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Outline

Background: HF

HF sighal propagation modelmg

x « Raytracing is only one approach to the task
« Two scenarios for raytracing

* Multi-path propagation

» D-region impact on signal strength
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o - Different solutions for managing HF

:’Zf?%{ii}g.l ----- -  Climate specs: IRI

'~§ e 'mil * Measurements: ionosondes where available, GNSS: TEC and RO
"‘g’ « Weather models: IRTAM-based systems with raytracing

% - RayTRIX CQP

o - Computation speed up: Quasi-parabolic profile

%‘,;:;L « GPU solution for a 5 sec oblique ionogram computatlon

=4 .« Path forward

o * IRTAM enhancements for a better weather monitoring
» Sensing D region with ionosondes
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 HF is,uS'e-"d?f'bnrv ééfety messaging
 HF is used as backup voice
comms to VHF/SAT

* |[CAQO: HF radio links of
tremendous variety
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RayTRIX Synth CQP, MIDPT 2023.05.11 (131) 10:00:00

2227 km

Group Path, km

g | A radiolink
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MUF(3000) = maximum frequency that

e\ can be used for communications over

_‘ Ll 3000 km distance via ionosphere 10 11 12
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1. IRl quiet-time prediction: M(3000) Multitude of users
2. lonosonde: Local Weather foF2 HF Enthusiasts

3. lonosonde: MUF computation for  HF Enthusiasts
specific D

4. Global: Negative storm detection PECASUS
from foF2 or VTEC timelines

5. Percent AMUF(3000) “anomaly” PECASUS
maps
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6. Ray-tracing through CQP Specific radio link
ionosphere nowcast evaluation
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7. Ray-tracing through realistic Accurate evaluation
ionosphere nowcast of specific radio links
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Source of MUF Information, climate and weather

Great at systems R&D
Good for NmF2, but only local

Nice, but only near an
ionosonde (local)

Good start

Good

Second Best: a few seconds on a
GPU

Best, but unrealistic for real-time
applications




(parabolic)
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f- plasma frequency, MHz
r - distance from the Earth’s center, km
a, b, c - model parameters
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fm - peak plasma frequency
1, - radial distance for the peak
y - thickness of the layer

2
f2) = fmr {1 - (r — r’") (r—b)z} (quasi-parabolic)
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CQP: Composite Quasi-Parabolic
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 CQP allows analytical solution to
one ray i |
« Given CQP profile at mid-point between
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E !  Given particular frequency and launch
=% = E A angle
L AT E" -t L . : :
IRt = | | « Get ray arrival location analytically
2 B ! i , : : :
L 3 ! ! « Meaning, no differential equations to
9 ; | ! solve
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...... i Concept for IRI-based Frequency Management
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HFT . Start: IRI climate ._

§M ¢ ASSimilation Of ionosonde data = IRTAM stayTIXSynthCQP, MIDPT 2023.05.11 (131) 10:00:00

» Real-time is possible

* For the given radio path with Tx and RX
coordinates

Use IRTAM to obtain 1D vertical density profile at mid-
point of the link

 Fit several quasi-parabolic segments to the IRTAM
profile

g « Composite Quasi-Parabolic Representation = CQP
R - Run raytracing computation for each segment

- Step frequencies until no more signal —
« Compute MUF for each segment
« Compute the freq.band of the least multi-path

° Advantages Over MUF(3000).. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2

= [ ! ) Frequency, MHz
’

A * Individual MUF and best fregue.ncy band for radio links
'; Of SpeC'If'IC geometry (groun d'lstance, TX and RX) 36N:127E > S2N:110E /2227kn 201fx45h 25 kHz 5.0 km / unknown MIDPT 0

 lonospheric specification made at the relevant points
of the channel
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Fitting CQP to IRTAM profile: 3-layer algorith

E-Layer: D=5, 0, Q= s f,.), O=(t;1,0).

F1-Layer: @z(erl 0,0= L @z(rmFl of e D= (5y50)
F2-Layer: =(rbn30)9@=(rspzafspz)’ ® = fu ) @ =55 0)-
Lowest- F-Layer: @ =(5,;,0), © =(.fs), @ =(,f,0)s © =(1;5,0).
Upper-E-Layer (Valley-Lovwer-par): =150

Valley-bottom: @) =, ,.f,,,).

Analytical solutions exist for given
QP
« For any given operating

frequency f, the D(B) chart of
distance D as function of
elevation angle £is computed

80 For a given distance D,,, homing

o+——~" - -+ procedure attempts to finds £ from

00 05 10 15 20 25 30 35 40 45 5.0 the chart whose D matches D,

Plasma Frequency (MHz)

Height (km)
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E-Layer: D=5, 0, Q= s f,.), O=(t;1,0).

