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Most of the methods to study the geophysical environment are based on the use of electromagnetic waves

In particular the radio waves modifications when they interact with the medium they pass through

The ionosphere is no exception, either the waves are emitted from the ground or from a satellite
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The ionosphere is the part of the upper atmosphere in which sufficient ionization exists to influence the propagation of
radio waves.

1. Below the ionosphere:

radio wave pulses are emitted into the ionosphere, the echo

. Einspconte watiss iiflectid signal contains information about the layers in which it may be
/ by Ionosphere
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refracted, reflected or absorbed.
2. Above the ionosphere:

GNSS radio waves (1 GHz= 10° Hz) emitted from satellites are
affected by the medium they pass through.

plasma frequency f =8.98+VN, Hz

N, affects the dielectric constant € thence the refractive index

N, (max around 300-500 km) => fomag = 10° HZ

Waves with f > f, will be able to cross the ionosphere
Waves with f < f, will be reflected
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RADAR Theory

RAdio Detection And Ranging X RX

Using e.m. pulses of proper
frequency and amplitude it is able
to find targets and to reveal the
distance from the radar itself.

TO the "__...-—-...:
target >
— FROM the
@ target
i RX line
TX line \
Circulator
) Control .
Transmitter I%(freq., timings,) Receiver
|
Detection
Output& and
Analysis

/
~~ TOthe /

target

antenna antenna

. Control .
Transmitter Fmeq_, timings) A Receiver

Detection

output &—— and

analysis

bistatic: two antennas

Independently of the type the control
section communicates with both the TX
and RX section so that the receiver can

be tuned properly.

monostatic: one antenna (circulator to direct energy)
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Different shapes react to radar in different ways

The power that will return to the receiver antenna depends:

2
_ (AGy)° 0P
' (4)°r?
Radar cross section
P
o =4nr® =S
P
where
r distance;
P incident density power on the target;
P, scattered density power at a distance r

from the target.
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Pulse technique

Pulses of proper amplitude and duration
are emitted by the antenna in the target
direction.

After a time "t" a possible echo reaches
the receiver of the radar.

The delay time between the emitted and
the received pulse.

gt

The measure is the time of flight of a packet
of radio frequency energy

W\“ﬁ tx pulse
Y
© :
2 i .
= ’Wﬁ received RF pulse
£ :
© :
[\ envelope

The early model of radars were based on the envelope
technique.

The receiver that is tuned on the emitted frequency is able
to follow the relative maxima of the signal generating an
electric signal that "envelopes" the received echo.
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A particular radar: the ionosonde

The measure technique is based on sending pulses of energy at different frequencies towards the ionosphere and in
measuring the backscattered echo delay to properly evaluate the position of ionospheric layers.

frequency range: (1 - 20) MHz with a step of 50 kHz or 100 kHz

lonospheric Layer
p resolution should be less than 20 km

minimum height is around 90 km
maximum height could be be above 600 km

L the target is an infinite reflecting planes (ionized layers) the radar cross section is

T;7 <7Rx not in the equation. This yields the equation radar to become

Earth VEZIG 2012
MM > P — (;i“Gd )2 I:)rad
/(N\ " (4xr)?L
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- . TOthe FROM the

— . ionosphere ionosphere
TX RX
antenna antenna
The ionosonde is, generally, a bistatic radar,
with antennas in the same site (often on the
same mast). Transmitter F z;zm‘::;g A Receiver

| | | |
lonogram &——  Control F ?ﬂﬁgr;is?:

Control system: enables the TX to emit energy and, after that, enables the receiver starting the so called "listening time".
Frequency synthesizer: generates the frequency to be transmitted tuning the receiver on that frequency.

Transmitter: amplifies small signals to a proper amplitude.

Receiver: converts information at different frequencies to a more comfortable value (etherodyne principle).

Detection and Analysis: recognizes good echoes amongst the noise evaluating the delay times of echoes.

