
sound signals. For example, every received signal can be indicated by a beat sound. The buzzer can
output an alarm if the system enters the interference mode or if the network connection is lost. The
buzzer can also be used as a loudspeaker to output the received VLF signals. This provides a very
useful tool to locate sources of interferences and thus to find the best place of the antennas in a noisy

environment. In any case, the buzzer can also be turned off.

4.3.1.6 GPS Module

The controller needs a GPS device with a serial TTL level interface and a 1PPS signal. We recommend
to use the on-board GlobalTop PA6H GPS module. This module allows you to connect an external
antenna with an SMA connector. Most external antennas have a connection cable between 2 and 5
meter. The longer the cable the larger the loss. The green LED beside the GPS module stops blinking
when the GPS has found its position. The LED will then light continuously on boards prior to version
10.3b and switched off on newer boards.

If you do not want to use the GlobalTop PA6H GPS module, we recommend to use the Navil.ock
or GlobalSat EM-406A GPS module. The pin assignment of the GPS connector on the controller
board is shown in Table 8. This pin assignment is identically to the pin assignment of the EM-406A.
Other GPS modules may be used too, but the firmware of the controller currently only supports the
MediaTek MT3339 and SiRF chip sets.
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Pin | <~ EM-406A module GPS Connector -+ Pin
1 ground 1
2| +5 Volt iaad 2
3 serial input TTL = 654321 3
4 | serial output TTL O — ) e S I
5 ground top front 5
6 1PPS output 6

Table 8: Pin assignment of the EM-406A module and its connection to the GPS connector

4.3.1.7 Amplifier connectors

The Controller has two RJ45 connectors for two amplifiers with maximal 3 channels each. The
firmware automatically detects to type of the connected amplifier. Both connectors can be used inde-

pendently. Do not connect version 5.x amplifiers or earlier!

4.3.1.8 Ethernet

The controller board is connected to a local area network by a shielded CAT network cable from the
RJ45 network connector. This jack has integrated transformers and LEDs. There are only very few
compatible jacks, so have a close look into the datasheets when you want to use another connector!
Although the ARM Cortex M4 based STM32F4 micro-controllers already have an internal Ethernet
controller, they do not include an Ethernet Physical Layer Transceiver (PHY). For experimental rea-
sons, we additionally have placed the Ethernet controller ENC28J60 on the board of Controller 10 .x
. The ENC28J60 a very widely used "all-in-one" ethernet controller, but it can only handle 10Mbit/s
ethernet connections. With around 150mA current drawn it has a relatively high power consumption.
The ENC28J60 is connected to the processor via SPI. In a forthcoming version, we intend to remove
the ENC28J60 and to replace it by an Ethernet Physical Layer Transceiver on the controller board.
Then we will use the internal Ethernet controller of the processor, which uses DMA and can also
handle 100MBit/s connections.

4.3.1.9 Grounding

The receiving system should have a good ground to operate effectively. The ground of the amplifier
and thus also the ground of the controller board should be connected to a large expanse of metal such
as a safety hand rail around a roof or a heating core. Note that the ground of the system should never
be connected to the ground wire of the electrical supply system. Usually some grounding is already

given if the shielded network cable is connected to the router.
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In some situations, grounding can inject even more noise in your system. Grounding on both,
controller and amplifier, can also produce some negative side effects. If grounding is needed for your
system, we suggest connecting it on the controller only, as it has a special terminal block for that

purpose. See also Figure 44.

4.3.1.10 Serial interface

The board has a 3.3V TTL level serial interface which is 5V tolerant. This interface can be used for
debug purposes. The connector also provides the power supply for a TTL to RS232 or TTL to USB

converter. The pin assignment is printed on the board and can also be found in the schematic.

4.3.1.11 First hardware check

For the first hardware check, do not connect anything. Remove the STM32F4DISCOVERY board
and remove the display. After connecting a 5V USB power supply, the green GPS fix LED should
start blinking, if you are using the GlobalTop PA6H GPS module. Next, remove the power supply and
mount the STM32F4DISCOVERY board and the display. Close Jumper 1 only if you are using the
green display, otherwise, if you are using the amber or blue display, open Jumper 1. Then connect the
power supply again at the mini USB connector of the controller board, not at the mini USB connector
of the STM32FADISCOVERY board. Some of the LEDs on the STM32F4DISCOVERY board should
start blinking. The display should not show anything, because the STM32F4ADISCOVERY board does
not contain our firmware yet. The next step is to upload the firmware. Note that the USB connectors

on the STM32F4DISCOVERY board are only used to program the board, not for power supply.

4.3.1.12 Controller PCB change log

10.2 First release

10.3 Added ground connector
Added MP joint
10.3b | Changed polarity of GPS LED

by request of manufacturer to prevent malfunction

10.4 | The power supply for the display is changed from 5V to 3.3V

Table 9: Change log of controller 10
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Figure 42: Block diagram of Controller 10.x
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Figure 44: Printed Circuit Board of Controller 10.4
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Figure 46: Assembled Controller 10.3
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Figure 47: Assembled Controller 10.3 with STM32F4DISCOVERY board and display
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4.4 Power supply

The amplifier and the controller can be powered by a 5V USB power supply. Both boards have a
mini USB jack. The mini USB jack of the STM32F4DISCOVERY board cannot be used to supply
the system. This jack is only used for programming the STM32F4ADISCOVERY board. The +5V line
of both boards are connected via the connection cable. It is neither necessary nor recommended to
power the system at both ends. We recommend to power the system at the controller site.

When the boards get power the red power indicator LED on the amplifiers lights up. On the
controller board the power on LED of the STM32F4DISCOVERY board and some of the other LEDs
will turn on. The power consumption of the amplifier and controller is about 40 mA and 400 mA,

respectively.

4.41 PoE

The system can also be powered over the Ethernet connection cable if the JOOO6D01BNL RJ45 Ether-
net Jack from Pulse Electronic is used. This Power over Ethernet (PoE) technique uses pin 7 for +5V
and pin 8 for ground. To inject the power, a simple PoE injector is needed. As only 5V is used as
supply voltage, the network cable must not be longer than a few meters. If the voltage drop is too high,
you can try to inject up to 6V. Don’t use higher voltages! Note: This pseudo PoE is not compatible
with the official IEEE standard 802.3af!

4.5 Assembling advice

The expected assembling time of the amplifier and controller together is approximately four hours.
Most problems are caused by working too fast or too superficial. The parts should always be soldered
according to their mounting height.

4.5.1 Parts with a low mounting height

Examples: SMD op-amps, diodes, resistors, ceramic capacitors, axial inductances, the crystal.

