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Abstract: The Extremely Low Frequency (ELF) and Very Low frequency (VLF) technique are useful for studying the lower
ionosphere of the Earth. Exploring this region has been begun in Viet Nam. We constructed the ELF/VLF remote sensing with low
cost. This system includes a loop antenna, a pre-amplifier, a sound card, a PC with software and a GPS receiver. After surveying
its characteristics, we found that the antenna has the high sensitivity and the pre-amplifier designed has the flat frequency response
with frequency from 1 kHz to 20 kHz. It can record sferics generated by lightning discharges to estimate the parameters of the
nighttime D-region ionosphere. It is also a teaching module to educate students in Space physics.

Keywords: ELF/VLF remote sensing, normalized antenna sensitivity, frequency response, tweek sferics, D-region
ionosphere.

I. INTRODUCTION characteristics and illustrate the ability of the recording data
The height of the D layer, the lowest layer of the Earth’  of this monitor.
ionosphere, is from 60 — 75 km in the day and 75 — 95 km in
the night [1]. The Extremely Low Frequency (ELF, 3 — 3000 II. SYSTEM DESIGN
Hz) and Very Low Frequency (VLF, 3 —30kHz) technique = The ELF/VLF remote sensing consists of main parts: a loop
is powerful for exploring the physical processes of the D  antenna, a pre-amplifier, Data Acquisition (ADC (Analog to
layer. The ELF/VLF pulses radiated by lightning discharges ~ Digital Converter), PC and SpectrumLab) and GPS
are recorded at the receivers through the propagationinthe  receiver (Figure 1).
Earth - Ionosphere waveguide (EIWG). They can also
propagate in the magnetosphere to the other hemisphere [2].
The sferics commonly consist of VLF impulse lasting less (oo
than 1 ms and ELF component extending about 1-3 ms [3]. P --»| Preamp L i--pl Apc
These electromagnetic pulses can spread very far away tens antenna
of thousands of kilometers with cut-off frequency of 1.8 kHz |

Data Acquisition

[4]. Sometimes, the "hooks" occur on the spectrogram, Y
which are called “tweeks” or “tweek atmospherics” and Gps |__1)| PC
heard as chirping [5]. Tweek method has been used to SpectrumLab

calculate the propagation distance from lightning discharges

to the receivers, reflection height and electron density of the

D layer [6 -9]. ] Figure I. Block diagram of ELF/VLF remote sensing
Currently, there are many ELF/VLF receivers made by system

the different ways. However, these devices have been

focused only some simple parts, and their factors affecting 5 1. Antenna Design

the characteristics of operation have not thoroughly been T magnetic antenna is the loop with many turns of copper
analyzed...Many researchers have designed the receiversto  yire. Its shape is a square with the base of 1 m. The wire is
record the narrowband VLF signals for daytime ionosphere  .hosen with the type of the 18 AWG (American Wire
monitoring  [10-12]. Furthermore, there is a lack of  Gayge). Figure 2 shows the shape of ELF/VLF antenna. The
equipments for observing nighttime D-layer ionosphere and  1oop DC resistance (R,), inductance (L,), normalized
for teaching Space physics and Atmospheric physics objects  antenna sensitivity (S,), and the antenna turnover frequency

at our university. Therefore, construction of ELF/VLF  (¢) are calculated by following equations, respectively [13]:
remote sensing becomes necessary.

In this paper, we aim to present how to design the basic
system of ELF/VLF remote sensing, evaluate its main

R, =2.195x10*Ne,NA/d’ (1)
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Where, N is the number of turns, A is the area of the
loop antenna (in mz), d is the diameter of wire (in m). The f,
is the frequency where the inductive reactance and
resistance reach the same value. With the square antenna, we
choose ¢c; =4 and ¢, = 1.217 [14].

|

1m

Figure 2. ELF/VLF antenna

Using eguations (1), (2) for the copper wires with N =
14, A=1m",andd = 1.02.10° m, we obtain R, = 1.2 Q and
L, = 0.9 mH. We use the instrument to measure those
parameters. The resistance and inductance of the antenna are
approximatelyl.24 Q and 0.862 mH, respectively.
Comparing with theoretical calculation, the relative errors
are found by 4.4 % for resistance and 4.1 % for inductance.
Using equation (4), we get f, = 229 Hz. Under this
frequency the loop resistance prevails over the inductive
reactance, and we have a 6dB/octave roll off in the output
signal. The normalized sensitivity of this antenna is 4.81 x
10* V/Hz"?m™. This value is smaller than the value of the
normalized sensitivity (S, = 8,96 x 10 V/Hz’”zm’l) of
Paschal’s antenna with the base of 0.567 m and 21 turns of
18 AWG wire [13]. It means that our loop is more sensitive
than that reported by this author.

