Do modern multi-frequency civil receivers
eliminate the ionospheric effect?
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GNSS community that the iono-

sphere is dispersive in the L-band,
meaning the refractive effects on the
carrier phases are proportional to the
wavelengths of the carriers, in turn
causing differential variation in the
measured codes and phases of the vari-
ous navigation signals transmitted by
the satellites. Use of multiple signals of
distinct center frequency transmitted
from the same GNSS satellite allows
direct observation and removal of the
great majority of the ionospheric delay,
and gives the impressionsto users that
the ionosphere may not be a problem
for modernized receivers. While the
general assumption of nearly perfect
correlation between the effects mea-
sured on multiple independent signals
is correct in normal conditions, it does
not appear to hold in the presence of
ionospheric scintillation.

I t is common knowledge in the

High and Low Latitude

Scintillation Effects

Scintillation refers to random fluctua-
tions in the received wave field strength
(“signal fading”), as well as phase and
group delay caused by the irregular
structure of the propagation medium.
Ionospheric scintillations are random
rapid variations in the intensity and
phase of the received signals resulting
from plasma density irregularities in
the ionosphere.

Many of the important contributors
to ionospheric scintillation are already
known, such as the variation of scintil-
lation activity with magnetic activity,
geographic location, local time, season,
and the 11-year solar cycle.

The most significant and frequent
scintillation activity including both
phase and amplitude variations is
observed in low latitude regions within

about 15° of the Earth’s magnetic equa-
tor, particularly in the hours after local
sunset. In high latitude regions scintilla-
tion is frequent but generally less severe
in terms of signal tracking disruptions
than that in the equatorial regions. The
high-latitude environment can be divid-
ed into two subregions, the polar caps
(regions around the magnetic poles) and
the auroral zones (approximately circu-
lar regions around the two geomagnetic
poles located at about 67° north and
south geographic latitudes, and about 3°
to 6° wide). Of these, the polar cap expe-
riences both amplitude as well as phase
scintillation activity, while mainly phase
scintillation is observed at high latitude
auroral regions.

In mid-latitude regions scintillation
is rarely observed, but during intense
ionospheric storm conditions phenom-
ena can extend into the mid-latitudes.

Figures 1 and 2 show examples of
ionospheric scintillation as observed
on the detrended signal intensity
(effectively power) and detrended
carrier phase measurements at 69.5°
latitude (Tromse, Norway) and 21°
latitude (Hanoi, Vietnam), respectively.
In the particular event shown in Figure
2 the depth of fades reaches 43 decibels
(dB) on L1CA which is severe by any
metric, and is a substantial qualita-
tive difference from the high-latitude
phase scintillation events where only
very weak fading activity is typically
observed. It should be noted that iono-
spheric activity is more dependent on
the geomagnetic latitude of the user
than the geographic latitude. While
it might be clear that Tromse station
is located in the auroral region, the
Hanoi station has somewhat lower
geomagnetic latitude than geographic
latitude and is in fact located within
the equatorial zone.
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GLONASS L1 and L2: SVID 59
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FIGURE 1 Detrended intensity and carrier phase measurements on
L1 and L2 frequencies, GLONASS SVID 59, Tromsg, (69.5° N), 14th of

November 2012.

Since ionospheric scintillation is
essentially a rapid variation in the
apparent ionosphere it is easy to assume
that the typical approaches applied for
removing ionospheric influence will be
effective during scintillation.

lonosphere-Free Combination

The advantage of multi-frequency GNSS
receivers in terms of handling the iono-
spheric error is that they can combine
carrier phase measurements at different
frequencies to cancel out the first order
effect due to ionospheric refraction. The
receiver does not typically measure the
ionospheric delay directly, but is using
the so-called ionosphere-free linear
combination of the observables. Consid-
er generalized versions of carrier phase
measurements on two frequencies, i and
j» expressed in meters:

CDLi =p + ){iNi - Ii (1)
b, =p+ 4N -

where p is the geometric range between
the satellite and the receiver; A, and

A, are the wavelengths, N, and N are
the integer ambiguity terms, I and
are the ionospheric propagation delay
errors. For simplicity, the receiver noise
and multipath errors are not included.
The expression for an arbitrary linear
combination of two carrier phase mea-
surements can be written as follows:
(For more on this topic, read the GNSS
Solutions column from January/Feb-
ruary 2009 at: http://insidegnss.com/
node/1122).

where o and f3 are constants. This
allows one to model a linear combina-
tion of phases in the same way as the
individual observables:

@y = p+ ANy —dijn ®)

In (3), Aij is the wavelengthsN, ;18 the
integer ambiguity term, and I is the
ionoespheric propagation delay error
for thelinear combination. In order
to remove the ionospheric error (7 =
0), but leave the geometric portion
unchanged and the resulting ambigu-
ity still an integer, the ionosphere-free
combination has been proposed:
fRo,, — froy,

fi 2 _ f] 2 ’
where f,and f are the carrier frequen-
cies expressed in hertz. The phase scin-
tillation is, however, caused by both
refractive and diffractive effects. The
diffractive effects cause rapid transi-
tions in the phase which do not scale
with the carrier wavelength resulting
in a residual error in the ionosphere-
free linear combination (4) of phase
measurements.