These parts should be assembled at first. It is very important that you solder them carefully,
because it's hard to do changes there after the other parts have been mounted.

e Pin 1 of the ICs is marked by a dot at the housing. These pins are marked by a white dot at the

boards.

e To mount the SMD parts (IC2, IC4, 1C6, IC68 and the GlobalTop PA6H GPS module), first

solder only one of the four corner pins. Then unsolder and solder this pin repeatedly until the
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Figure 48: Electrical components of the starter kit

component is properly placed. After that solder the other pins. It is not necessary to use solder

paste.

e The cathode (—) of the diodes is marked by a black or white ring at the housing. These sides
are marked white on the boards. (Note the reverse markings on the LEDs. The anode is the

longer wire of the LED which is marked at the board by a white square.)
e The values of the resistors should be verified by a multimeter, because it is sometimes difficult
to distinguish between certain colors, as for example, between red and brown.
4.5.2 Parts with a medium mounting height

Examples: Sockets, mini USB jacks, LEDs, push-button, potentiometer, resistor networks, the GPS

module, transistors, the voltage transformer, mount sockets for the display

e The anode (+) of a LED has a longer wire than the cathode (—). The hole for the anode is

marked by white squares on the board.

e Every resistor star network has a dot at one side. This side has to be placed at the crossed pin

beside the red power LED. Resistor Network RN41 is not a star network. It is either realized by
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a 6-12 network or by two 3-6 networks. These networks are symmetric and can be mounted in

either orientation.

e Both transistors and some of the radial electrolytic capacitors have to be folded down on the
controller board such that the STM32F4DISCOVERY board and the display have enough space.

e The two 1 x 10 mounting sockets for the display have to be shortened to 1 x 9 by pinching
off the last pin with a cutter and smoothing the border with a file. To ensure that the mounting
sockets for the display will be correctly aligned, carefully insert the display’s pins into the
mounting sockets before soldering them to the controller board, see also the hint for soldering
the mounting sockets for the STM32F4DISCOVERY board.

4.5.3 Parts with a high mounting height

Examples: Radial inductance, radial electrolytic capacitors, terminal block, buzzer, headers for the
output control, board mount sockets for the STM32F4DISCOVERY board, RJ45 jacks.

e The positive pole of an electrolytic capacitor has a longer wire. The hole for this wires is marked

by a + symbol.

e The center pin of the 3-pin header for the test pin of the amplifier can be removed. It is not

connected.

e To ensure that the double row mounting sockets for the STM32F4DISCOVERY board will be
correctly aligned, carefully insert the STM32F4DISCOVERY board’s pins into the mounting

sockets before soldering the sockets to the controller board.
e On the Buzzer there is sticking a sign marking the positive pin.

o The IN-1 and IN-2 modular RJ45 jacks should be mounted after you already know that the GPS

is working properly.

5 Operating instructions
The lightning detector is put into operation as follows:

1. Write a short email request to blitzortung @ gmx.org for a new user account if you do not already

have one.

You need only one account independently of the number of station you operate and regions you

supply.
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2.

5.1

Install the SystemRED firmware on the STM32F4DISCOVERY board as described in Section
5.1.

The link to the firmware pages can be found in the services section of www.Blitzortung.org.
Connect the controller to a local area network using DHCP (or static IP 192.168.1.235) and use

a web browser to open the web interface of the controller. There you can adjust the lightning

detector, see Section 5.2.
You find the IP address of the controller at the Display.
Assign the station at the Services—User-data page of www.blitzortung.org to your user

account. That is, insert the Device-ID of your STM32F4DISCOVERY board to the field "As-

sign a new Station by Device-ID:" and acknowledge by "Save".

You will find the 24 digits hexadecimal Device-ID on the webpage of the controller at the
Status page in paragraph Controller/CPU paragraph. The station prints this ID also on

its LCD, until it is assigned. Do not insert the "-" characters between the 4-digit blocks.

Check from time to time that your system is still running and then enjoy your lightning detec-

tion.

Firmware Installation

The firmware on the STM32F4 controller is the heart of the SystemRED. It initializes and controls

all peripherals and performs the communication with the servers. Compared to the old system, the

firmware is very complex but also very powerful. Especially during the first months after start of

SystemRED, there will be several updates to improve stability and add new features.

After assembly of the system, you have to install the firmware over the dedicated USB port. There
is already a small pre-flashed firmware on your new STM32FADISCOVERY, which lets the LEDs

blink according to accelerometer value. This is only a demonstration and it will be overwritten by our

firmware.

Never flash any other 3rd party firmware on the STM32F4DISCOVERY, while it is connected to
our PCB! Otherwise parts on both of the PCBs or the CPU might be damaged!

5.1.1

Flash by using on-board programmer

The STM32F4DISCOVERY has an ST-Link V2 programmer integrated. The flash procedure is easy
and takes only some seconds. It is almost impossble to brick the STM32F4DISCOVERY, even if you
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pull the cable while flashing, because the on-board programmer has direct access to the flash memory.
Please never set any user option bits, otherwise the flash might be write protected forever!

There are several tools for flashing the STM32 family on different operating systems. These tools
can be used for different hardware types and are not specific for our hardware. You have to download

them from their official websites:

e STM32 ST-Link utility
e CooCox CoFlash
e stlink (Linux/Mac)

e Several others...

For the following description, we use the official STM32 ST-Link utility (version 3). First of all,
download the tool here. If you don’t find the download, then try Google. After download, run the
setup. The driver is also included in the package. The current version finally supports Windows 8 and

8.1. Follow these steps, to program the flash:

1. USB connection: Connect the mini-USB jack on the STM32F4DISCOVERY with a cable to
your computer (see Fig. 49). If you do this the first time, the driver will be installed, which
can take a while. While connected to the USB port, the CPU gets the necessary power from
your computer. It doesn’t matter whether the system is powered by external 5V or not while
flashing. There is no need to remove the Discovery from the red PCB, as there is a good
chance to damage it mechanically or electrically during this procedure. When the connection is
established successfully, the big ST-Link LED should stay red. If it is blinking red, then there

is a connection or driver problem.

2. Open the programmer window (see Fig. 50): Start the STM32 ST-LINK Utility. In this tool,

select Target — Program... from menu, click Browse and select the Firmware (.bin) file.

3. Start flashing (see Fig. 51): Check if the Start address is 0x08000000 and click on Start. The

data is now programmed into the flash. It takes several seconds.

