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Abstract The L-band solar radio emission has recently
been regarded as a potential threat to stable GPS and
GLONASS performance. However, the threat has not been
completely investigated or assessed so far. We evaluate in
detail the occurrence of GPS/GLONASS signal tracking
failures under the direct exposure of wideband solar radio
emission. By means of theoretical analysis, we found that
the solar radio emission power level of 1,000 sfu (solar flux
units) or higher can cause GPS/GLONASS signal tracking
failures especially at L2 frequency. In order to prove this
evaluation, we investigated GPS/GLONASS signal tracking
failures at L1 and L2 frequencies during power solar flares
X6.5 (December 6, 2006) and X3.4 (December 13, 2006).
Comparing these events with weaker solar flare X17.2 on
October 28, 2003, we found that L2 signal tracking failures
appeared when the solar radio emission power exceeds
1,000 sfu. Therefore, our theoretical and experimental
results confirm the earlier results by other authors.
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Introduction

Until recently, the L-band solar radio emission was not
considered as a potential threat to the stable performance of
satellite radio-navigation systems such as GPS and
GLONASS (Chen et al. 2005; Jin et al. 2008). Power
threshold of the solar radio emission at the level of
40.000 sfu (solar flux units), which still provided steady
performance of GPS, was found by Klobuchar et al. (1999).
However, only several solar radio bursts with the power
level higher than 40.000 sfu have been observed over the
last 40 years (Cerruti et al. 2006; Chen et al. 2005).

According to Carrano et al. (2007), the signal-to-noise
ratio decreases by 10-30 dB depending on the angular
position of the sun relative to the directional pattern of
receiver antenna under the direct influence of the solar radio
emission. It causes failure in signal tracking of many visible
navigation satellites on the earth’s dayside for up to 1 h.

Detailed investigation of solar radio emission interfer-
ence on the GPS equipment performance indicated that the
unsafe threshold of the solar radio emission power should
be reduced to 4.000-12.000 sfu. A specific value of this
threshold should be determined according to the type of
signal tracking algorithms which are utilized in GPS/
GLONASS user equipment.

As it was proven by Afraimovich et al. (2008) and
Cerruti et al. (2006), many short-term failures in measure-
ments of radio-navigation parameters were observed in GPS
and GPS/GLONASS receivers all over the world during
strong solar radio bursts on December 6 and 13, 2006. Some
failures in measurements of radio-navigation parameters
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were recorded even when the solar radio flux power was as
much as 3 x 10% sfu (Afraimovich et al. 2008).

Nevertheless, a detailed analysis of separate solar radio
bursts impact on the GPS/GLONASS user navigation
equipment is required in order to estimate an extent of
deterioration of the positioning systems on a global scale.
Especially, maximum allowable power of the solar radio
emission, which provides satisfactory signal-to-noise ratio
at the navigation receiver input, is very important. Such
research would allow us to reestimate GPS and GLONASS
noise immunity and make necessary improvements into
navigation receivers development according to the known
impact of the solar radio emission. The aim of this research
is to evaluate the unsafe threshold of solar radio emission
power for GPS/GLONASS receivers on a basis of theo-
retical and experimental comparative analysis in the
potential noise immunity of GLONASS CT(BT) and GPS
CA (P(Y)) dual—frequency receivers.

The solar radio emission power at the GPS/GLONASS
receiver antenna output

The steady operation of a GPS/GLONASS receiver under
the influence of intensive radio interference depends on the
characteristics of radiofrequency (RF) chain of navigation
receiver within which the main filtering and amplification
of satellite signals take place. The exact measurement of
solar radio emission power, which affects the radiofre-
quency chain input, is therefore very important. This
measurement is necessary to design optimal algorithms for
primary processing and filtering of radio-navigation
parameters in the processor of navigation receiver.

Computing of solar radio emission power at the radio-
frequency path input should begin with consideration of the
receiver antenna directional pattern. The antenna directive
gain (AD) is defined as ratio between the power specified
for a real antenna P(f, f) and the power specified for
a reference isotropic antenna (Py), provided that signal
powers at the observation point are equal.

D(0, p) = P(0, B)/Po (1)

The symbols 0 and f are the angles of receiving signal in
the azimuth and elevation.