While this correction term is for
most purposes considered complete,
there are factors that can cause appar-
ent deviation between the two carriers
including multipath, receiver noise,
and un-modelled terms in (4). Correc-
tions produced using (4) will have a
residual error due to second and third

4
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L1CA, L2CM and L5Q, GPS PRN 6, Hanoi, (21°
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FIGURE2 Detrended intensity and carrier phase measurements on

N), 26th of March 2015.

order dispersion effects, which are con-
servatively bounded to 0-2 centimeters
and 0-2 millimeters at zenith respec-
tively, under an assumption of a 100
TECU (total electron content unit; 1
TECU K 168m at GPS L1) background
ionosphere. Since 100 TECU is a high
value for zenith ionosphere the value
of the higher order terms will often

be well below 2 centimeters instanta-
neously, and will vary by only a small
fraction of this amount over short time
periods.

Although some recent findings have
shown that magnitudes of 3 centime-
ters referenced to L1 are possible due to
the higher order terms, it has also been
shown that the variation rate is typi-
cally limited to the level of centimeters
per hour.

During phase scintillation events
it is possible that the multiple carriers
of a given satellite will (when scaled
for frequency as in Figure 3) track each
other within the margins of error
expected when accounting for thermal
and oscillator phase noise on each
channel. However, it is also possible
that near total de-correlation of the
phases will occur during phase scintil-
lation accompanied by fading events
as is depicted in Figure 4 where the
detrended scaled carrier phase observ-
ables from L1, L2 and L5 transmitted
by a block ITF GPS satellite visibly devi-
ate from one another. Even the closely-
spaced L2 and L5 carriers exhibit
substantial decorrelation, equivalent at
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Correlation of L1, L2, L5 carriers absent fading
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FIGURE3 Correlated phase variation observed on each of the three

civil signals transmitted by the Block II-F satellite PRN30/NORAD
39533 during phase scintillation observed from Hanoi.

times to a full L1 carrier cycle of nearly
20 centimeters, well outside of the level
which could be plausibly attributed to
higher order terms ignored by (4).

On close inspection, the data shown
in Figure 4 does not appear to contain
any stepwise transitions of a magni-
tude commensurate with a full or half
cycle slip on any of the carriers, mean-
ing that this decorrelation is unlikely to
be a signal tracking error. Unlike static
group delay errors, it is not possible'to
measure and estimate this error contri-
bution a priori. It is effectively an addi-
tional noise source present only during
scintillation. Since it will influence the
magnitude of the residual error in the
case of multi/dual frequency process-
ing it is interesting to analyze this

Tromsg, 14.11.2012: GLONASS SVID 59

phenomena and attempt to quantify
its expected magnitude by considering
the level of correlation between carriers
during a cross section of scintillation
events affecting modernized civil sig-
nals believed to be free of cycle slips.
To quantify the correlationlevel
between the scintillation effects on
GNSS frequencies, the phase cor-
relation coelX.cient can be calculated
for the observed scintillation events
according to the following relationship:

P =(5D16h2)/ (SPTNEPIN'2 ()
-1< p5¢ <1

where the terms ¢, and J¢, repre-

sent epoch to epoch changes in the

detrended phases. Figures 5 and 6 show
the results for the events observed at
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FIGURE4 During amplitude fading events, the variation of the indi-

vidual carriers becomes uncorrelated, (Hanoi, 8th April, 2015.).

69.5° latitude (Tromse, Norway) and
21° latitude (Hanoi, Vietnam). In Fig-
ure 6 the level of correlation versus the
intensity of the phase variation is plot-
ted for LICA vs. L2CM, and in contrast
to the high latitude example shown in
Figure 5, where increasing phase insta-
bility leads to an increasing level of
phase correlation between the two car-
riers, for the Hanoi data the outcome
is entirely different. Indeed, the phase
correlation between the two carriers
appears to be nearly non-existent on
average, as the distribution of correla-
tion measures is bifurcated with half
the distribution tending towards high-
er positive correlation levels, while the
other half of the sampled distribution
tends towards anti-correlated results.