TRAINING COURSE ON THE POLAR UPPER ATMOSPHERE:
FROM SCIENCE TO OPERATIONAL ISSUES L'Aquila (Italy), 18 Sept. 2018

e .r'_i ) . .
L7 T i Istituto Nazionale di
W= Geofisica e Vulcanologia




The vertical sounding principle

For every used frequency, f, the reflection will happen when
the refraction index n=0;

N that varies with the height we have reflections from
different altitudes.

h, Km
800 4
700 4
500
F2 region F2 region
300 +
F1 region
E region
100 4 E region
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2 . y R "6 :
10 10 10 10 10° ngcm
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lonogram

the ionogram is the plot of echo's delay times (or heights) versus frequency.

Height (km)

We use the term "virtual" because we are 500
not measuring the real position of the layer.

: ] : : 1,

The instrument converts the delay time into h — C-At .

kilometres using the light speed in the 2

vacuum and the relationship 200

While penetrating the plasma the speed o) ] ) ! 5 . : J
decreases so that h < h' Frequency (MH2)

 Geofisica e Vulcanologia
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From ionogram to the density profile

eTo better describe the ionosphere we need to know the electron density profile.

DENSITY PROFILE

ﬁ::LIIE:z

feE
TONOERAM

FREQUENCY

eKnowing the ionogram point by point
(virtual height-frequency couples) we can
invert the ionogram to obtain the electron
density profile.

eThere are models partially empirical able to
describe analytically the different ionospheric
regions from elio-geophysical and ionospheric
quantities.

eThere are methods that derive the density
profile automatically: they are particular
interesting in real time mapping of
ionosphere.
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Part Il — GNSS measurements
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Global Navigation Satellite System (GNSS)

GNSS is the standard term for satellite navigation systems that provide autonomous geo-spatial positioning with
global coverage. Includes the global GPS, GLONASS, Galileo, and Beidou and other regional systems.

GPS GLONASS GALILEO
Number of 21 +3 21 +3 27 +3
Satellites
Number of 6 3 3

orbital planes

Semi-major 26600 km 25440 km 29600 km

axis
Orbital
revolution 11:58 H 11:15H 14:07 H
period
Inclination 55 deg 64 deg 56 deg
Satellite Mass | 1100 kg (lIR) 1400 kg 700 kg

BEIDOU

35
5GEO
27 MEO
3 1GSO

27878 km

55 deg
1000 kg

Orbital period = 20 hours

Galileo L 15 hours
GPS =

GLONASS

Height

above

sea level
30 Mm

Radius
of orbit

40 Mm

Space_

Station E- 25000 km/h
F—20000 km/h

Orbital speed |
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GNSS segments

Space Segment
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S A er N
GNSS Satellites % ~ Tz“a}
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GNSS Control ~ / / .
Channel  / N
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/S
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/Iz
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Data Uploading Master Control Base Stations
Stations Station |
Control Segment User Segment

Master Control Staions:

GPS: Schriever Air Force Base
Colorado Springs , Colorado

Galileo:
Oberpfaffenhofen (Germany)
Fucino (ltaly).

GLONASS: Krasnoznamensk (near
Moskow

BEIDOU: ?
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GNSS control segments

Estimated
Trajectory

Predicted
Trajectory

Actual
Trajectory

J. Raquet

TRAINING COURSE ON THE POLAR UPPER ATMOSPHERE:
FROM SCIENCE TO OPERATIONAL ISSUES L'Aquila (Italy), 18 Sept. 2018

7 7 Istituto Nazionale di
.- Geofisica e Vulcanologia




Space segment - GNSS signals

Each satellite transmits signal in (at least) 2 different L-band (1-2 GHz) frequencies
| £ ' ' SAR

[ ] GpsBands [ ronassBands [l cAuLeo Bands GALILEO SAR Downlink

Right-hand circularly polarization
Examples of Wavelenghts: L1 =19 cm, L2 24 cm, L5 25 cm

Right-hand circularly polarization to avoide the Faraday rotation that results from the electron plasma of the ionosphere and the presence of

Earth’s magnetic field.

