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ABSTRACT 
ESA’s BIOMASS Earth Explorer mission aims at providing 
global above ground forest biomass. Its payload is a UHF 
synthetic aperture radar. At UHF ionospheric effects, notably 
the group delay and phase advance, the Faraday rotation, and 
the intensity and phase scintillations (or rapid fluctuations) 
are significant and have to be properly modelled to be 
compensated, to understand the limitations of the proposed 
technique, and to select the optimum observation conditions. 
This paper summarizes the structure and main characteristics 
of the ionospheric module of the BIOMASS end-to-end 
performance simulator (BEEPS-IOM). 

Index Terms— SAR UHF, ionosphere, Faraday rotation, 
delay, phase, intensity, scintillation. 

1. INTRODUCTION
ESA’s BIOMASS is the seventh Earth Explorer mission [1]. 
It aims at providing global above ground forest biomass and 
biomass change maps of £20% accuracy, 100-200 m spatial 
resolution, and 6-12 months temporal resolution; global 
forest disturbance maps of ³ 90% classification accuracy, 50-
200 m spatial resolution, and 2-12 months temporal 
resolution; and global forest height maps of 20-30% 
accuracy, 100 m spatial resolution, and 12 months temporal 
resolution. 

BIOMASS is based on a P-band SAR (438 MHz) orbiting 
in a dawn-dusk, Sun-synchronous orbit at 674 km, that will 
systematically acquire fully- (quad-) polarized image data in 
an interferometric mode over all major forested areas on the 
globe and a tomographic phase (7 images) to retrieve forest 
vertical structure information. The inversion methodology is 
then based on backscatter intensity measurements at different 
polarizations and interferometric coherence measurements at 
different polarizations.  

Ionospheric effects at P-band are very important and need 
to be corrected for. Within the activities of the BIOMASS 
End-to-End Performance Simulator (BEEPS) an Ionospheric 
Module (IOM) is being developed by IEEC/UPC (ES) and 
RDA (CH).  

2. MAIN IONOSPHERIC DISTURBANCES
The main disturbances experienced by a radio signal 

passing through the ionosphere are the Faraday rotation, the 
group delay and phase advance, the amplitude and phase 
scintillations and the refraction and wave dispersion, which 
are briefly described below: 
• When transmitting a linearly polarized wave (BIOMASS
case), Faraday rotation induces a change in the polarization 
plane that mixes the vertical and horizontal polarizations, 
thus degrading the polarization purity. 
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where 𝜃"#$#%#&	is the angle of rotation [rad], 𝐵6 is the average 
Earth’s magnetic field in a layer i [Teslas], f is the frequency 
[GHz], 𝑆𝑇𝐸𝐶6 is the Slant Total Electron Content in [e-/m2] 
in a layer i, and 𝜃6 is the look angle (note subscript is kept to 
include potential bending of the angle due to small variations 
of the index of refraction). Faraday rotation cannot be 
predicted as it depends in many different factors, including 
geographic coordinates, local time, season and Solar activity. 
Intense and fast variations of the Faraday rotation angle in 
VHF-UHF signals have been associated with strong and fast 
amplitude scintillations, notably at equatorial latitudes. 
• Group delay is the time delay in excess of the propagation
time in free space. In the same way, the phase is advanced by 
the same amount. The group delay [s] can be computed as: 

t = 1.345 STEC/ f 2 ´ 10–7,        (2) 

• Systems involving wideband transmissions at VHF and
possibly UHF must also take dispersion into account [2], as 
for TEC = 5 · 1017 e-/m2, a signal with a pulse width of 1 µs 
will experience a differential delay of ~0.02 µs at 200 MHz 
while at 600 MHz the delay would be ~0.00074 µs. 
• Localized irregularities in the ionosphere TEC act as
convergent and divergent lenses focusing and defocusing 
electromagnetic waves. These effects are called scintillations 
and affect the intensity, phase, and angle-of-arrival of the 
signal. The intensity of the scintillations is characterized by 
the scintillation index (S4) defined as: 

𝑆B = C〈E3〉G〈E〉3

〈E〉3
, (3) 

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, 
including reprinting/republishing this material for advertising or promotional purposes,creating new collective works, for resale or redistribution to 
servers or lists, or reuse of any copyrighted component of this work in other works. DOI 10.1109/IGARSS47720.2021.9554570



being I the intensity of the signal, and by sf, the standard 
deviation of the phase fluctuations, computed over a given 
period of time. Apart from intensity scintillations, average 
ionospheric attenuation is negligible at UHF frequencies, as 
it is less than 0.1 dB even at very large elevation angles. 