We use a silver shield to wrap the loop antenna and make
the equipotential grounding to the metal box of the pre-
amplifier. The antenna is installed at the quiet site. This
reduces the noise caused by the AC sources and by high-
frequency resonance due to the nearby radio broadcasting
station.

2.2. Pre-amplifier design

The pre-amplifier designed has two stages. In Figure 3, the
first stage of the pre-amplifier has the operational amplifier
(Op-Amp) LT1028 which is an Op-Amp with the very low
noise of 1.2 nV/ \/E at 1kHz. Its noise is smaller than that
of other Op-Amps such as TLO81 (18 nV/ \/E ), OP28 (3

nVv/ \/E ), and pA741 (90 nV/ \/E ), etc. The input
impedance of pre-amplifier is matched to the low impedance
of the antenna. This leads the output voltage to be
independent of frequency over a limited range. For that
purpose, we use audio transformers TR1 (A262A1E) and
build the turns ratio of 1:m (m = 12.6). This stage also is the

low pass filter which contains an RC cell (R3 and C3). The
cut-off frequency, f¢;, is obtained, fc;, =33.9 kHz. Atf=20
Hz, we get the R;, = 159 Q (R;, = 1/27fC)). Therefore, we
have R,‘,,/m2 =] < R, This condition is required for flat
frequency response [13].

J2
1

Figure 3. The circuit diagram of the pre-amplifier.

The second stage has a low-pass filter which contains an
RC cell (VR and C6) and a high-pass filter with C4 and R4
(C4 = 100 nF, R4 = 4.7 kQ). The function of VR is the
negative feedback of Op-Amp (NE5534). The cut-off
frequency is obtained fry =339 Hz. This filter can reduce
the hum noise generated by power lines. A single supply is
used for the Op-Amps, hence they are biased the no-
converting input by building a voltage divider with R1, R2,
RS and R6 [15]. The capacitors C2 and C5 bypass the
voltage divider to attenuate resistor noise. To provide power
to the pre-amplifier, we use a DC power supply which can
adjust the output voltages.

The circuit layout is designed by using Altium software,
and then the printed circuit board is also made. Figure 4a
shows the printed circuit board. Figure 4b shows the printed
circuit board assembled with the electronic components is
enclosed in a metal box.

The ELF/VLF signals from the pre-amplifier are
transferred to the computer via a RX-59 coaxial cable length
of 150m. The audio transformer 1:1 is used to isolate ground
of pre-amplifier and ground of the computer. The audio
signals from the transformer go into the sound card on board
of a PC (Realtek HD Audio). The ADC of sound card
digitizes the output signal to transfer to the PC. The
sampling frequency of the ADC is calibrated using the
pulse-per-second signal from the GPS receiver. The GPS
timing code can provide the the precise time for sferic
detection to within 200 nanoseconds. The ADC has the
sample rate of 48 kS/s and 16 bit precision. We use the
SpectrumLab v2.77b22 to record the sound files with
extension “wav”. The time of clock on PC is synchronized
by a GPS receiver, thus, the clock is corrected with UTC.
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Figure 4. a) Printed circuit board, b) printed circuit
board assembled with electronic components in a metal
box.

2.3. Frequency response
A generator is used to provide the input of pre-amplifier
with the sine-shaped signal of 34 mV and the frequency
varying from 100 Hz to 100 kHz. The oscilloscope is used
to record the output signal. We adjust the variable resistor
(VR) to receive the undistorted signal and measure the
output voltages, then calculate the gain of the pre-amplifier
in dB.

The effects of high-pass filter and low-pass filter can be
seen by the solid line in Figure 5. The 3 dB points appear at
~340 Hz on the low side and at ~34 kHz on the high side,
hence the bandwidth is 33.6 kHz. The flat frequency
response is in the frequency range of 1 —20 kHz. If the high-
pass filter is not used, the noise sources of AC power will be
fed and amplified by receiving system. The high-pass filter
keeps the frequency response low at frequencies below 340
Hz to remove the hum noise from power lines. It can be
concluded that the pre-amplifier can record the broadband
signals radiated by lightning discharges.