4. Reset: If the CPU didn’t perform a reset after flashing is done, simply press the black button.
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Figure 49: Mini-USB connection
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Figure 50: Open the programmer window
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Figure 51: Start flashing the new firmware

5.1.2 DFU Method

The STM32F4 CPU has an integrated boot loader, which is write proteced. This boot loader allows
programming the flash through the serial or USB interface. There is currently only need for using
this feature when you have problems with the method above. But we may need this method on future
controller boards, where the CPU is integrated on our PCB.

ST provides a tool for USB-DFU mode which you can download here. After installation, con-
nect your Discovery with the micro-USB to your computer, jumper the pins BOOT0-VDD on the
STM32F4ADISCOVERY and attach the power supply to the controller. Use DFU File Manager to
create a DFU-file from the Firmware binary and DfuSe Demonstration to flash you controller. After
flashing, remove BOOTO-VDD and push reset. A more detailed description will be published later.

This method is as robust as the way through the ST-Link programmer. That means, even after a

failed flash procedure, the CPU still be programmed with the DFU method.

5.1.3 Flash through the web-interface

Since Firmware version 4.0, there is an integrated firmware update tool available in the web-interface.
We cannot guarantee for 100% functionality, but it is the easiest and fastest way to update the
firmware. It even works through slow or unstable connections. If it fails, you can still use the methods
described above. For more information, refer to the guide integrated into the controllers web-interface

in the About section.

5.2 User interfaces

5.2.1 Web-Interface

To access the web-interface, enter the IP-address shown on the LCD in your browser. In most cases,

the IP-address will be assigned automatically by DHCP. However, if the assignment fails or you don’t
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have a DHCP-server running in your network, then the controller uses it’s static [P-address. The
default one is 792.168.1.235 with a subnet-mask of 255.255.255.0. To access the controller, your
computer must be in the same subnet, i.e. with an address of /92.168.1.2.

The web-interface supports modern browsers only. If the browser is too old, some features might
not work. For web-developers: The webpages use a lot of CSS and some jQuery. You are welcome
to improve or add several functions, especially the signal view, but ask us first. Due to lack of flash

memory, some static files are compressed.

Important: The firmware uses LwlIP, a lightweight IP-Stack for embedded microcontrollers. We
cannot guarantee for 100% security of this stack or our web-server. There is always the possibility
of security holes in such implementations, even when authentication methods are enabled. That
means, you shouldn’t connect the controller to foreign networks or give access to the controller
from the internet with port forwarding. We think the risk of an attack is small, but we would never
guarantee that.
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Figure 52: The status page of the web-interface
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Figure 53: The live signal view of the web-interface

5.2.2 LEDs

Every of the four user LEDs has a specific purpose:

e The Green LED starts blinking when the controller receives data sentences from the GPS. It

will keep glowing, when the GPS locked the position.

o The Blue LED flashes every time the controller got a 1PPS signal. That means it should blink
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exactly every second.

e The Orange LED flashes every time the controller receives a signal from the amplifiers that

reaches the adjusted threshold.

e The red LED is blinking constantly and slowly if the system has entered the interference mode.
If signals cannot be send, i.e. because there is no network connection or no valid GPS signal,

then the red LED blinks at the same time as the orange LED.

During boot sequence, the LEDs will be switched on and off on specific steps. If you experiencing

problems during boot, you should tell us which LEDs are glowing.

Figure 54: The four SMD LEDs

5.2.3 Buttons

Pushing the Black Reset Button results in a hardware reset of the CPU. It is independent from the
firmware and works always. The Blue User Button has several functions, especially in combination
with the LCD. It can also be used to restore the settings to default values, by pushing both buttons
together, release the reset button and wait for several seconds until a long beep occurs. The other
functions depend on the installed firmware and might be extended in future versions. Refer to the

guide in the controllers web-interface for latest information.

5.2.4 LC display

During boot, the display shows some status information. After that, and while the system is running,
there is a status line at the top and according information on the rest of the screen. The status line
shows whether there are pending problems.

The main reason for the LCD is to provide an easy installation and a quick overview of the current
status. The system would even work without it. There are much more detailed information visible in
the web-interface. Changing configuration cannot be done through the LCD. For latest information

about the display, refer to the guide in the controllers web-interface.
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Figure 56: The blue LCD showing the signal page

5.2.5 Buzzer

The main purpose of the buzzer is to inform you about status changes. It will beep in high tones
on successful actions, on low tones when an error occured and a medium tone during boot. Longer
duration of the beep means higher priority.

For example, shortly after the first beep during boot, the buzzer should beep a second time, when
an connected amplifier has been identified. If no amplifier is present, it will beep with a low tone.
As long as you didn’t solve this problem, the controller won’t detect any strokes. Another example:
Beeps for interference mode are slightly shorter, as they can happen from time to time.

The buzzer is connected to the CPUs digital-analogue-converter DAC. That means, it can even
play individual sounds. The firmware uses this feature by sending the recorded signals from the ADC
to the DAC (when enabled). Thus, it is possible to hear the atmospheric discharges without additional
hardware. This is very useful to find a noise-free place for the antennas. Check the web-interface for

detailed settings on that feature.

5.2.6 Debug Logging

The controller prints several information in its debug log. This happens during start-up, when config-
uring peripherals, in case of an error or status changes. If you experience problems, these messages

can be very helpful. When contacting the developers, you should try add them to your request. There
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are several ways to view the messages:

1. Open the debug log on the web-interface and wait for the first messages to appear. Of course it
is not possible to view messages when the network connection is not available. Due to technical
limitations, some messages might not get transmitted. Note: You have to disable the auto refresh

before you can copy the text to clipboard.

2. Windows users have to install the driver from here. Connect the controller via the micro-USB-
port to your computer. Enable the virtual-COM-port in the web-interface system settings. A
new COM port should be available (check the device manager). You can connect with your
desired terminal program (like PuTTY) to this port. Set the baud rate to a desired value (115200

is recommended).

3. Connect a serial-to-USB converter to the debug port below the LCD. The baud rate has to be
set to 115200. Check 4.3.1.10 for hardware details. You will see all messages, even those from

early start phase.

Figure 57: A serial-to-USB adapter connected to the controller

In the web-interface settings you can enable more verbose logs. You can use that for further inves-
tigations. Please don’t enable them for normal operation, as it can slow down the system dramatically,

even when not using one of the methods above!

5.3 Interference Mode

The controller cannot distinguish between electromagnetic signals which have been sent out by light-

ning discharges on the one hand, and which are a result of local noise on the other hand. There is a
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variety of such sources which can generate interference, i.e. power-supplies, energy-saving lamps and
almost all electric home equipment.

The interference mode is used to reduce the amount of improper data send to the computing
servers. It will be enabled, when the amount of signals is higher than a defined value. The threshold
value for disabling the interference mode is several percents lower, which avoids conditions where the
mode toggles between on and off all the time. The thresholds cannot be changed by the user.

