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Abstract

The ionospheric delay of global navigation satellite systems (GNSS) signals typically is compensated by adding a correction
value to the pseudorange measurement. We examine the ionospheric signal distortion beyond a constant delay. These effects
become increasingly significant with increasing signal bandwidth and hence more critical for the new broadband navigation
signals. By simulation, we first demonstrate that the signal modulation constellation diagram is particularly susceptible to
the influence of the ionosphere already at moderate electron content. Using high gain antenna measurements of the Galileo
ES signal, we then verify that the expected influence can indeed be observed and compensated. A new method based on a
binned maximum likelihood estimator is derived to estimate the total electron content (TEC) from a single frequency high
gain antenna measurement of a broadband GNSS signal. Results of the estimation process are presented and discussed

comparing to common TEC products such as TEC maps and dual-frequency receiver estimates.

Keywords GNSS - Navigation signals - Galileo ES - Ionosphere estimation - TEC - Total electron content estimation -

Remote sensing - lonospheric signal deformation

Introduction

Satellite navigation applications range from mobile user
positioning up to safety critical application in transportation
systems such as airplanes, ships or future advanced driving
assistance systems. Therefore, it is necessary to ensure the
high quality of the service, and consequently, the transmitted
satellite signals have to be observed and analyzed constantly.
The basis for any analysis is global navigation satellite sys-
tems (GNSS) signal measurements captured by receiving
systems using low gain omnidirectional or high gain antenna
systems. For the data analysis to assess the transmitted sig-
nal quality, it is essential to compensate for the behavior of
the measurement system (system calibration).
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Additionally, either for the ordinary user or in case of sig-
nal quality analysis, it is necessary to eliminate signal propa-
gation effects resulting from the signal traveling through the
atmosphere. One of the important impacts on the ray path is
caused by the ionosphere. The commonly determined iono-
spheric property is the total electron content (TEC). This
value can be derived using various methods, e.g., probes,
interferometric techniques, or GNSS dual-frequency meas-
urement analysis. Ionospheric TEC measurements using
GNSS observables have been performed for more than
20 years (Sardon et al. 1994, Jakowski 1996; Hernandéz-
Pajares et al. 1999).

In addition to the mentioned methods of TEC estimation,
broadband in-phase and quadrature (I-Q) sample data taken
by a high gain antenna system can also be used to determine
the ionospheric TEC. The motivation for our work is based
on the need for TEC compensation for satellite in-orbit tests
at the beginning of the life of a space vehicle. In the early
life of the space vehicle, the range biases based on satel-
lite hardware effects, are not known yet, and thus cannot
be compensated in real-time dual-frequency measurements.
Thus, only TEC products such as TEC maps could be used to
compensate for ionospheric dispersion. However, within the
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conversion from the so-called slant TEC (sTEC) to the verti-
cal TEC (vTEC; measure in TEC maps) during processing of
the maps as well as from vTEC into sTEC, which is finally
used for the data calibration, uncertainties get into the TEC
estimates. These errors that are caused by the mapping from
VTEC to sTEC or vice versa are considered to be too high for
the application at hand. Therefore, in this application, TEC
maps are not commonly used for ionospheric compensation
of measurement data.

Instead, high gain antenna data are used to estimate
the ionospheric dispersion directly and to compensate the
influence of the ionosphere on the signal. We propose a
maximum likelihood estimator for TEC and received power
based on binned data to correct ionospheric effects in signal
quality monitoring for in-orbit validation. We compare the
results of the proposed estimator to TEC maps and dual-
frequency measurements performed simultaneously with
a GNSS receiver connected to the high gain antenna. We
perform appropriate satellite bias estimation for the con-
sidered satellite and GNSS receiver to compensate for this
bias in the dual-frequency measurements. Furthermore, the
proposed method and its results can be used to verify TEC
measurements based on other methods (probes, GNSS dual
frequency). Especially for lower elevations of less than 20°,
it could be helpful as a crosscheck for TEC maps conversion
methods.