Of course, these effects affect twice the radio wave as it 
propagates from the radar antenna to the target (pixel over the 
Earth’s surface), and scatters back to the antenna. According 
to [3], for a monostatic radar, the two-way S4 and sf can be 
computed from its correspondence of one-way scintillation 
index (𝑆B-H) and one-way standard deviation of the phase 
fluctuations (𝜎J-H) as:  

𝑆B = 𝑆B-H · K
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𝜎J = 2 · 𝜎J-H.    (5) 
 

3. IONOSPHERIC MODELLING 
Figure 1 below presents the block diagram of the Ionospheric 
Module being implemented for BEEPS. Cylinders represent 
the external input parameters, brown boxes the APIs and 
main algorithms, yellow boxes the high-level modules, and 
the orange rhomboids the external interfaces. 
• Background TEC data can be derived from:  
- The International Reference Ionosphere (IRI) model [4] or 

NeQuick [5].  Vertical Total Electron Content (VTEC) can 
be computed from the electron density Ne [m-3] as a 
function of height. 

- IONEX files [6] provide VTEC maps with spatial 
resolution of 5° in longitude, 2.5° in latitude, every 2 h.  

- GNSS Total Electron Content data exchange format 
(GTEX) [6].  

- GIM - GPS Total Electron Content (TEC) produced by the 
International Global Navigation Satellite Systems Service 
(IGS) Ionosphere Working Group.  

- Near Real Time VTEC data provided by DLR at an 
equivalent shell-height of 400 km.  

• TEC Stochastic Variability Model (b1) consists of 
random variations over the background value computed as a 
mean value plus a uniform random variable computed from 
LUTs (Look Up Tables) that use the year, month, and local 
time, and latitude as input variables [7]. These LUTs have 
been derived by the gAGE/UPC group after a comprehensive 
analysis of the VTEC Global Ionospheric Maps (“Final 
Products”), published by the International GNSS Service 
(IGS), from 2001 to 2015 over a 20°´20° grid. 
• Bubbles and Depletions Modelling (b2) includes an 
analytical model for slow refractive scintillation [7]. 
Refractive ionospheric effects include the ionospheric 
depletions and bubbles (EPBs) in equatorial regions (low 
frequency TEC fluctuations), and the high frequency TEC 
fluctuations at high latitudes for which 𝜎J ≠ 0, despite 𝑆B ≈
0. 

 

 
Figure 1. Block diagram of the Ionospheric Module simulator 
 

 Low-frequency TEC variations are modelled based on the 
available EPBs model parameters derived from a 
comprehensive analysis performed by the Observatori de 
l’Ebre, which include the EPB depth (DSTEC) and the size 
(in terms of the duration and area of the depletion itself), both 
depending on local time, season and year. The speed vector 
defined as a modulus and “azimuth” direction: U𝑣 WWW⃗ U ≈
100	𝑚/𝑠, and 𝑎𝑟𝑔	(𝑣 WWW⃗ ) ≈ ±30°,  depending on the 
hemisphere have been considered also. EPBs are assumed to 
have a Gaussian shape to provide a continuous variation of 
the STEC. All these parameters are random variables with 
geographical and temporal dependences. 
 At this point the VTEC is converted into the Slant TEC 
(STEC) using the mapping function: 
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where 𝜃rsrt is the elevation angle, 𝑅v the Earth radius, and 
ℎ6xyx the height of the ionospheric height assumed as a thin 
shell. 
• Fast scintillations are implemented using Rino’s 
multiple phase screen scintillation model [8]. It requires as 
input variables: the ionospheric pierce point height, the 
frequency, the receiver and transmitter (or transmitter and 
scattering point) latitude, longitude and altitude, the date and 
Universal Time (hh:mm), the geometric enhancement factor 
or asymmetry of the ionospheric irregularities (a/b, with a 
and b the principal and secondary anisotropy elongation 
factors), the thickness of the scattering layer lp, which can be 
divided in N slabs of lp/N thickness each, the spectral index 
parameter for each power-law segment (n1,n2), which 
transition at a wavenumber equal to qL= 2p/lL, the integrated 
strength of the turbulence at 1 km scale (CkL), which is related 
to Cs the power-law turbulent strength parameter of the 
spectrum of turbulences, and the effective velocity (veff). 