In detail, there are two interference modes implemented. The first one is very fast and checks the
signal rates of a very short time period, i.e. of one second. This is very useful to protect the server
against short bursts, which take only some seconds but produces a lot of interference signals. The
second one is a slow interference mode, which checks the amount of signals during a longer time
span, i.e. 60s. That means, it will be enabled on medium amount of interference signals over a longer

time span.

5.4 GPS

The main purpose of the GPS is the 1PPS signal which gives all worldwide station the same abso-
lute time base. The 1PPS-line is directly connected to an I/O pin of the STM32F4 MCU. It is also
connected to an ADC input pin to check the quality of the 1PPS-pulse in case of an error.

Position data is sent by the GPS module every second over an serial bi-directional connection to
the MCU. The MCU itself can send commands to the GPS, but does that only if needed (i.e. during
initialization). The baud rate for that connection is variable and can be set in the web-interface.
However, you should avoid slow baud rates as it can take too long for the GPS to send the whole data
before the next 1PPS-pulse. We recommend baudrates of 38400 and higher.

In the GPS settings you have the option to enable SBAS. This is a service which can improve po-
sition accuracy and is provided for different regions of the world (i.e. EGNOS, WAAS). The accuracy
will be improved due to additional information about current status of the ionosphere. The needed
data is sent by satellites on geostationary positions. To receive their signals, your GPS antenna needs
a good view to them. For the northern hemisphere that means there should be no buildings, trees etc.
on the south side of the antenna.

In general, the GPS will receive more satellites when having good view in direction of the equator.
That means, if you have only the possibility to place your GPS in-house, you should choose a place on
the south side of the building (or north side on the southern hemisphere). This fact is more important,
the higher your latitude is.

The GPS module not only transmits position and time, but also several status information about
its reception. You can see some of the values on the LCD and on the web-interface. Please note that

those values will change very often, because the GPS satellites are moving fast, weather and condition
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of the ionosphere can change quickly. You should see similar values every 24 hours, as the satellite

constellation will be almost the same. The most important values are listed here:

e The signals of tracked satellites are used to calculate position and time data. The count of
tracked satellites shouldn’t fall below 6 too often. A value of four is the absolutely minimum!

Higher values are always better.

o Satellites in view gives the number of satellites, which could be tracked under perfect condi-
tions (i.e. on a airplane). The number of tracked satellites should be close to the number of
satellites in view. For example, when you have 15 satellites view and only 4 tracked, then you

should search a better place for the antenna.

e PDOP stands for position dilution of precision. There are also values for vertical and horizontal
position (VDOP, HDOP). The DOPs give the best estimation about the "GPS-quality". The
lower the values, the better the position accuracy. Values below 1.0 are almost perfect and
those below 3.0 are still far good enough for our purposes. The DOPs give a idea whether the
constellation of tracked satellites is good. For example, even if you receive 8 satellites your
PDOP could be bigger that 7 (very bad), because the GPS sees only satellites from a part of the

sky and cannot calculate a good position.

5.5 General mode of operation

The following sections describes the technical background of the hard- and software. You don’t have

to understand all of them, but you should try to read the important parts.

5.5.1 About the firmware

The firmware is bare metal microcontroller software. That means, no operating system like Linux
or an embedded real-time-operating-system (RTOS) is used as a base. This saves space and gives
full control over all peripherals. The firmware has been built with the GNU Tools ARM Embedded
toolchain. There are some 3rd party libraries included, which are listed in the About section of the
web-interface.

Several peripherals are configured to use DMA access: The ADCs which stores all their samples
in RAM all the time (up to 150MBit/s), the DAC for playing sounds, GPS USART for receiving the
position data and debug USART for sending messages. Those transfers are handled by two DMA
controllers without interaction of the CPU.

Other functions are realized with interrupts (IRQ). The two most important interrupts are the
1PPS timer capture and the ADC watchdog. The 1PPS-IRQ has the highest priority, which means that
a 1PPS impulse from the GPS, immediately will stop the current routine and enters the 1PPS-IRQ
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function. The ADC-IRQ has "only" the second highest priority. There are a lot of other interrupt
sources, where the timing is not so important.

The firmware uses some of the hardware timers for measurements and/or interrupts. The most
important one is again the 1PPS timer, which runs at 84MHz. That means, the timing of the 1PPS

signal can be measured with an accuracy up to 12ns - theoretically.

5.5.2 Flash and settings

The flash not only contains the firmware, but also user settings which can be changed through the
web-interface. If no settings are present in the flash, then default ones are used.

By design, flash has several limitations. You don’t have to care about them, as the firmware
already does this. One limitation is, that the whole flash area is divided into sectors. Before writing
on a position which already contains data, the whole sector has to be deleted and rewritten. Most
sectors in the STM32F407 CPU have a size of 128kB. Thus, a simple change of a small entry in the
flash needs a full rewrite which is not so easily possible due to lack of RAM. Additionally, the flash
tolerates "only" 10000 erase cycles. This is far enough, even when rewriting flash several times a day.

However, the controller downloads new configuration settings, proposed by the server, several
times per hour. Due to reasons mentioned above, those settings won’t be stored in flash memory. In

the current firmware, all flash operations must be done by the user himself.

5.5.3 Start-up Sequence

After a reset or power-on, the controller initializes itself and peripherals, like CPU-Clocks, LCD,
Real-Time-Clock, 1/0s, Amplifiers and USARTSs. The configuration is loaded from flash too. The
LEDs and LCD light up and there should be two beeps: A first start-beep and a second beep for a
successful initialization of an amplifier. While this boot-sequence takes less than 3 seconds, some
additionally initialization will run in the background.

The GPS-module has to lock position and 1PPS signal, which can take several minutes after a
cold start. Additionally, the controller checks for valid communication with the GPS and, if needed,
initializes the GPS with the defined baud-rate.

The assignment of a network IP address by your DHCP server can also take some seconds. As
soon as the controller has a IP-address assigned, a HTTP-request to the Blitzortung.org-servers will
be sent. The response contains information like computing server address or station id.

After all these processes have been finished successfully, the controller starts sending data.
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5.5.4 Real-Time-Clock

The MCU has an integrated real-time-clock (RTC). It’s only used for internal functions to be indepen-
dent from GPS time. The time settings stays even when the controller has been resetted. The RTC is

adjusted automatically by GPS or remote configuration. It supports UTC time only.