A linearly polarized radio wave passing through the ionosphere will gradually rotate in the plane perpendicular to the direction of propagation
=> the wave would arrive to the receiver with an undetermined polarization

=> |loss in power

% "i Istituto Nazionale di
W& Geofisica e Vulcanologia
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Space segment - GNSS signal

The main signal components :

WN\/\NW\[\/\[\/\/UVVW\/\}V\N\N\A/ *Carrier: Radio frequency sinusoidal signal at a given frequency
| ' | ‘ | ' | | | ‘ ‘ | | ‘ | ’ | ’ *Pseudo-Random Noise sequences or PRN codes: Sequences of 0s

and 1s, which allow the receiver to determine the travel time of
radio signal from satellite to receiver.
Each satellite is assigned with a PRN code

PNV R

*Navigation data: A binary-coded message providing information
on the satellite ephemeris (satellite position and velocity), clock
bias parameters, almanac (with a reduced accuracy ephemeris data
https://gssc.esa.int set), satellite health status, and other complementary information.

On board the satellite there are atomic oscillators with high daily stabilities (cesius or rubidium).
The satellite clock offsets are continuously estimated by the Ground Segment and transmitted to the users to correct the

measurements Af / f= 1014

The observable in a GNSS system is the time required for a signal to travel from the satellite to the receiver

R=ct
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Why do we need so many satellites?

If the clocks of the receiver is perfeclty synchronized with the satellites:

The range R is :

R=ct

f”
? ?

With one satellite you could be anywhere on the circle
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Two possible solutions

TRAINING COURSE ON THE POLAR UPPER ATMOSPHERE:
FROM SCIENCE TO OPERATIONAL ISSUES L'Aquila (Italy), 18 Sept. 2018

%9 Istituto Nazionale di
.- Geofisica e Vulcanologia




Now there is a unique solution

Unfortunately the clocks are not synchronized, we actually
measure a pseudo-range, a range with error
R'=c (t + 6t)

Moreover there is the troposphere, ionosphere, electronic noise, multipath, antenna rotation, doppler effect...........
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« Typical GPS receiver components

GNSS User segment

Turn right

here

Navigation
Processing

The receivers are equipped with quartz-based
clocks, much more economical with respect to

Antenna
Prefilter/
Preamp
lRF
Receiver IF Code/P_hase PR/Phase
> Tracking

Front End Meas
Loops
Clock

J. Raquet

atomic clocks, but with a poorer stability
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The duties of the GNSS receivers: 1 and 2

1. Get the signal after a propagation time of 60-70 ms
24.001,25 Km [ 300.000 Km/s = 0,080005 s

MAVAAAAAAMAAMMMAAAAAMAMAAL

\AABRAAAAAAAAAARARARA,

L P
AWMU

2. Compute measurements for all sat/signal pairs:
Pseudorange measurements (code delay) in meters

B S Emitted at a rate
of

- - 1.023 M bits/sec
1 ég&i;@P ﬁ?the receiver /

N % N Correlation

o“s\se N N}
-c,@(\ ° & (-\cb B\ <2 R'=c (t + 6t)
O S < (4 S X @)
X N XN & N Q
& o R R > & ) <
N N o o AR R N
O O Q N\ L 3 N
& ¢ < \© <& > o

e . .
f@< ¥ i Istituto Nazionale di
"- .~ Geofisica e Vulcanologia
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The duties of the GNSS receivers: 1 and 3

1. Get the signal after a propagation time of 60-70 ms
24.001,25 Km [ 300.000 Km/s = 0,080005 s

P

LT T
AWAVWVWWARIVIRAAMM W

el

3. Carrier-phase measurements (in meter)
Is ambigous by an unknown integer number of wavelengths AN. It is
two order of magnitude more precise than the code measurements