 A task still to be conducted in the frame of the project is 
the connection between the above physically-based 
parameters in Rino’s model, and the (one way) S4 and sf  
values produced by ionospheric scintillation models such as 
GISM, WBMOD, COSMIC, ESA’s SCIONAV model for sf 
[7], or the modified COSMIC model as proposed in the frame 
of ESA’s CLIMIONO project [9] for S4. 
 From the analysis conducted, it seems that GISM tends to 
overestimate S4 and sf, while WBMOD seems to be more 
realistic reproducing the diurnal scintillation variations. 
However, none of them seem capable to reproduce the patchy 
character of the equatorial scintillation, as they just predict 
the average scintillation behavior as a function of time and 
position, and for most of the time, they fail to predict the 
scintillation on a given GPS link. SCIONAV attempted to fix 
this by adding the bubbles and depletions contributions, and 
improved the high latitude model of sf. Additionally, in 
CLIMIONO the modified COSMIC model significantly 
improved the statistics of the observed S4 for all regions. The 
best results are shown in Figs. 2 and 3. One limitation though, 
is that SCIONAV and COSMIC models were derived at L1 
frequency, so they will have to be scaled at UHF using the 
actual frequency dependence. The weak scintillation theory 
for a power-law spectrum predicts a scintillation index (X = 
S4 or sf) with frequency dependence given by [10]: 
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where 𝑓6 is the frequency, the subscripts refer to the carrier 
frequencies, and (p+2)/4 is the spectral index. 
• Last, Faraday rotation, group delay and phase 
advance, and dispersion are computed using eqns. 1 and 2. 
Ionospheric losses above VHF are very small. The one-way 
absorption has an average value of ~0.010 dB at mid-latitudes 
for a zenith path. At polar and auroral regions the average 
absorption is ~0.045 dB for zenith path [RD38]. From 45° to 
65° latitude a linear transition is proposed.  

BEEPS-IOM includes three temporal scales for the 
different phenomena in the ionosphere: slow and fast 
scintillations, and a medium scale to account for the 
movement of the bubbles and depletions, and the spacecraft 
over the ionospheric “screen”:  
• The slow variations are due to the varying evolution of the 
STEC (Slant Total Electron Content) over time, and 
geographically, and can be assumed to be constant for the 
whole simulation period. The same thing happens for the 
stochastic variability added on top of the STEC.  
• The medium scale corresponds to the movement of the 
bubbles and depletions (~100 m/s), so in a long simulation 
(up to 17 min), they can travel ~100 km, which is comparable 
to BIOMASS swath (3 x 50 km). 
• The fast scale is due to the refractive and diffractive 
scintillations, which are characterized by either S4 and sf, and 
the slope of the spectrum (p). 

 

 

 
Figure 2. (top) S4 PDF, from the ground measurements, and 
(bottom) from SCIONAV+COSMIC model, per region. 
 

 

 
Figure 3. (top) sf PDF, from the ground measurements, and 
(bottom) from SCIONAV+COSMIC model, per region. 
 

 

4. SIMULATION RESULTS 
Figures 4, 5 and 6 illustrate the BEEPS-IOM simulator 
sample outputs. Figure 4 describes the geometry of 
observation for one “snap-shot”: black square on the Earth’s 
surface, and blue square as intercepted in the ionosphere, 
from the S/C in the positions indicated by the red circle. 
Figure 5 shows some sample results corresponding to the first 
snap-shot: the STEC (bubbles and depletions not activated in 
this run), total Earth’s magnetic field, absorption, and the 
Faraday rotation. Figure 6 shows the phase (left) and intensity 
(right) scintillation “masks” for CkL = 1030 (low scintillation) 
and 1033 (strong scintillation). These “masks” account for the 
fast intensity and phase fluctuations, and 1) are displaced in 
space following the iso-magnetic field lines at ~100 m/s, and 
2) have a correlation time tc, so even for the same latitude-
longitude pixel these effects vary over time. 
 

 

5. CONCLUSIONS AND FUTURE WORK 
The key features of the BEEPS-IOM have been presented, as 
well as the approach to model the background ionospheric 
TEC, with its stochastic variability and EPBs.  

Fast scintillations are based on the solution of the forward 
propagation equation (FPE) assuming a phase screen (thin 
layer) at a constant height. Presented results have been cross-
validated with existing models and tools, and a strategy is 
presented for the fast scintillations, to include the ionospheric 
drift, and the satellite movement. Future work will target to 
find a relationship between S4, sf and the slope of the phase 
spectra, with the parameters in Rino’s model (CkL, a/b, lp, 
number of slabs, n1 and n2, qL=2p/lL, veff etc. or find auxiliary 
sources of information for these variables. 
 



 
Figure 4. Sample snap shot acquisition: black square 

represents the BIOMASS snapshot on the Earth’s surface, 
blue square the intercepted ionosphere region corresponding 

to the black square, red circle corresponds to the S/C 
position, and green dots the center of each snap shot on the 

ground or in the ionosphere. 
 
 

  

  
Figure 5. Sample simulator outputs for the first “snap-shot” 
in Fig. 4 (bottom): STEC, total magnetic field, absorption, 

and Faraday rotation. 
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Figure 6. Sample simulation results for the snap-shot in Fig. 
4, for phase (left column) and intensity (right column). 
Parameters used: CkL = 1030 (top row) and CkL = 1033 
(bottom row), louter = 100 km, lp = 250 m (layer thickness), 
qL = 2p/ louter, n1=n2=2.65, a = 10, and b = 1. 
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