5.5.5 Watchdogs

If the controller hangs due to a software bug or due to external impact, an integrated independent
hardware watchdog will reset the CPU. The watchdog can only be disabled by pressing the blue
button during start-up. It’s not possible to save that to flash.

Both microcontrollers, the STM32F4 on the controller board and the ATMega8 on the amplifier
have brown out watchdogs enabled. If there’s an undervoltage, a internal reset will be triggered. The
brown out watchdogs cannot be disabled.

With all those watchdogs enabled, the system should always be accessible.

5.5.6 Server connections

The controller uses two ways to communicate with different servers:

1. For each signal, the controller sends a UDP packet with the needed data to at least one comput-
ing server. The main information included in such a packet is the time-stamp of the trigger. The
signal data itself is included in binary format. The protocol is flexible and data which didn’t
change since the last packet doesn’t need to be transmitted again. That could be sampling

settings or gain levels. This saves traffic and processing time on client and server side.

However, traffic can get high when receiving a lot of signals, i.e. due to high thunderstorm
activities or due to interference. We cannot give a concrete value, but we’ve already seen stations
with 300MB/day. There are some mechanism implemented to reduce traffic and we are already

thinking about further improvements here.

2. A HTTP connection is used for bi-directional communication. On the one hand, the con-
troller sends information about itself, like status of GPS, amplifier, CPU or signal statistics to
a control server. On the other hand, it gets information from the control server. For example,
the controller gets its station-id, which computing server to use and whether a new firmware
is available. The server can also change gain, threshold, sampling settings and a lot of other

values.

The control connection has a also fall-back mechanism included: If a HTTP-connection to

the control server cannot be established, it tries to connect to other servers, until it gets valid
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information. The servers have no direct access to the controller, but the controller up- and
downloads the information from time to time. The overall traffic could be some megabytes per

day.

Both different connection methods make the system very flexible and reliable. UDP for sendning

the signals reduces overhead a lot and fits perfectly our needs. We measured a packet loss much lower

than 1% even on long distant connections.

5.5.7 Detecting signals

The previous sections gave a look into the technical background. The following list summarizes that

and gives a short overview what happens when a signal on a single channel gets received:

10.

. Electromagnetic fields induce a small current in the antenna coil.

The signal is amplified and filtered several times on the amplifier board. Gain settings have

already been set before through the on board controller (ATMega8).

The signal is transmitted through the cable to the controller board. The reference voltage is
0V £ 1.5V.

On the controller board, the signal is shifted 1.5V up.

The shifted signal lies on the input of an A/D-converter integrated in the MCU. It samples the

voltage with about 500,000 times per second (minimum) and stores this value in a register.

The DMA controller reads the register values of all three ADCs at once, and saves them one

after another in memory. This memory block has a size of several kilobytes.

. A watchdog compares the ADC-register value with a threshold. If the threshold is reached, a

interrupt is generated.

The interrupt functions checks the 1PPS timer value and reads the needed ADC-samples from

the memory block. This is the first time, where the CPU is needed.
Depending on settings, the recorded signals are checked and filtered.

The values of the triggered channel and the other channels as well as other information are send

within a UDP packet to the computing server.
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5.6 Special features

5.6.1 Actions and Alerts

Lightning alerts can warn you with different actions (i.e. sounds) about approaching thunderstorms.
This feature is available since firmware version 6.0.

The alerts are based on the TOA lightning data from our servers. You can specify your desired
parameters like minimum distance, stroke count and time period. These values will be checked by our
servers by the remote configuration feature. If the alert conditions are true, then a desired action will
be issued.

An action can be triggered by a lightning alert or by other events (see next sections). The action
defines which alarm sound should be played or whether an output pin should be enabled. A user
defined URL can be called, which can be used for own purposes. After an action has been issued, it

can be ignored for a adjustable time. An action can also be used by different events.

Do not use these lightning alerts as the only source for protection of life or property! We can not
guarantee for availability and quality of this feature! The alerts are not available when in "Monitor
Mode".

5.6.2 AS3935 Franklin Lightning Sensor

The AS3935 is a new microchip from austriamicrosystems, which has some lightning detection tech-
nique inside. It has been designed for mobile devices, which can inform their users about regional
lightning activity. The signals from lightning strokes are received by a tiny ferrite antenna, which is
tuned to 500 kHz. Compared with our own powerful amplifier/controller combination, the AS3935 is
very simple and cheap, but it can not be used for lightning locating. Complete PCBs with microchip
and antenna are available from different distributors.

The AS3935 can be connected to our controller board via I2C bus with 5 wires. Almost every
parameter can be adjusted in the web-interface. The calibration of the antenna is done automatically
after boot and after each parameter change. Refer to the AS3935 datasheet for more information about
the parameters. When the AS3935 detects lightning, different actions can be started, depending on

lightning count and distance (see 5.6.1).

This feature is for experts only! Do not use the AS3935 lightning alert as the only source for
protection of life or property!

5.6.3 Userl/Os

Some pins of the STM32F4-MCU can be used as user defined inputs or outputs.

May 11, 2014 81



6 DIFFERENCES TO THE OLD HARDWARE Blitzortung.org

If defined as an input, a rising and/or falling edge (configurable) can trigger an action (see 5.6.1).
Additionally, an URL can be called. This URL will contain parameters with the time-stamp of the
trigger derived from the GPS 1PPS timer. Thus, it is possible to use the inputs for high-precision
timing measurements.

Outputs are configured in push-pull mode. Each output can drive currents up to 20mA. The
summarized current of all outputs shouldn’t exceed 50mA. Please check the STM32F407 datasheet
for more information! An output can be toggled by calling a dedicated URL of the web-interface.
Outputs can also be triggered by actions (see 5.6.1). As an example, it is possible to let a LED blink

on a lightning alerts.

This feature is for experts only! Be careful on changing settings and/or modifying your hardware!
Never connect switches/buttons without series resistors to the ports! Otherwise short-circuits
could destroy the MCU!

5.6.4 Analogue user input

The analogue user input is an optional feature, which has nothing to do with lightning detection. When
enabled, you can measure DC voltages from -3 to 30V at the measuring point. You will see them
on the web-interface below CPU temperature and on the LCD on the first page. The voltage range
can be changed by replacing resistors R64 and R65 with other values. You also have to change those
values in the settings section on the web-interface. The default values are 10k(2 for the serial resistor
Ry (R65) and 1k for the Rgnp (R64). If you enter O for the Rgnp, then original voltage on the
ADC-input pin will be shown.

Please note, that only voltages with low impedance can be measured, i.e. voltages from a power-
supply or from a battery. The STM32F4DISCOVERY has an additional 10k$2 pull-up to 3V in-
cluded, which cannot be changed. As the used CPU-pin is also dedicated for a special function on the

STM32F4DISCOVERY, a green LED will light up there when low voltages are applied.