Theory

While the ionospheric delay is a well-known issue in the
global navigation satellite systems (GNSS) community,
this term has to be regarded as an oversimplification of the
underlying physical effects. It is, therefore, instructive to
recapitulate these effects in detail before we turn towards
their implications from a signal processing perspective:

The ionosphere is a part of the earth’s atmosphere which
starts at about 50 km and extends roughly to a height of
1000 km (Zolesi and Cander 2014). In this part of the
atmosphere, solar radiation ionizes a fraction of the pre-
sent molecules and hence generates a plasma (Kelley 2009).
For radio signals traveling from space to earth or vice versa
this conductive layer represents a dispersive medium whose
dispersion relation is in first approximation, i.e., neglecting
the influence of the earth magnetic field, given by Garbuny
(1965):

2 _ 12,2 2
o =k°c" + w, (1)
Here, w is the angular frequency of the electromagnetic

wave, k is the wavenumber, c is the speed of light in vacuum
and w, is the angular plasma frequency.
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Common ionosphere considerations, especially in the field
of precise positioning, also contain second and third order
approximations of the ionospheric effects. Both terms are
related to the electron content along the signal propagation
path. Moreover, the second and third order terms are associ-
ated with the influence of the geomagnetic field on the iono-
spheric refractive index, the TEC value and the spatial dis-
tribution of the local electron density along the signal path.
In addition, there are ray bending effects in consideration of
the ionospheric impact on different frequencies. Hoque and
Jakowski (2008) shows that ray bending effects are within
millimeter range for GPS L1 and L2. This leads us to assume
that these effects are negligible in the present work due to the
relatively small frequency difference within one single fre-
quency band compared to different frequency bands. In highly
active ionospheric regions such as the equatorial regions, the
sum of the higher order terms can result in several centimeter
signal delay or a few TEC units (TECU) (Marques et al. 2012).
Our station is located at middle latitudes in central Europe.
In this region, the ionospheric activity is usually low in no-
ionospheric storm conditions. The resulting TEC based on sec-
ond and third order calculations should be significantly below
1 TECU (Hoque and Jakowski 2008) and, therefore, can be
assumed negligible.

The angular plasma frequency w,, depends on the electron
density n, and is given by:

2
nee

@
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where e is the elementary charge, £, the vacuum permittiv-
ity and m, denotes the electron mass. Using the respective

definition, v, = w/k and v, = dw/0dk, the phase and group
velocity can be calculated from (1) as:
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The corresponding phase and group refractive indices
n = c¢/v can be derived, accordingly:
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As a central result, these quantities are dependent on the
frequency f manifesting that the ionosphere is a dispersive
medium indeed. It is worth noting that phase velocity and
group velocity of the traveling signal are in opposite direc-
tion. In particular, the phase velocity becomes faster than the
speed of light in vacuum, while the group velocity is reduced
by the medium. This is the cause of what is generally known
as phase advance and group delay: if the transit time 7 of a
signal from a sender S to a receiver R is measured, then its
carrier (traveling at vp) will arrive earlier (advance), while
the modulated information (traveling at vg) will arrive later
(delay) compared to the same signal traveling in vacuum.
For distance measurements, where a constant propagation
velocity equal to the speed of light in vacuum c is assumed,
this wave dispersion results in an apparent range that differs
from the Euclidean distance X and is denoted as the optical
path length X,. Physically, this is a direct consequence of
Fermat’s principle of least time which can be used to calcu-
late the optical path length from the corresponding refractive
index:

1 cdx 1
T=[dt=- [ -—dt=- dx
/ c/vdt c/n )

Hence, the optical path length is given by the integral of the
refractive index n along the propagation path:

AR

XOpt =cT = /ndx (8)

s

Note in particular that the optical path length equals the
Euclidean distance if n =1, i.e. in vacuum. The phase
advance as well as group delay can thus be expressed as
the difference AX between the optical path length and the
Euclidean distance:

AX=X0pt—X=/(n—1)dx )

Combining (5) and (9) the phase advance can be calculated
as:

AR
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S

(10)

The path integral of the electron density is denoted as the
total electron content (TEC) and is of dimension 1/m®. Quite
analogously to (10) an expression for the group delay can be
derived. If the constant factor is evaluated numerically, then
the phase advance and group delay read:

m3 TEC
m3 TEC

In agreement with what was derived from the phase and
group velocity, phase advance and group delay are equal in
size but opposite in direction.