Hanoi, 2.04.2015: GPS PRN 6

Phase Scintillaion Correlation: L1CA and L2CM
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FIGURE5 Phase correlation between GLONASS L1 and L2 frequencies
during high latitude phase scintillation event, based on 0.5 second

averaging intervals, GLONASS SVID 59, Tromsg, (69.5° N), 14th of
November 2012.
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FIGURE6 Phase correlation between GPS L1CA and L2CM during
low latitude phase and amplitude scintillation event, based on 0.5

second averaging intervals, GPS PRN 6, Hanoi, (210 N), 2nd of April
2015.
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FIGURE7 The averaged absolute ionosphere-free combination re-
sidual of the L1 and L2 phase measurements on multiple GLONASS

satellites during phase scintillation, Tromsg (69.5° N), 14th of
November 2012.
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FIGURE8 The averaged absolute ionosphere-free combination
residual of the L1CA and L2CM phase measurements on multiple
GPS satellites during phase and amplitude scintillation, Hanoi (21°
N) 26th of March 2015.
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FIGURE9 The averaged absolute ionosphere-free combination
residual of the L1CA and L5Q phase measurements on multiple GPS

satellites during phase and amplitude scintillation, Hanoi (21° N)
26th of March 2015.

lonosphere-free Residual

When scaled by their wavelengths, the
carrier phase measurements on differ-
ent GNSS frequencies appear to match
closely when the scintillation effect is
weak or moderate, but diverge from
one another when the scintillation
effect is strong regardless of whether
the dominant scintillation effect is on
the phase or amplitude of the signal. It
is believed that these divergences occur
when diffraction alters the phases by

a factor that is not proportional to the
wavelengths of their carriers leading
to a residual in the ionosphere-free
phase combination. An example of this
phenomena is the so-called “canonical
fade”, which may be the cause of the
decorrelation events presented here.
Figure 7 shows the average absolute L1/
L2 ionosphere-free combination resid-
ual from Tromse (69.5° N) observa-
tions, whereas results generated based

on the data from Hanoi (21° N) are
illustrated in Figures 8, 9 and 10.

Noting that the range of carrier
phase standard deviation considered in
Figures 8, 9 and 10 is smaller than that
considered in the high latitude plot,
it is clear that the level of ionosphere-
free residual present in the Hanoi data
increases much more rapidly with ris-
ing phase standard deviation than was
the case with the high latitude observa-
tions.

While it is not unexpected that
the L1/L5 combination residual is also
substantial, as indicated in Figure 9,
the more interesting observation is that
the L2C and L5 signals also have con-
siderable levels of decorrelation despite
their relatively small 51 megahertz of
spectral separation, compared to the
nearly 350 megahertz of spectral sepa-
ration between L1 and L2. In Figure
10, it is seen that for one of the tracked
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FIGURE 10 The averaged absolute ionosphere-free combination
residual of the L2CM and L5Q phase measurements on multiple GPS

satellites during phase and amplitude scintillation, Hanoi (21° N)
26th of March 2015.

satellites during this event, the level of
ionosphere-free residual in the L2CM/
L5Q combination seems to exceed one
meter even while the underlying data
shows no signs of cycle slips.

Conclusion
To summarize, it has been demon-
strated that ionospheric scintillation
phenomena tend to cause an additional
measurement residual in the nominal
ionosphere-free combinations that
greatly exceeds the expected value of
the neglected higher order terms and
may be a substantial or dominant nui-
sance term in some applications. While
the residual is present with both phase
and amplitude scintillation, and is
more pronounced with strong scintilla-
tion to a point, the relationship appears
stochastic and not deterministic.

It is tempting to assume that con-
cerns about ionospheric effects during
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all but deep amplitude fades would
disappear when users had switched
from semi-codeless multi-frequency
observables to the use of modernized
civil signals due to their much higher
tracking robustness. Instead, it seems
that even with the modernized signals
there is a measureable and occasion-
ally meter level sense in which the
ionosphere-free observables are not at
all free of ionospheric influence.

Additional Resources

For additional information about ionospheric
scintillation:

[1] Conker, RS., M.B. EI-Arini, CJ. Hegarty and T.
Hsiao (2003) “Modelling the effects of ionospheric
scintillation on GPS/Satellite-Based Augmenta-
tion System Availability’, Radio Science, vol.38,
no.l.

[2] Carrano, C. S, K. M. Groves, W. J. McNeil, and
P.H. Doherty (2013), Direct measurement of the
residual in the ionosphere-free linear combina-
tion during scintillation, Proceedings of the 2013
Institute of Navigation ION NTM meeting, San
Diego, CA, January 28-30, 2013.

For additional information on higher-order ionospheric
effects:

[31 Hoque, MM, and N. Jankowski (2007),
"Higher order ionospheric effects in precise GNSS
positioning,” Journal of Geodesy number 81, pp
259-268

[4] Liy, Z, Y. Li, J. Guo, and F. Li (2016) “InKuence of
higher-order ionospheric delay correction on GPS
precise orbit determination and precise position-
ing,’ Geodesy and Geodynamics, Volume 7, Issue 5,
September 2016, pp 369-376

For information about canonical fades:

[5] Liy, Z, Y. Li, J. Guo, and F. Li (2016) “InKuence of
higher-order ionospheric delay correction on GPS
precise orbit determination and precise position-
ing," Geodesy and Geodynamics, Volume 7, Issue 5,
September 2016, pp 369-376.
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mitigation, multiple logging sessions and more
all on low power of <2 W
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