Use this feature at your own risk! Wrong resistor values and/or too high voltages can damage your
system!

6 Differences to the old hardware

Below is a list of comparisons between technical data of the old GREEN and new RED systems. The
old system produced (and still produces) good results, but the hardware was maxed out. RED is much

more flexible, precise and has several new features, while staying in a similar price range.
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Amplifier performance

GREEN The amplifier had a huge delay. The antennas didn’t have damping resistors and thus, also

self-resonances. The high and low-pass-filters were simple and had a low cutoff frequency.

RED Reduced delay and antennas with damping resistors. This minimizes self-resonances of the
antennas. The filters are better and have a higher cutoff frequency, so we get more information from

the signal. All those things are one of the most important improvements on SystemRED!

Gains and Thresholds

GREEN Gains have to be set by jumpers or potentiometer on the amplifier. Threshold for signal

trigger were fixed on the controller board.

RED Gains and thresholds can be changed individually for each channel by software. This gives the
possibility of automatic gain/threshold configuration by the server to maximize the detection rate of

the whole network. There’s still a potentiometer on the amplifier board, mainly for testing purposes.

MCU (Microcontroller Unit)

GREEN ATMega644 with 20MHz, 64kB flash, 4kB RAM, no DMA, 2 USARTSs. One of the main

limitations were the missing DMA capabilities.

RED STM32F4 ARM Cortex M4F technology with 168MHz, 1MB flash, 192kB RAM, several
DMA channels, 6 USARTs. This MCU fits perfect for our needs. There are still resources left, for
example the integrated DSP. We could use it to examine a signal closer before sending it. The unique

processor-1D gives us the possibility to identify each hardware.

A/D Converters (ADC)

GREEN Two independent external 8-bit converters with around 500ksps, which have to be polled
by the CPU. There was no other configuration possible.

RED Three independent 12-bit converters integrated in the MCU with up to 2200ksps each, which
write their data into memory by themselves (DMA). So we can now see the signal before the trigger,
which is important for a better position computing. The A/D-converters can be configured by the
CPU in different ways, i.e. sampling time, resolution, threshold. Each A/D-channel has a multiplexer,

so one converter can be used for different amplifier channels. All three converters can be joined
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to sample one input with almost 12000ksps. So the 1PPS signal can be checked for accuracy or the
voltages for bad power supplies. The A/Ds are also acting as a hardware monitor by checking voltages

and temperature.

Connection
GREEN Needs serial or USB cable connected to a running computer or embedded device, where

the tracker has to be installed.

RED Uses direct Ethernet connection, so no other device/computer is needed. Thus, the system

runs almost "out-of-the-box".

Display, Buzzer, Buttons
GREEN Only buttons for a test-signal and a reset-button. Real status could only be checked from

connected PC.

RED Buttons, Buzzers and LCD for checking status, easy installation, signal pass-through and

several other useful things.

Firmware
GREEN Only basic functionality. A firmware update needs special hardware.
RED Uses a much more complex firmware, but with a lot of possibilities. Update is easily possible

via web-interface and with two different programmers on-board. New features or bugfixes are easily

possible.

Return channel

GREEN Not available. Some trackers (like XLT) had a simple implementation. But there was no
possibility to talk to the controller itself.

RED The return channel through HTTP-protocol is a main feature of the new system. It allows
automatic remote configuration of the controller and amplifier by the servers. It has several fallback

functions, if there are problems with our servers.
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Power

GREEN 12V power supply. The system itself had a very low power consumption around 1.5W, but
a running PC was needed. If a special router was used instead, the overall power consumption was
around 2.5W.

RED 5V power supply through USB jack. This is a common standard today. The voltages are
checked by the MCU and can be shown on LCD/web-interface. The power consumption is 2-3W,
mainly depending on LCD color and brightness.

7 Support and Help

The SystemRED was designed to be a "user-friendly" system. We’ve implemented several functions
to support you on investigating problems. For examples, the CPU checks the voltages, informs with
beeps and text messages on the LCD about errors, writes a lot of debug information and shows them
on the web-interface.

In the following sections, we gathered some common problems and frequently asked questions.
Before you ask us anything specific you first should inspect the following lists. This will save a lot of
time for both of us.

If you did not found your answer there, check our internal forum or other forums related to Blit-
zortung.org. The chance is high that you get your answer more quickly in a forum than by direct
contact via email. You will also help others with similar problems, if you post in a forum. When
sending your request by mail, don’t forget to attach a screenshot, picture or log output related to your

problem.

7.1 Common Problems

Nothing is working, only the two red LEDs near the mini-USB jack of the
STM32F4DISCOVERY board are glowing.

This means, the CPU is not working. If this happened after uploading the firmware, then the flash
procedure was not successful. Please double check the settings in the flash tool. Is the jumper close

to the CPU put on the pins? If not, then the CPU has no power.

The display has dark bands across it when the board is powered
You are probably using the mini USB jack at the STM32F4ADISCOVERY board for the power supply.

Please use the mini USB jack of the controller board for power supply. It is not possible to use the
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mini USB jack of the STM32F4DISCOVERY board to power the controller with 5 Volt. This is a

frequently made error.

| don’t see any readable information on the LCD.
First check, whether the board is powered via the mini USB jack of the controller, and not via the mini
USB jack of the STM32F4DISCOVERY board. Then check, if you accidentally set the LCD contrast

to 0 in the settings. Other possible reasons for a not-working display:

e Check the supply voltage. If it’s over 5.2V, then the LCD might not work. You should stay

below 5.1V. This is a hardware bug in PCB 10.3 and will be fixed in upcoming versions.
e Measure the contrast voltage with a volt meter. It has to be around -4V.

e Carefully check every pin/solder-joint at the display and the controller.

The LCD backlight is not working!
Check, if you accidentally switched the backlight off in the settings. The backlight does not work,

when the controller has no firmware.

My system receives a lot of interference.

There could be a lot of different reasons for interferences.

e Search a different place for your antennas.

e Lower your gain. The default values are already very high. Check whether you still receive

enough stroke signals by checking the statistics on our web-sites.

e The LCD backlight can send out noise due to PWM dimming. Set it to 100

Under specific conditions, a simple filter could be activated.