(OIS WOy
&
&
0 N N o
e N- NS o 3
&® & ‘\Qb?' \06?/\ P \6&* S
& K 2 o RN (,bd‘ R (\o\s
e R < > & & S <
o 2 N © & &0 & &
o Q€ <© S . \(\C,’&‘ & A\ q\e&

b =pteldt,—dt*)+ T —af STEC + kpy— k™ + AL NL+Apw+my +e,

\ b Arbitrary,

unknown
e /point

(I)infeger (IO )

(integer
ambiguity)

Ignoring clock and other errors

J. Raguet
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The duties of the GNSS receivers: 1 and 3 continues

Wind-up Effect

affects only to the carrier-phase
measurements,

GPS Block IIF

It is due to the e.m. nature of circular polarized waves
depends on the relative orientation of satellite and
receiver antennas and the direction of the line of site

A rotation of 360 degrees of the receiver antenna
introduces a variation of one wavelength in the phase-
obtained measurement of apparent distance between the
receiver and the satellite

North error

/"~ Orbit Plane R
O Normal

Xw
A
o/
.  z\ '
'I' n ﬁ//4— _y_ i \
X [ = ; }J Smages: )
- K e ~. | .
,— e /'
P Wl
|
S |

[ "', -—_-—‘.‘.‘1‘/' e
GNSS Orbit

/
7
/

Montenbruk et al

Horizontal positioning error [Israel 2000 May 2nd: Kinem PPP]

o4 Vertical positioning error [Israel 2000 May 2nd: Kinem PPP]
- T T T T 0.4 - T T T T T T T
: e o No wind-up corr. —— Full model
: : e e Full model : : : : : ~—— No wind-up corr.
0.3} = ‘ ‘ 0.3 s S
: v
0.1 e _
£
. '.'k =
0.0f- B T s
[ @
: B ‘\ . Q
: : e
0.1 e
0.2 i
0.3 .....................................................
0.4, ; 0.4 ‘ - - ‘ ‘ ‘ ‘ ‘
.4 0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.4 0 10000 20000 30000 40000 50000 60000 70000 80000 90000

Easte}ror(m) Time (s)
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The duties of the GNSS receivers: 4 g mranarng

. oy
E”a
4. Doppler measurements (in Hz) zﬁ% ,
Rising m ‘;5’7’ TToF Setting

The correlation principle is first used to search for the satellites in view %
%

Because the signal is originated by moving satellites, there is a Doppler — J * \

and code delay effect observed in the received signals. ‘ tw:,f"Rtg'h 25

To search for the signals, different local replicas (corresponding to different
code delay / Doppler frequency pairs) are generated and correlated with |
the input signals. r Y EEREEREEEEEE T ——

—» Time

-+
nd

yeles per Millisecond
-

5 Cy
v

45105

The frequency of
the signal broadcast
by the Satellite

4.5 to 5 Cycles per Milliseconc

When the local replica and the incoming signal are
aligned, their correlation generates a peak and the
code delay / Doppler frequency pair corresponding
to this peak is assumed to be a good estimate to
Initialize the tracking process.
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Code measurements equations (for each f;)

Emission 300m
Caofl Reception
fed
Satellite clock offset (up to hundreds km)
5 \oc} @\QA 6@\%* N s Relativistic clock clorrection < 13 m
o c_)’b"(' oL e‘\c c;b" \ > x - Dot /Sntcllu:insmmmunld:l:n:.sl'l'(}l)l -m
L N o & Q7 K _be" R
o ¢ & 5 Geometric range:pi) ~20 000K
& Q@‘&Je& ,\‘OQ N q\.\(\(}( N\ Qf"e jeometric range:p0 20 000Km
= - r B a 4
R, = p+cldt, —dt’)+T t Kpy — Kp” + Mp+¢, / Tonospheric delay [2 - 50 m)
*Troposphernic delay [2 - 20 m)]
Receiver clock offset <300km
,'/R:c:n‘:r mstrumental delay ~ m
Carrier phase measurements equations (for each f; )
C
- N .
C C @ Q
& & & o 8 &
I G Y Q RS O &
N o) o ° SR L Q « O
e 5 N R N (szﬁ‘ < qg’} & , \Qfo‘ &
o X Q ¥ & 8 N X
2 R (® o ¥ &L X \ O 82
© o‘{\c’ o\ .\(\") A\ $ @ Q\e
by = p+eldt, —dt*)+ T kpr—k"+ AL No+Apw+myg +e,