10000 100000

100 1000

III. EXPERIMENTAL RESULTS

SpectrumLab is adjusted to the sample rate of 44.1 kS/s, and
FFT input size of 512 to record the broadband data. The
sound files are recorded every fifteen minute from 12:00 to
22:00 UT (local time, LT = UT + 7 h). The two-minute-
length of each file is analyzed. The cut-off frequency is
obtained from the tweeks at Tay Nguyen University, a low-
latitude site (Geog. 12.65° N, 108.02° E) on ten quiet days
of May and June, 2013. Figure 6 shows the spectrogram
with the frequency under 22 kHz at the night on 21
February, 2014. The vertical lines are the pulses of sferics
which expend all frequencies. The horizontal lines show the
VLF signals of some transmitters, i.e. NWC/19.8 kHz from
Australia, and VTX2/16.2 kHz from India.

Frequency (Hz)
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Figure 6. Spectrogram shows many sferics on 21
February, 2014.

Table 1 presents a total of 9170 tweeks withm =1 -8
observed during May and June, 2013. The tweeks with m =
2 — 5 often occurred. Tweeks with m = 4 are most often
(25.49 %), but the higher harmonic tweeks (m = 7 - 8)
occurred rarely, especially tweeks with m = 8.

Figure 7 shows the tweeks as the “hooks" appeared on
spectrogram. Some tweeks with mode number m = 2, 3
(Figure 7a) and 8 (Figure 7a) clearly occurred.
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Figure 7. Example of spectrograms showing the tweek

events on 15 May 2013 at 1:30 LT
R (a), and 2:30 LT(b).
Figure. 5. The frequency response of pre-amplifier.
Table 1. Tweek occurrence observed during May and June, 2013
Harmonics Total
Mode number 1 2 3 4 5 6 7 8
occurrence 149 | 1543 | 2337 | 2195 | 1593 | 811 | 421 | 121 9170

% Count 1.62 | 16.83 | 2549 | 2394 | 17.37 | 8.84 | 4.59 | 1.32 | 100.00

3
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The reflection height of EIWG and electron density of
lower ionosphere is calculated by equations [16-18],

= cm 5)
2f(‘m
N, =1.24x10"f.f, (6)

The propagation distance of tweek sferics is obtained by
[19]:

d= ‘tz t]‘( Veri XVer2 ) %)

Va1 ~ Vo2
where, t, — t; is the difference in arrival times of the
two frequencies, f, and f;, close to the tweeks of any mode,

and v,y and v, are the corresponding group velocities of the
radio waves centered at frequencies f; and f>.

where, c is the velocity of light in free space, m is the
order mode number, f,,, is cut-off frequency and fy is the
electron gyro-frequency. We consider tweeks occurred in the
low-latitude and equatorial regions, so we choose fy=1.3 MHz
[6].

Table.2. The mode number (m), the fundamental
frequency (f.,/m), reflection height (h), propagation
distance from lightning discharges to the receiver (d), and
electron density (N,) obtained from tweeks on Figure 7.

Spectro m Semlm h d N,
-gram (Hy) | (km) | (km) | (cm”)
1 | 2135 | 70.25 | 15099 | 34.45
Fi 2 | 1922 | 78.06 | 7516 | 62.01
’;b’_‘;re 1 | 1876 | 79.95 | 7377 | 3027
2 | 1792 | 83.69 | 5056 | 57.83
3 | 1747 | 85.86 | 4154 | 84.56
1 | 1931 [ 7770 | 3599 | 31.15
2 | 1882 | 79.70 | 2933 | 60.72
3 | 1847 | 81.20 | 2730 | 89.40
Figure | 4 | 1844 | 81.36 | 2972 | 118.98
7.b 5 | 1853 | 80.96 | 1602 | 149.45
6 | 1822 | 82.34 | 1301 | 176.34
7 | 1792 | 83.72 | 1716 | 202.34
3 | 1818 | 8252 | 917 | 234.60

Table 2 shows that the reflection height (k) varies from
70.25 - 85.86 km, the electron density (N,) changes in the
range of 30.27 - 234.60 cm™, and the fundamental frequency
(fon/m) varies within 1.8 - 2.14 kHz. The propagation
distance (d) varies from 917 - 15099 km.