LCD reports: "Fatal ERROR. Could not initialize network."
This means, the controller couldn’t communicate with the ENC28J60 network chip. Please check if
everything soldered correctly and whether the chip is correctly placed in its socket. The crystal must

have 25 MHz fundamental oscillation. If it’s a overtone type, the ethernet controller might not work!
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The controller did a long deep beep and showed a hard fault on LCD. What should |
do?
If this had happened only once, then you shouldn’t care. On very rare occasions, the on-board pro-
grammer can do strange things and interfere with the CPU. Remove the USB cable for programming
and also the power supply. After 10 seconds, power up the board again but don’t connect the USB on
the STM32F4DISCOVERY. You can also remove the two jumpers labeled with ST-Link to disconnect
the programmer.

If that didn’t help and you’ve got those faults from time to time, you should contact the developers.

If possible, write down the hard fault codes.

PA6H GPS does not work or has very bad reception.

In most cases, this is due to wrong soldering. Carefully check all solder joints. Please be careful when
re-soldering the joints after the PCB has been fully assembled. It’s much more difficult to get access
to the GPS solder joints due to some big parts around the GPS module.

If the GPS antenna status shows always intern (LCD: Int) or a shortcut (ERR) then you should
double check the solder joints from the GPS module to the antenna connector. If you don’t find the
problem, the you should send us at least two good photos (or post them in the forum) where the solder
joints on both sides of the module can be clearly seen (see Fig. 58).

In some very rare occasions, interference can disturb the GPS module. Try a different place and

always make some tests outside. Please check 5.4 too!
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Figure 58: Close photograph of solder joints on one side.

The PA6H GPS looses 1PPS when there are a lot of satellites tracked.
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This is a bug in the PA6H module which can be observed on very rare occasions. It happens only
when the reception quality is good and a lot of satellites are tracked (> 14). This situation can take
minutes and the controller shows GPS warnings. If you experience it, check it again on following days
at the same time but some minutes earlier on each day. Contact us, if you can observe the behavior
on two different days. There’s currently no real solution for that. Even a firmware update of the GPS
module doesn’t help. You can position your antenna so that it does not receive so much satellites.
Changing baud rate or SBAS and resetting the GPS can eliminate the symptoms for some minutes but

won’t solve the problem.

7.2 Frequently asked questions

Where can | get a lightning detector for participating Blitzortung.org and what is the
price?

First of all, you have to assemble your lightning detector by yourself. We do not offer complete
assembled station. We only offer certain parts or kits. Sometimes participants of Blitzortung.org
assemble stations for friend and others. We cannot give here any names or addresses of these friendly
people. The best place to find them is a forum. You will find some links to lightning location forums
on our webpages.

The total price for the necessary parts is less than 200 Euro. The prices will differ from country to
country. Note that this is only the price for the material really necessary. It does not include a housing
for the assembled boards or the material to mount the antennas under the roof or outside. However, it
is not strictly necessary to use a housing or a water proof out-door mounting. Many participants have
mounted the components on a plastic board and use ferrite rod antennas in-doors. What you additional
need in any case is a wired internet connection, two days of time for assembling and installing such a
system, and some experiences in soldering electronic components. Building a lightning detector and

its operation is not plug and play.

What is the detecting range of a station?

This question is similar to the question "How far can I see?" If it is foggy, you cannot see more than 50
meters, but on a starry night you can see stars having a distance of lightyears. If a lightning discharge is
very strong and the propagation conditions are well, the signal can be received over several thousands
of kilometers even with small antennas. This is the case especially at night over the ocean. If a
lightning discharge is very weak, it is difficult to receive it even with large antennas in a distance of
only 50 km. When using 20 cm ferrite rod antennas you will receive signals from thunder storms up
to 1000 km at day, and over 2000 km at night. If you use larger antennas in more quiet environments,

the signal to noise ratio will increase, and you can receive signals up to 3000 km. This also depends
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very much on the location of the antennas. The range will increase dramatically if your antenna is
placed in an electromagnetically quiet area outside a city on a hill and it will decrease if it is placed in
an urban area inside a building.

Some participants are more interested to receive close lightning discharges instead of distant light-
ning discharges. They waive the long range fine tuning and concentrate to trim the system for close
lightning discharges. The challenge to receive close lightning discharges such that they can be used

for the computations is to separate pre- and post-discharges from the main stokes.

What is the detection accuracy of the system?

The answer to that questions is not so easy, as we would have to compare the positions from a lot of
observed strikes with those we measured. You are welcome to report strike observations to us, but
you must write down the exact time and position of the strike! You can also use a video-camera for
this purpose.

There is another method to estimate the accuracy: Some tall structures, like antenna masts, radio
towers or wind mills are struck much more often by lightning than other areas. When displaying all
detected strokes of a long time period (i.e. one year) on a map, a cloud of strikes can be seen around
some of those tall structures. This cloud has a diameter of roundabout one kilometer for countries
with a high station density. That’s all we can say. We currently don’t have any authoritative scientific
values for that. Please note that this method doesn’t say anything about the accuracy of a single stroke.
We also cannot tell you anything about the strokes, which are misplaced by several kilometers.

The accuracy varies much in different regions of our network. Higher station density will increase
the accuracy and yield for that area. That’s why additional stations are needed even in those areas

where you already can see lightning data. See also Question 6.

Does the Blitzortung.org network register every stroke?

No, probably not. It depends mainly on station coverage of the specific region. In regions with low
station coverage, almost only the strong lightning discharges will be detected, as their signals can be
received easily in a distance of several thousand kilometers (see Question 2). These are mainly CG
ones (cloud-to-ground). The power of IC lightning (intra-cloud) is lower and the alignment of our

antennas is optimized for CG.

Can you differentiate between CG or IC lightning and show polarity and current?
Currently not, but it is planned. The new RED stations already provide all needed data to determine

the values. Please note, that several estimations have to be made, so these values can be inaccurate.
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But it’s the same for all other lightning detection systems. Even if some commercial networks say that

they can differentiate between CG or IC, there’s always a big uncertainty (which they won’t tell you).

What are the best distances between the detectors?

Lightning detectors are best placed in a distance between 50km to 300km around the lightning dis-
charges. However, even if there is another station nearbyj, it is still interesting for the project to place
a station beside the existing one. The reason for that is very simple. Only 50 % of all stations will
work continuously and only 50 % of the running stations are perfectly adjusted. The TOA lightning
location network is based on "Give and Take". Your station best contributes to the computations if it
is placed in a distance between 50 km and 300 km from the discharge. If the storm is nearby, your
station usually overrides. Even a very low pre-discharge will cause a very high signal strength because

of its low distance.

Why do we need a GPS?