First, we should set the characteristics of directional
properties of a real receiving antenna. The characteristics
we utilized—are that the receiving antenna power gain
G(p) relative to the ideal isotropic antenna (Table 1, col-
umn 2) and the antenna directive gain—D(6, ) (Table 1,
column 3)—were computed as follows

G(p) = 10-1g(D(0, ) (2)
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Table 1 Directive characteristics of a navigation receiver antenna
(Kaplan 1996)

G(p) in (dB) D(0, p) = P(0, p)/Po

Elevation angle of
signal reception, f3°

0<p<5 -75<GpB) <-5 0.1775 < D, p)
<0316

5<p<15 —45 < G(f) 0.354 < D(0, p)

p>15 -2 < G(p) 0.63 < D(0, p)

Table 2 Antenna effective area
i Ae(B) in (m?)
A =0.190 in (m) (L1)

J = 0.244 in (m) (L2)

0°<f<5° 5.009 x 107% < AJ(f)  8.409 x 107* < A(p)
<9.077 x 107 < 1.497 x 1073

5° < f<15° 1.01 x 1073 < A(B) 1.677 x 1072 < AJ(p)

B> 15° 1.809 x 1072 < AJ(f)  2.984 x 107> < A(p)

Another property of the receiving antenna to be con-
sidered for performing calculations is the antenna effective
area. AD values are related to the antenna effective area by

D(0,p) = 4n-Ac(B)/ 7 (3)

”

where £ is the received signal wavelength and A, is the
antenna effective area.

Equation (3) implies that the real receiving antenna has
AD in the azimuthal plane equal to that of the standard
isotropic antenna, i.e. the value D(0, f§) does not depend on
the azimuth of the received signal 6. Its elevation angle
dependence f§ has already taken into account in Table 1.

Thus, we can calculate the magnitudes of effective area
of the real receiver antenna at two operating frequencies of
GPS/GLONASS and different elevation angles. Table 2
contains calculation results for GPS operating frequencies.
In our further consideration, we assume that the A, values
for GLONASS receivers are close to GPS ones.

After determining the main characteristics of the
receiving antenna, we can compute the power of the solar
radio emission at the receiving antenna output. In order to
do this, specifications and assumption are as follows:

a. Solar radio emission flux with the power of 1 sfu is
equal to the power spectral density corresponding to
the interval of 1 Hz of this flux power spectrum
passing through the area of 1 m?, i.e., 1 sfu = 107
W m~2 Hz™' (Chen et al. 2005).

b. Radio emission of the solar flare relative to an actual
satellite signal is considered as the white Gaussian
noise. Generally, the noise power P, within the given
frequency band from F; to F, is obtained from the
noise spectrum S(f) as follows
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F

P, = / S(F)df 4)

Fy

As the solar radio emission intensity —N, in the
frequency band AF,, of the satellite signal is constant
throughout the band, the radio emission power of a
solar flare within the frequency bands of GPS and
GLONASS signals can be computed in the similar
way, as follows

P, = AF, - Ny (5)

c. The solar radio noise has the right-hand elliptical
polarization and undergoes attenuation proportional to
the polarization mismatch factor of 3.4 dB (at the
frequency L1) and 4.4 dB (at the frequency L2) when
passing through the antenna (ICD-GPS-200c 1993);

d. When passing through the atmosphere, the solar radio
emission in the GPS (GLONASS) frequency band
undergoes the maximum attenuation of —2 dB (ICD-
GLONASS 2002; ICD-GPS-200c 1993);

Thus, the power of the solar radio noise P,, at the receiving
antenna output—without considering polarization loss and
attenuation in the atmosphere—can be defined as:

P, cpsGLN) = AF, gps(GLN) - k- No - Ac(f) (6)

where £ is the rate of the solar radio emission flux in terms
of sfu and Ny = 1002 Wm 2 Hz .

The value of the solar radio emission power also depends
on the sun zenith angle. In Eq. (6), this dependence is
expressed in implicit form in terms of A.(f}) calculated from
the angle of signal reception (Table 2).

Since it is more convenient to use power units (dBW)
for further analysis, the solar radio noise power at the
receiving antenna output may be converted to these units as

L, gps(cLN) = 10 - 1g(P,6ps(GLN)) (7)

If we take into account the polarization loss and attenuation
in the atmosphere at the frequencies L1 and L2 (ICD-GPS-
200c 1993), we get L, gpscLn) = 10 - 1g(P, gpsiainy) — 2 —
3.4 and L, gps(cin) = 10 -1g(P, gps(aLn)) — 2 — 4.4, at the
frequencies L1 and L2, respectively.

Finally, we can compute the solar radio noise power at the
receiving antenna output for solar elevation angles >15° at
the central solar radio emission frequency f = 1,415 MHz
(we assumed 4 = 0.212 m, A, = 2.253 x 1073 m2, polari-
zation loss = —3.4 dB) in Table 3.

The front-end passband of the GPS receiver radio path
(AFgps) is 3 MHz (Kaplan 1996), while the passband of
the GLONASS receiver for the channel of each separate
satellite is only 0.5 MHz (AFgn) (Perov and Kharisov
2005). Hence, power of solar radio emission should be

considered only in these narrow frequency bands for GPS
and GLONASS correspondently (Table 3).