Analyzing 9170 tweeks during May and June, 2013 and
removing tweeks with d > 6000 km, it is seen that the mean
reflection height increases from 80.74 — 85.53 km with
standard deviation SD;, = + 3.65 to = 1.18 km as mode
number increases from 1 — 8, and the mean fundamental
frequency reduces from 1.87 — 1.75 kHz with SDy=+ 90 to
+ 24 Hz (see Table 3 and Figure 8). The mean value of
electron den31ty increases from 30 - 227 cm™ (SD, = + 4.24
to + 1.4 cm™), which corresponds to m = 1 - 8. Shvets and
Hayakawa (1998) observed tweeks with m = 1 - 8 and
calculated the electron density to vary from 28 — 224 cm™
Our result in electron density variation has a good
comparison with that reported by Shvets and Hayakawa
[20].

Table 3. The mode number (m), mean reflection height
(h.,), mean electron density (N,,), the mean fundamental

frequency (f,,). SDy, SD,, SD; indicate the standard
deviation of h,,, N,, and f,, respectively.

m h,, SD,, N, SDg S SD,-
(km) | (km) | (em®) | (em™) | (Hz) | (Hz)
1 80.74 3.65 30.22 1.44 1872 90
2 83.80 1.96 57.95 1.40 1795 42
3 84.16 1.41 86.43 1.45 1786 29
4 84.42 1.24 114.79 1.58 1780 25
5 84.97 1.18 142.65 1.86 1767 24
6 85.09 1.30 170.22 2.64 1764 26
7 85.00 1.22 199.22 2.17 1766 25
8 85.53 1.59 226.66 4.24 1754 33

Observing the tweeks in the period of September 2003 —
July 2004 at Suva, Kumar et al. (2008) found that the
fundamental frequency slightly reduces from 1.84 - 1.72
kHz corresponding to the harmonics of 1 — 6. The tweeks
can be reflected at the altitudes where the plasma frequency
equals the individual cut-off frequency of each mode, hence
the waves with the higher harmonics can be reflected at the
higher altitude due to the plasma frequency is higher [20].
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Figure 8. Variation of reflection height (squares, left
hand side) and mean fundamental frequency (circles,
right hand side) of tweeks with mode number. The error

bars indicate a standard deviation in the estimated height
and fundamental frequency.

To estimate the errors of our results, we calculated the
standard deviations of mean f.,/m and then used equations
(5) and (6) to estimate the errors of mean /& and N,. The
reading errors of mean f,,/m , mean h and mean N, are
about+37Hz,+ 1.7 km, and + 0 6cm” respectlvely Ohya
et al. (2003) found that the errors of mean f,,/m were about
+ 38 Hz, which corresponds to £+ 1.9 km for the reflection
height, and errors of < 1 cm™ for the electron density [18].
Our reading errors are lower than those reported by these
authors. In addition, the frequency band which our remote
sensing can record is wider than that of Inspire VR-3
receiver. This receiver can detect sferis with frequency
range of 10 kHz . It means that we have an opportunity to
record higher harmonic tweeks.
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IV. CONCLUSIONS

Our ELF/VLF remote sensing includes a loop antenna, a
pre-amplifier, a sound card, a PC with Spectrum Lab and a
GPS receiver. The antenna and pre-amplifier of remote
sensing are designed. Therefore, this system has low cost.
We designed the square loop antenna with 14 turns of 18
AWG copper wire and the base of 1 m. It has an extremely
high sensitivity. The pre-amplifier designed has the
bandwidth of 33.6 kHz and has the flat frequency response
of 1 — 20 kHz. The ELF/VLF remote sensing can record
tweek sferics generated by lightning discharges. Using cut-
off frequency obtained from tweeks, we can estimate the
parameters of the nighttime D-region ionosphere. Observing
tweeks with m =1 — 8 during May and June 2013 at Tay
Nguyen university (Geog. 12.65° N, 108.02° E), results
reveal that the mean fundamental frequency varies within
1.75 — 1.87 kHz, which corresponds to the reading error of
+ 37 Hz. The ELF/VLF remote sensing designed can give
not only the confident data for studying the lower
ionosphere, but also the experimental module for students at
universities in Vietnam.
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