The main reason why we use a GPS module is the time measuring. The TOA (time of arrival) light-
ning location method is based on a high precision time measuring of the lightning discharge with an
accuracy of less than +1 ps. A time difference of =1 us corresponds to an distance difference of
£ 300 m. Such a high precision time measurement is only possible with a GPS module that outputs
a 1PPS (1 pulse per second) signal. Other techniques like using the DCF77 signal are not adequate
for such a high precision time measurement. The additional output of the exact geographic position

of the site is a pleasant side effect of GPS devices.

Where should | place the GPS antenna?

GPS antennas should always be placed outside or at least at a window. Be careful, that some (newer)
windows are metalized, which means that GPS signals cannot pass them to. A placement close to a
thin (wooden) house wall or below the rooftop could also work, as long as there is no metal inside.
Please note, that the GPS frequencies, which are between 1 and 2 GHz, cannot pass dense matter very
well. You can verify reception also with your smartphone with disabled(!) WiFi or test with a car

navigation system.

Can | use a different GPS module?
Yes, you can try other modules with serial interface and 1PPS signal, but we cannot support it. Don’t

use modules for GLONASS or Compass as they have other time bases. The European Galileo might
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work in the future, as it’s clocks are synchronized with GPS.

Can | get the source code for the Firmware and the layout data of the PCBs?
In recent years, our lightning detection system growth and become more popular and more successful.
Unfortunately, this also increased the number of people who just want to copy our system instead of
joining our community and working together with us. To protect our work in that we have invested
several thousands of hours of our free time, we provide the sources of the Firmware and the layout
data of the PCBs only for selected familiar members of the project which we already know for a long
time.

There are several connected projects like MyBlitzortung or Smartphone Apps which are open

source. Every help here would be appreciated.

How should I align the antennas?

The ferrite antennas do not require alignment. However, the two antennas should be placed horizon-
tally (parallel to earth surface) and perpendicular to each other. Such a setup covers all directions
equally. The direction of the signals is not determined, only the exact time of the signal arrival is

recorded and used during data processing.

Is it possible to disable this big red blinking LED on the Discovery board?

Unfortunately not. It is attached to the on-board programmer and cannot be accessed by the CPU.

Can | get an older PCB? I've already bought the parts some time ago.
Sorry, no. It is always recommended to wait until you have the PCBs from us and then order the

needed parts.

Can | make own PCBs, i.e. with SMD parts?

You should not. Please note, that we’ve designed our current PCB layout the way it is for a good
reason. There are always improvements possible, but not all make sense when regarding the whole
process from testing, manufacturing, assembling to support. We release new PCB versions from time
to time to improve the system and to add new features. If you have own suggestions, then you are
welcome to tell us about them, so we could integrate them in the next release. SMD versions of the

PCBs are planned.
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Is it possible to build such a hardware with RaspberryPi, Arduino or similar?

Theoretically yes. But you always would have to connect separate (expensive) A/D-converters, be-
cause most of such CPUs have only bad or slow ones integrated. Our CPU has them implemented
on the same die. Other hardware can have different behavior regarding timing. An 100% equal time-
stamping of all stations is very important for a good accuracy. For the same reason, we use a bare

metal firmware without any OS. This gives full control over the hardware and its timing.

8 Appendix

8.1 Acknowledgement

We would like to thank all the people who helped building up this great project!

8.2 Translations

We have no time to provide translations to other languages of this document. You are welcome to
translate it to another language on your own, but please contact us first.

A German version of this document can be downloaded on Blitzortung.org. It is maintained by
motivated participants from wetter-board.de. It is not a 1:1 translation and can have some additional

information, but might not be on the same revision level as this document.

8.3 Changes

Date Changes
2013-10-05 Added: 5.3 Interference Mode, 5.1.2 DFU Method, 5.1.3
Flash through the web-interface, 5.2 User interfaces, 5.2.1 Web-

Interface, 5.6.4 Analogue user input, 5.2.6 Debug Logging, 5.4
GPS, 5.5 General mode of operation, 5.5.1 About the firmware,
5.5.2 Flash and settings, 5.5.3 Start-up Sequence, 5.5.4 Real-
Time-Clock, 5.5.5 Watchdogs, 5.5.6 Server connections, 5.5.7
Detecting signals, 6 Differences to the old hardware, 7 Support
and Help, 8 Appendix

Changed: 5.2.2 LEDs, 5.2.3 Buttons, 5.2.5 Buzzer

2013-12-12 Clarified 5.6.4 Analogue user input

Added: 1 Introduction, 2 Participating, 3 Lightning detection and

locating, References, Glossary
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Date Changes
2014-01-01 4.5 Assembling advice: Clarified diode/LED assembly
2014-02-23 Added: 5.6.1 Actions and Alerts, 5.6.2 AS3935 Franklin Light-

ning Sensor, 5.6.3 User 1/Os

Changed: 5.2.6 Debug Logging

Removed: Win8 driver install

2014-05-04 Added: 4.2.2 Amplifier 13, 4.2.3 Pre-Amplifier 14

Table 10: Change log of this documentation

Glossary

1PPS
One pulse per second. A very accurate pulse from the GPS module which can be used for exact
absolute time measurements. That means, all clocks of all world-wide stations show the same

time with a deviation of a few dozen nanoseconds. This is essential for the TOA method.

ADC or A/D

Analog-to-digital converter. Converts a continuous voltage to a digital number.

Blitzortung

German for lightning locating

DF
Direction-Finding. A method for locating lightning strokes. Not as accurate as the TOA-
method.
E-field
Electric field. The counterpart of the H-field in an electromagnetic field.
GPS
Global Positioning System. A satellite navigation system that provides location and time infor-
mation anywhere on the Earth. Maintained by the United States government. See 1PPS
H-field

Magnetic field. The counterpart of the E-field in an electromagnetic field. Can be detected with

magnetic field antennas, like loop or ferrite antennas.
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MCU
Microcontroller unit. A small computer on an integrated circuit containing a processor core

(CPU), memory and peripherals.

PCB
Printed Circuit Board

SBAS
Satellite-based augmentation system. Improves the navigation system’s accuracy through the
integration of external information into the calculation process. These external information are

broadcasted to the GPS receivers by satellites.

sferic
An abbreviation for radio atmospheric signal. It is a broadband electromagnetic impulse which

occurs as a result of lightning discharges.

TOA
Time-of-arrival. The Blitzortung.org and almost all commercial lightning detection networks

uses the TOA method for accurate locating of lightning strokes. See 3.3.

uTC
Coordinated Universal Time which is equal to Greenwich Mean Time (GMT). All time stamps

used for computing the lightning data use UTC as time base.

VLF
Very low frequency. Radio frequencies in the range of 3 kHz to 30 kHz or wavelengths from
10 to 100 kilometres. The most powerful emissions of lightning discharges occur in the VLF

range.
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