It is important to note that the total electron content as
defined in (10) is specific to the relative geometry between
the transmitter and receiver, and cannot be regarded as an
intrinsic property of the ionosphere. This quantity is, there-
fore, sometimes denoted as STEC and can be measured by
dual-frequency GNSS receivers (Jakowski et al. 2011).
Within the framework of a thin-shell model, the sTEC can
then be used to calculate the equivalent vTEC as an iono-
spheric property at the geographic location of the so-called
ionospheric pierce point (Ya’acob et al. 2008). Since the
electron density builds up during the day but decreases at
night, when recombination of charged particles outweighs
the generation, the TEC is typically dependent on the time of
day, the time of year and on the geographic latitude as well
as the solar flux (Zolesi and Cander 2014). Single frequency
receivers, therefore, have to rely on externally generated,
up-to-date VTEC maps or empirical ionosphere models to
correct for the ranging errors introduced by the ionosphere
(Klobuchar 1987, European GNSS OS 2015).

In a GNSS receiver the corrections for the phase advance
and the group delay are usually corrected by a single value
added or subtracted to the code phase and carrier phase
pseudorange measurement. However, this neglects the
dispersive nature of the ionosphere, especially for broad-
band signals. In this work, we explore how the dispersive
nature of the ionosphere is affecting broadband signals, in
particular, how the so-called signal constellation diagram is
affected. We assess these effects based on simulations and
based on high-gain antenna measurements. Furthermore,
we will present a new method to estimate sTEC based on
single frequency high-gain antenna measurements, and we
show that based on these estimates the dispersive nature of
the ionosphere can be taken into account for ionospheric
corrections of broadband GNSS signals. Such an analysis,
the estimation of sTEC, and the ionospheric corrections for
broadband signals are especially interesting for signal qual-
ity monitoring (SQM) and signal verification using high-
gain antennas.
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Below we define the signal model after propagating
through the ionosphere and after down conversion to base-
band. Afterwards, we will derive an estimator for single
frequency sTEC estimation based on binned-data (signal
constellation diagram). Finally, we will assess the dispersive
effect of the ionosphere in broadband signals, and we will
analyze the performance of our new approach to estimate
sTEC based on high-gain antenna measurements.

Signal model

A digitally modulated pass band GNSS signal transmitted
by a satellite can be given by:

() = VP, (y(t) cos (2f.t) = yo () sin (2xf.t)) (13)

where y,(7) is the so-called inphase component and y(7) is
the quadrature component. P, is the transmit power and f,
is the carrier frequency of the signal. The Fourier transform
of §(¢) is denoted by F{j(r)} = Y(f), moreover, the respec-
tive inverse Fourier transform is given by 7~! {f/ f )} = y().
Propagation of the signal through the ionosphere can be
approximated following (12) by the transfer function:

H(f;TEC) = ¢/>7/AT(TEC) (14)
with AT(f;TEC) = AXg/c. Please note, that the inverse Fou-
rier transform of H(f; TEC) cannot be derived since the inte-
gral [* H(f;TEC)e>™df does not converge. However, the
inverse Fourier transform of ¥(f)H(f;TEC) can be derived
in case y(¢) is bandlimited to the single-sided bandwidth B
and f, > B. In the following, besides the ionosphere, we only
consider free space path-loss L, and no other effects caused
by the troposphere, multipath, etc. Following Hobinger and
Jakowski (2017) the troposphere can be considered to be a
nondispersive medium in L-band and consequently the trop-
osphere delay effects are identical for group and phase delay
observations. Thus, the troposphere does not affect estimates
of the sSTEC based on the dispersion influencing GNSS sig-
nals. Multipath can be neglected, since the beamwidth of the

Fig. 1 Transmit bandpass signal
after signal generation on the
satellite, propagation, and base-
band receive signal model after
down conversion and low-pass
filtering

cos(2rf.t)

Yo(®) \?

-sin(2mf.t)

¥ ()
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high-gain antenna pattern is very small and the sidelobe to
mainlobe gain ratio is large.