The ionosphere is a dispersive medium, it means that the group and phase refraction are different and depend on f
This causes on the code and carrier signal an opposite amount of delay
code delay (the code measurement will be larger than in vacuum),
phase advance (the carrier phase measurement will be smaller than in vacuum)

e . .
@74 ¥ i Istituto Nazionale di
‘~ .~ Geofisica e Vulcanologia

TRAINING COURSE ON THE POLAR UPPER ATMOSPHERE:
FROM SCIENCE TO OPERATIONAL ISSUES L'Aquila (Italy), 18 Sept. 2018




The duties of the GNSS receivers: 5 and 6
5. Obtain satellite position and time from navigational messages

6. Compute receiver position, velocity and time (PVT)

The ionospheric free combination removes the first order (99%) of the ionospherc effects that depends on
the inverse of squared signal frequency

It is used for Precise Point Positioning

lonosphere-free combination
R, = p+ c(6trey — 0t° ) +Tr + Mc +¢ec
Q. = p+ c(dtyey — 0t°%) + Tr + Bo + ANvw + me + €c
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GNSS TEC measurements and calibration

0.30 STEC
Iph,f - = 4 . f 2
STEC
Igh,f = 40.30 f 2 satellite
STEE = j N, ds
receiver
60 . r
—— L1 = 157542 MHz
——L2=12276 MHz
Bl  sof| —eebotzorramr ]
—— E6 = 1278.75 MHz UTEC — STEC X(ﬁ)
£ “oF J
% 30} i
g 20} ” 4
10 - . Z - -
% : 2 2 50 %0 100 0 40 760 780 200

Total Electron Content [TECU]
0.0 45.0 90.0

lonospheric delay for GPS and Galileo
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Extracting TEC with GNSS with dual frequency measurements: Geometry-free combination

A combinations of code and/or phase measurements

[ S A

Frequency independent effect are eliminated (p, clock errors tropospheric delay)

leaving all the frequency-dependent effect

lonospheric delay R Tt Ko ~EMrter s
0 ‘I P v -

Pha_se Wind-up Q=14+ Ko+ Br+ (A1 —A2)w+my + €

Multipath

Noise where the bias .B/ 13 giv?n by:

Integer ambiguity Br =br + A1 N1 — A2 N2

In order to cancel out biases and multipath contributions it is possible to apply a calibration procedure based on
phase measurements leveling procedure (Ciraolo et al 2007)
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GNSS lonospheric Scintillation measurements

Scintillations

Sudden fluctuations of amplitude and phase of trans-ionospheric e.m. wave due to small scale electron density anomalies

GNSS receivers for scintilliations

e High sampling frequency (50 Hz)

* Multi frequency

e Multi constellation
(GPS,GLONASS , GALILEO)

Added
Transmission »~ = 4. N\ _oe==—-

Delay

lonosphere

- ——
-———
-
-

Electron

content 12 — I ’
anomaly O'(p = \/<§012> — <§0i>2 54- = %

| S,

o
=]
T
]

é

uT (hou rs}
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Scintillation map

Frequent

Infrequent
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“GNSS Research and Application for Polar Environment” (GRAPE)
Expert Group in the frame of SCAR
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GNSS receivers for scintillation in the Arctic
http://www.grape.scar.org/
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GNSS receivers for scintillation in Antarctica
http://www.grape.scar.org/
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