F1-Layer: @z(erl 0,0= L @z(rmFl of e D= (5y50)
F2-Layer: =(rbn30)9@=(rspzafspz)’ ® = fu ) @ =55 0)-
Lowest- F-Layer: @ =(5,;,0), © =(.fs), @ =(,f,0)s © =(1;5,0).
Upper-E-Layer (Valley-Lovwer-par): =150

Valley-bottom: @) =, ,.f,,,).

Analytical solutions exist for given
QP
« For any given operating
frequency f, the D(B) chart of
distance D as function of
elevation angle £is computed
For a given distance D,,, homing
5 6 7 ' ' procedure attempts to finds 8 from

Plasma Frequency (MHz) the chart whose D matches D,

Ce
()
>
=
()
el
-]
'
°
<+
oN
o
o~
q”;
LN
i B
vl'u.l.;
|
1w |
wn
)
<
<
<
o
I an

PITHIA-NRE

“ P
w “: -

.‘2ndl




Homing is still involved

WL e

* QP representation allows
foE=1.64, foF2=4.65 MHz analytical solution
r=1,3,%,7,5,11,13,15 MHz - That allows the speedup

« No need to ray-trace piecewis

. Still'need to find the elevatian
angle £ that has matching D

 This is homing procedure
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”';‘?_Running time to syptheSIZe one
ionogram is about 5 seconds

- After testing CUDA, migrated
to OpenCL, then migrated to
OpenGL and finally to C++

* ToDo: 2-hop computation

* Scalable to management of
large number of radiolinks



> 4
>
\\

RAY [ RIXTS

" Ray Tracing through
=== ~ _Realistic lonosphere Explorer
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RayTRIX Synth CQP, MIDPT 2023.05.13 (133) 14:22:18

OBLIQUE TRACE
SYNTHESIZER

Choose station pair or
type coordinates below.

- 5.9 FEB)'2024
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fre i
-‘;8--"—'- Station Pair  DB049 to AT138 =
o= 1 B g
O <
=4 Transmitter Coordinates: E
2 2
= N (-90..90) 3
<
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PITHIA Home  Scientific Metadata~  Space Physics Ontology Provider Login/Sign up
" e-Science Centre

Home > All Scientific Metadata > Data Collection-related Metadata > Data Collections (2]

> RayTRIX-CQP: Oblique ionogram synthesizer with E, F1, F2 layer echo traces and MUFs, driven by IRTAM ionospheric nowcast SHelp &t
uppor

RayTRIX-CQP: Oblique ionogram synthesizer  identifier
with E, F1, F2 layer echo traces and MUFs, et Omacocton fore
driven by IRTAM ionospheric nowcast hecer

Namespace pithia

DeSCI‘i ption Version 1

Created Wednesday 2nd Feb.
Ray Tracing through Realistic lonosphere eXplorer (RayTRIX) collection contains traces of remote high 2022, 15:00:00

frequency signal propagating through E, F1, and F2 layers of the ionosphere for a given arbitrary time and Last Wednesday 2nd Feb.
radio link with one transmitter and one receiver. Also computed are values of the Maximum Usable Modified 2022, 15:00:00
Frequency (MUF)for each layer, defined as the maximum frequency at which communication between the
end points of the given radio link is still possible. RayTRIX computes signal flight time (dependent
variable) as a function of the operating frequency (independent variable). Computation is done using an
analytical solution of the signal propagation through a plasma layer of the quasi-parabolic (QP) shape.
RayTRIX-CQP represents the ionospheric channel as a composite of three QP descriptions for E, F1, and F2
layers at the mid point of the given radio link. The CQP plasma density profile is built by fitting QPs to the DataCollection RayTRIX-
IRTAM assimilative model of the real-time ionospheric weather, available via GAMBIT database portal at CQP.xml
https:/giro.uml.edu/GAMBIT.
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| Path forward
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» Improve IRTAM specification of weather
 Additional measurements available in near real-time

* Assimilation of data from moving platforms (spacecraft)
« Radio occultation |
» GNSS

« Add 2" hop computation to GPU algorithm

« Add evaluation of the signal strength
« Ray geometry allows to assess path length through D region
* D-region density diagnostics using digisonde signal strength data

* Forecasting IRTAM __
« Use helio- and geospace activity indicators to forecast storm impact
« “MUF depression” alerts




‘“““?ei- HR-2006 Raytracing System
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Huang, Xueqin, and Bodo W. Reinisch. "Real-time HF ray tracihg through a tilted
lonosphere." Radio Science 41, no. 05 (2006): 1-8.
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based on Haselgroove ray'equations, © 1957
and general Snell's Law for reflection/refraction
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87° (Elevation)

HR-2006 Ray-tracing

»

 Realistic lonosphere!