Thus, the received signal after propagating from the satel-
lite to the receiver on earth can be given by:

\/[T

VLG.G, Y(H)H(f;TEC) = 5 ~Y(f — f.)H(f;TEC)
+ @Y* (f +1.)H(f;TEC) (15)

where G, is the gain of the receive antenna, G, is the gain
of the transmit antenna, P, = P,.L G,G, is the received
power, Y(f)=Y()+jYo(). Fin®}=Y(). and
F { yQ(t)} = Yo(f)- Performing down conversion of the signal
by multiplying the passband signal with either 2 cos(2zft)
or —2 sin (27rfct) and the subsequent low-pass filtering with

L, IfI<B

Fih (0} = H,(f) = { o Il>s

(16)

as depicted in Fig. 1, we get:

V7, V7,

F{s(:0)} = TY*(f)H(f - f.;TEC) + TY(f)H(f +£.;TEC)
17

and

/P /P

Fsqt:0)} = j\é_r Y*(H)H (f - f.;TEC) — j\é_r Y(HH (f +f.;TEC)
(18)

where

0 = [TEC,P,]" (19)

Finally, the complex envelope of the received signal can be

given by:

F{s(:0)}) =F{5,(1:0) +jso(1:0)} = /P.Y(OH(f — f;TEC)
= VP.(Y\() +jYo()H (f - f..TEC)

(20)
2 cos(2mf.t)
si(t; 0)
H() —>
) JLGGP(PH(fTEC)
% H() —>

-2 sin(2mf.t)
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In the next section, after discussing ionospheric propaga-
tion and defining the signal model we derive an estimator for
TEC and the receive power P, of the signal.

Maximum likelihood estimation of TEC
and received power based on binned data

We consider N observations of a random vector x which
has a multivariate Gaussian probability density function
(pdf) parameterized by the parameter vector 8, denoted by
p,(x[n];0). The realization of the random variable x at time
instant n is given by x[n]and n = 1, ..., N. The pdf is given

by:
1 x[n] — s[n:;013
o T Q1)

D, (x[n];0) =

where the discrete signal model witht = nT,and T, = 1 /2B
can be given by

xi[n] R2x1
xqln] <

x[n] = [

=s[n;0] + n[n] = [ 5[] ] [ mln]

sqln;01 ngln]

(22)
Here, x;[n] and Xq [n] are the inphase and quadrature com-
ponents of the received signal and n;[n] and ngln] are the
inphase and quadrature components of the additive noise
with variance 05. We assume that the noise is white Gauss-
ian and proper. The likelihood is given by:

L(x[n];0) = p,(x[n];0) (23)
For large data samples (N — oo) the log-likelihood func-
tion becomes difficult to compute since one has to sum
log(L(x[n];0)) for all observations N. In such cases instead of
recording all the observations we can build a histogram with
anumber of entries b = [bl yeens bM] "e Ng”“ in M bins with
m=1,...,M as outlined in Cowan (1998). The expectation
€(0) = [61(9), . €M(9)]T S Ngbd of the number of entries
b, can be given by:

=

xmin <x[n]<xmax
m = m

L(x[n];0) = N p,,(0) (24)

where xl';‘i“ and x7'® are the bin limits of the histogram and
P,,(0) is the probability of an entry in the m-th bin of the
histogram. We define vector inequality, as used above in

(24), of two vectors 0 = [01, ,oN] and p = [pl, ,pN]T
with o, p € RV as:

o<p if V¥ 0,<p (25)
o<p if V¥ 0,<p; (26)
o2p if Vi o 2p 27)

o>p if VY 0> p (28)
One can regard the histogram as a single measurement of
an M-dimensional random vector b with a realization b for
which the joint pdf is given by a multinomial distribution,
as shown in Cowan (1998),

0)\"” 0)\"
Pobie(®) = - 'N!b '<e1( )) <eM( )) 29)
1. eee M.

N N

Thus, the probability to be in bin m is expressed as the
expectation €,,(0) divided by the number of observations N.
The log-likelihood is given by:

1(6) = log (L(b:€(0))) = log (p, (b:e(6))) (30)

Dropping all terms that are not dependent on # we can write

M
() = arg max Z’l b, 10g (,(0)) 3D

In our case, this mathematical expression can be solved by
a grid-search in @ based on (14) using an appropriate model
for 51(1;0) and so(1;0) following (17) and (18) to derive
€,(0) = N p,,(0). On the other hand, based on the histogram
derived from the measurement data x[n] using the same bin
limits xﬁi" and x'** we can derive the number of entries for
each bin b,,,.

Additionally, the receive antenna gain of the used high-gain
antenna is G, ~ 50 dB and the beamwidth of the antenna is
so small that the signal of only one GNSS satellite is received
with a signal-to-noise-ratio (SNR) of approximately 25-30
dB. Thus, the histogram of x[n] with bin limits xﬁi“ and x™
resembles the so-called signal modulation constellation dia-
gram. Usually, the signal modulation constellation diagram
is depicted in a two-dimensional graph with x;[r] on the hori-
zontal axis and Xgln] on the vertical axis and a color scale
showing the absolute frequency of entries in the bins.

In the next section, we discuss the influence of iono-
spheric dispersion on broadband GNSS signals. Further-
more, we will show how to generate the expectation of the
number of entries €(0) in order to perform sTEC estimates
and corrections using the maximum likelihood estimator
based on binned data as given in (31). Afterwards, we will
assess the performance of the proposed estimator given in
(31) using the high gain antenna measurement data.

lonospheric dispersion affecting broadband
signals
Following the approach of Gao et al. (2007), we will now

apply the ionospheric dispersion to simulate complex sig-
nals in the frequency domain and investigate its impact on

@ Springer
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Normalized power (dB/Hz)

Frequency (MHz)

Fig.2 Power spectral density of the simulated L1, L5, and E5 signals

the signal shape in the time domain. In particular, we will
compare its influence on three different GNSS signals, GPS
L1, GPS L5 and Galileo E5, with a bandwidth ranging from
2 MHz to about 50 MHz in their main lobes as depicted in
Fig. 2. For the broadband signals, a significant focus is set
on the deformation of the signal modulation constellation
diagram, as defined in the previous section, which is not
usually accessible to the user, but detectable by high gain
antenna measurements with sufficient antenna gain.

For GPS L1 the simulation result at 80 TECU is shown
in Fig. 3. Note that for simplicity only the real part of the
signal is shown in the figure even though a complex signal
with P-code in the quadrature component was used in the
calculation. This is important since the orthogonality of the
C/A and the P-code signals is partially lost because of the
dispersive nature of the ionosphere.

Nevertheless, the overall effect is small in the case of
the narrow band L1 signal. The C/A chips depicted in the
top panel of Fig. 3 deviate from the ideal signal (gray line)
mainly because of the additional band limitation and a dif-
ference between the clean (orange) and ionosphere affected
(blue) signal is barely visible. In consequence, the correla-
tion function is merely shifted by the delay calculated for
the carrier frequency but otherwise virtually unaffected by
the ionosphere (see bottom panel of Fig. 3). It is important
to note that the correlation functions shown throughout this
article represent the absolute value of the cross-correlation
between the respective complex signal and the real part of
its ideal code replica. Hence, the observed power loss in the
correlation peak is minimal in this representation.

Turning to the GPS LS5 signal (Fig. 4), we keep the
QPSK modulation but increase the bandwidth by one order
of magnitude. At the same time, the absolute delay is more
significant, and the dispersion is more severe at the L5
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Fig.3 Simulated ionospheric effect of 80 TECU on the GPS L1 sig-
nal. The top plot shows the real part (C/A) of the signal before and
after traversing the ionosphere and the bottom plot the correspond-
ing correlation functions with an ideal signal. For better illustration,
the constant time delay at the carrier frequency has been removed in
the top plot. The dashed lines in the bottom plot mark the calculated
group delay at the carrier frequency

carrier frequency compared to L1. Still, the ionospheric
impact on the chip shape (blue line in top panel of Fig. 4)
is small. The slightly visible distortion compared to the
unperturbed signal (orange) mainly results from cross-talk
between in-phase and quadrature component caused by the
dispersive phase shift. The ripples visible in both signals
are a result of the further band limitation according to the
GPS specifications. Noteworthy, this limitation already
causes a deformation of the correlation function with the
ideal signal as illustrated in the middle panel of Fig. 4.
Apart from the constant delay, the ionospheric effect on
the correlation function appears to be negligible.