 Full 3D specification of the lonosphere
between Tx and Rx

IRI formalism without simplifications
 |RTAM weather can be used if available

ven, Belgium
o
o

Altitude (km)

.
\
,

-

10 15 20 25 30 35 40 45 50

Feb;2024 « KU Le

e » Spitze effect is explained 4 round Distance (km)
e * Responsible for the “short-range TR s S
IS e Ly catastrophe” = ot jacilannda
=T T N t
5  Superposition of TID waves on

2 background ionosphere

Et::... T « Full TID specification | http://giro.uml.edu/rix/ff-aoa
I Nl * Doppler frequency computation

=f supported :

? = g }

N p: 01 F2H measured -

- RO1F2Lmodeled

BOREALIS ‘\
o 1 Lat 0.0 Lo 14.6 N O1F2L measured
7 i ,,',q ”
/ & Txe bearing 170.46 - e——
h



https://giro.uml.edu/rix/f

GIRO lonogram Data~  Plasma Drift Data~  TID Data~  GAMBIT Weather Maps ¥  Radio Link Evaluation>  Examples~ Info~

Ray Rl

7 RayTracmg through LA B
TR Reahstu:lunnsphere Explorer .
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FIXED FREQUENCY
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fluctuating with certain
period €,
» Reference Rx for GNSS: its own
location fluctuates

. Stationary “reference” begir\s

Feb}2024 « KU Ley

T - HF-Radar: reference Tx loc
a1 [T fluctuates

é « Travels fast

& imferred » Corrections need to be

LA evaluated and disseminat
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E { ‘:K | - Not always possible
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1 % https://dispec.eu lad A

https://dispec.eu . oo

DISPEC Search Site Search

Home Community v Events News  Wiki

£

Home

The DISPEC PFOJGC’[ February 2024

Scientific exploitation of space Data for improved lonospheric SPECification (DISPEC) We Th Fr

2024 « KU Leuven

The DISPEC project offers new high-level data products based on advanced data processing techniques that improve data quality,
provides estimates of ionospheric characteristics based on the joint processing of space and ground data, provides results from post-

processing of data for improved ionospheric specification, and exploits long-term time series for the study of long-term trends in the 7 ﬂ 9
ionosphere in connection to atmospheric long-term dynamics and geophysical phenomena. Specifically, DISPEC derived high-level data
products aim at:
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= Providing fast processing of time series that lead to curated data. 21 22 29
= Deriving new high-level data products based on the exploitation of raw data from multi-locations and multi-instruments, useful for

input to ionospheric specification models. 28
= Deriving new ionospheric indicators based on the post-processing of raw satellite and ground-based instruments’ data useful for a

quick mapping of ongoing ionospheric irregularities.
= Providing proxies for geophysical phenomena and long-term trends in the ionosphere. News

29

DISPEC Kick-off Meeting

Objectives Feb 07, 2024

PITHIA-NRF TRAINING SCHGO

The main objective of DISPEC project is the exploitation of bottomside and topside ionospheric data, provided by space missions — such More news..

as Swarm, DORIS, GRACE, GRACE-FO, Spire, COSMIC-2— and by ground-based GNSS receivers and ionosonde sounders, to support
research activities for improved ionospheric specification, through the derivation of high-level data products. The project outcomes have
the potential to complement the ESA Space Science Archives and the Space Weather Network, the data collections provided by the
global networks of ionosondes and GNSS ground based receivers, and to enhance the capacity of European Research Infrastructures.

2an

To meet the main objective of the project, it is necessary to address the following specific objectives:



» Take home messages

 Scenarios for HF signal. modelmg (by raytracmg)

* HF Geolocation 4
* Frequency management for HF Communications

« Over-the-horizon radar
« Simulation of TID overpasses R

* PITHIA-NRF registered RayTRIX CQP data collectlon

« Synthesizes full oblique ionogram frame for any given TX and RX

uven, Belgium ..

FeB;2024 « KU Le :

o ML
Euql '_!”“il * Running time - a few seconds per ionogram

X « Mated to IRTAM weather nowcast

% * MUFs and least-multipath band are computed for operational use
gl HR-2006: a signal modeling testbed for TID detection using D2D
= | b
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