Influence of the ionosphere is clearly visible in the sig-
nal modulation constellation histogram. Ideally, the L5
constellation would consist of four distinct points marking
the corners of a square. Band limitation and sampling of
the unperturbed signal result in elongated constellation
features pointing in the direction of the diagonals of the
square (left bottom panel of Fig. 4). These features are
slightly tilted counterclockwise, away from the diagonals
by the ionosphere (right bottom panel of Fig. 4) an effect
that scales with the total electron content.
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Fig.4 Simulated ionospheric effect of 80 TECU on the GPS LS5 sig-
nal. The top plot shows the real part of the signal before and after
traversing the ionosphere and the middle plot the corresponding cor-
relation functions. The signal modulation constellation histograms
without and with ionospheric effect are shown in the bottom two
plots, respectively. For better illustration, the constant time delay at
the carrier frequency has been removed in the top plot. The dashed
lines in the middle plot mark the calculated group delay at the carrier
frequency

Finally, we investigate the Galileo ES signal (Fig. 5).
The bandwidth of its main lobes spans about 50 MHz, and
the major fraction of the signal power is far from the center
frequency due to the AItBOC modulation (see Fig. 2).

The signal is broadcast at a carrier frequency close to
GPS L5 and is band-limited to about 92 MHz, resulting in
an unperturbed signal represented by the orange curve in
the top panel of Fig. 5. Applying a simulated ionosphere of
80 TECU leads to a signal distortion which is now clearly
visible in the chip shape (blue). The overall influence on
the correlation function remains small: its symmetry is pre-
served, and the power loss at the peak maximum is less than
2% compared to the clean signal.

iono

input

0 0.1 0.2 0.3 0.4 0.5
Time (us)

Correlation

M

100 200 300 400
Delay (ns)

Quadrature
o
Quadrature

-1 0 1 -1 0 1
Inphase Inphase

Fig.5 Simulated ionospheric effect 80 TECU on the Galileo ES sig-
nal. The top plot shows the real part of the signal before and after
traversing the ionosphere and the middle plot the corresponding cor-
relation functions. The signal modulation constellation histograms
without and with ionospheric effect are shown in bottom two plots,
respectively. For better illustration, the constant time delay at the car-
rier frequency has been removed in the upper plot. The dashed lines
in the middle plot mark the calculated group delay at the carrier fre-
quency

Severe changes, however, are seen in the signal modula-
tion constellation histogram: band limitation and sampling
transform the ideal constellation, eight points equally spaced
on the unit circle, into elongated features connected by the
chip transitions in a star-shaped manner (left bottom panel of
Fig. 5). The dispersion of the ionosphere rotates the constel-
lation points and smears out the features resulting in a “spiral-
shaped” constellation diagram (right bottom panel of Fig. 5).
Clearly, for Galileo ES5, the constellation diagram is highly
susceptible to the ionospheric conditions, and the deformation
becomes more pronounced with increasing electron content as
illustrated in Fig. 6.
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Fig.6 Simulation of the influence of different electron content on the
Galileo ES signal modulation constellation diagram (histogram). All
graphs share a common color bar. Red indicates a high, blue a low
number of bin entries

Estimation of sTEC and broadband
ionospheric correction

From the simulation results of the previous section, two real-
world applications come to mind: first, instead of merely
accounting for a constant delay caused by a given TEC, a
receiver can also correct the ionospheric distortion (disper-
sion) easily by multiplying the complex conjugate of the
phase shift in (13) to the signal. Second, we propose that
the characteristic distortion of the signal modulation con-
stellation diagram is exploited to estimate the ionospheric
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Fig.7 Constellation histogram of Doppler corrected Galileo ES5
measurement data without (left) and with an ionospheric correction
of estimated 82 TECU applied (right)

TEC as described in (21)—(31), especially in the case of high
gain antenna measurements (Thoelert et al. 2013). Figure 7
illustrates the working principle of the maximum likelihood
TEC estimator as described in (31).

The left panel of Fig. 7 shows the constellation histo-
gram of a measured and Doppler corrected Galileo E5 sig-
nal. Clearly, its “buzz saw blade” shape resembles what was
observed in the simulation presented in the right bottom
panel of Fig. 5. Moreover, indeed, if the measured signal
is corrected with the dispersive ionospheric model at 82
TECU the signal power is shifted remarkably close to the
nominal constellations shown in the right part. We attribute
the remaining distortion to the satellite payload, the antenna
phase, and noise. Nevertheless, the striking improvement
of the signal shape is a reliable indicator that the TEC was
correctly estimated.

We have also analyzed a complete satellite path with data
acquisitions every 5 min and performed sTEC estimations
using each snapshot. Figure 8 shows the result of the TEC
estimation based on the Doppler corrected [-Q-samples and
based on the method described in this research. In compari-
son, the TEC values calculated based on a vTEC map, are
presented. For this processing, the simple thin-shell iono-
spheric layer model has been used to convert the vIEC map
information into sTEC values corresponding to the signal
propagation path.

Furthermore, a GNSS receiver (Septentrio PolaRx4TR)
was connected in parallel to the high-gain antenna dur-
ing the I-Q-sample recording. Dual-frequency GNSS
observables can be used to calculate the STEC values.
The challenge in this approach is the correction of the
additional biases based on the satellite payload and GNSS
receiver behavior. The first one can be compensated using
IGS MGEX products. Using the provided differential
code bias (DCB) of the observed satellite, a TEC map,
and measurement observables, one can calculate the DCB
of the used receiver. For this procedure, the discrepancy
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Fig.8 Slant TEC values are shown regarding a satellite path observed
from Weilheim ground station, Germany on November 26, 2015. The
blue stars represent the TEC estimates based on the 1Q data. The dark
green curve represents slant TEC values calculated by a vTEC map
and the use of the thin-shell ionospheric layer model. The yellow
curve shows TEC estimates based on receiver measurements recorded
at the same station. The dashed red curve represents the elevation of
the space vehicle according to the receiving station

Table 1 Mean and standard deviation of ionospheric TEC estimation
based on the I-Q-samples related to the TEC map and GNSS receiver
results, respectively

Ionospheric TEC estimates based ~ Mean difference Standard

on [-Q-samples compared to: (TECU) deviation
(TECU)

Dual frequency 2.4 1.6

TEC map 2.1 2.5

Frequency of occurrence

2 0 2 4 6 8
Difference [TECU]

between the TEC map information and the actual iono-
spheric conditions during the calibration has to be negligi-
ble. To achieve this, receiver observables at high elevation
during a night-time satellite pass were utilized, when the
vertical and slant TEC are nearly identical, and the abso-
lute influence of the ionosphere is minimal. Now one can
determine the STEC based on the GNSS dual-frequency
measurements. These results are also shown in Fig. 8.

The mean and standard deviation of the relation of
ionospheric TEC estimation based on the I-Q-samples
regarding the TEC map and the GNSS receiver results are
given in Table 1, respectively. The histogram of the residu-
als between the results of the I-Q-samples based method
and the TEC map as well as the GNSS receiver results are
shown in Fig. 9.

The residuals show good performance of our proposed
method in comparison to the other two common iono-
spheric TEC estimation methods, using TEC maps or a
GNSS receiver connected to the high gain antenna. A liter-
ature review provides an accuracy between 2 and 9 TECU
according to IGS TEC map products (Johnston et al. 2017)
and around 1 TECU (RMS) for very precise TEC map
products (Jakowski 2017). However, also note that TEC
map products can differ up to 12 TECU (Li et al. 2017).
For low TEC (low TECU), we can observe that the results
of the proposed method are by trend a bit higher compared
to the results of the other two methods. For higher TEC
(high TECU), the results seem to be slightly more stable
(see Fig. 8 for TEC higher than 20 TECU). The residual
distribution within the histograms shows a non-Gaussian
behavior.

25

Frequency of occurrence

-2 0 2 4 6 8 10
Difference [TECU]

Fig.9 Histogram of the residuals between IQ estimation results and GNSS receiver TEC estimation (left) and TEC map (right)
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Conclusion

Starting from a recapitulation of ionospheric dispersion
of radio signals, we have investigated its impact on three
different GNSS signals of different bandwidth and modula-
tion. While confirming previous reports (Gao et al. 2007;
Henkel et al. 2009), we have put a significant emphasis on
the deformation of the signal modulation constellation dia-
gram, which is not normally accessible for receivers. With
a particular focus on high gain antenna measurements, we
have proposed a new method to estimate the ionospheric
electron content directly from the single frequency signal.
We have demonstrated that the proposed method to esti-
mate slant TEC based on [-Q-samples from a high-gain
antenna performs at least as well as methods based on TEC
maps or using a calibrated GNSS receiver connected to
the high gain antenna (dual-frequency measurements). We
would like to point out that high-gain antenna measure-
ments are independent of code correlation. Additionally,
the received signal is de facto unaffected by multipath and
interference because of the narrow aperture angle (0.5°) of
the antenna. Our proposed method thus is inherently free
of these uncertainties that might otherwise be critical in
the case of conventional GNSS receiver measurements.
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