Here, we should provide some special explanation about
the front-end passband of the GPS and GLONASS radio-
frequency chain. Generally speaking, the front-end band
width should be twice of the chipping rate (1.023 MHz for
GPS and 0.511 MHz for GLONASS). However, depending
on the navigation receiver specification, the bandwidth can
be set significantly larger or lower. Moreover, we should
take into account that a navigation receiver utilizes the
same RF chain in order to process CA and P(Y) code
signals concurrently at the same current frequency
(1.5 GHz for GPS and 1.6 GHz for GLONASS). Hence,
we can not set RF front-end band width too narrow because
it can cause severe phase distortion of the P(Y) or BT
signal. On the other hand, we should keep the bandwidth
narrow enough for effective suppressing of external radio
noise including the solar radio emission. The specific
choice depends on the developer of the GPS/GLONASS
receiver specification, while it is unknown for us exactly.
In order to evaluate the effect of solar radio emission on
navigation receivers, we used some averaged values of the
RF front-end bandwidth (Table 3).

Generally, it is known that GLONASS utilizes FDMA
technology to separate the signals of particular GLONASS
satellites. It requires to set narrower RF front-end band-
width in comparing to the GPS one. The main expected
consequence is lower integral solar radio noise power at the
AD converter input of the navigation receiver.

A comparative plot between powers of GPS and
GLONASS received signals and the solar radio emission
Psry at the output of receiving antenna can be made on the
basis of above-mentioned reasons. Figure la gives the
ratio of powers of the solar radio emission flux and GPS
signal components, and Fig. 1b illustrates the case for
GLONASS.

The horizontal lines in Fig. 1a indicate levels of mini-
mum (red lines) and maximum (black lines) power of GPS
signal components at the receiving antenna output (ICD-
GPS-200c 1993). The power levels for the components of
coarse acquisition code—CA (P(CA)) and encrypted P(Y)-
code (P(P(Y))) at the L1 frequency, and for the P(Y)
component at the L2 frequency are presented by dotted
lines, dots and solid lines, respectively. The slant line
shows power values of the solar radio emission flux Pggy.
Figure 1b has the same notations for the components of the
standard precision code (CT) and high-precision code (BT)
of GLONASS signals at frequencies L1 and L2 (ICD-
GLONASS 2002). As power values of some components
are close, these lines partially mix in the diagram. The
power values of the solar radio emission flux in terms of
sfu are plotted along the horizontal axis with the logarith-
mic scale.
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Table 3 Rate of the solar radio emission flux

L, (dBW) Rate of the solar radio emission flux (k), sfu
1 10° 10° 10* 10° 10°
L, cps (ABW) (AFgps = 3 MHz) —187.1 —167.1 —157.1 —147.1 —137.1 —127.1
L, gL~ (dBW) (AFg N = 0.5 MHz) —194.8 —174.8 —164.8 —154.8 —144.8 —134.8
Fig. 1 Power level of the solar (a) P(CA), P(P(Y)),P., [dBw] (b) P(CT), P(BT), Py, [dBw]
radio emission at the receiving
antenna output - GPS - " GLONASS
140 = -140 =
150 omfm L o ks — e L e’ L . b . e e L 160 = /./
SFU
=180 = SFU -180 =
100 1000 10000 100000 1000000 100 1000 10000 100000 1000000

It is obvious from Fig. 1 that for a solar radio noise
within 10°-10*, the power of the solar radio noise is
compared with power of the satellite signal at the receiving
antenna output and exceeds it. When the solar radio
emission flux is 10° sfu, the level of the solar radio noise
exceeds the signal by 26-39 dB at the GPS receiving
antenna output and by 20-32 dB at the GLONASS
receiving antenna output.

Unsafe threshold of the solar radio emission power
for GPS and GLONASS

Based on the above-mentioned estimates, we can determine
the unsafe threshold of solar radio noises at which the
signal-to-noise ratio at the receiving antenna output is
insufficient for stable tracking of satellite signals.

First, we should take into account the fact that a sig-
nificant gain in the signal-to-noise ratio is observed due to
the use of correlation processing of the received signals if
the structure of the pseudonoise ranging code is known at
the receiving site. This gain (in terms of dBW) can be
calculated as follows (Kaplan 1996)

Fprn
2'AFPD) (8)

where Fpry is the frequency of elementary pulse in pseudo-
random sequences of ranging code: Fpry = 1.023 x
10° MHz for the CA code and 10.23 x 10° MHz for the P(Y)
code of GPS, or 0.511 x 10° MHz for the CT code and

SNeor = 10~lg(
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5.11 x 10° MHz for the BT code of GLONASS, respec-
tively; AFpp is the predetector passband that is found from the
lowest modulation frequency of the satellite signal by the
service information data (50 Hz) (Kaplan 1996; Perov and
Kharisov 2005).

Since the CA (CT) code structure is always known, it is
obvious that GPS and GLONASS maximum noise immu-
nity under the influence of a powerful solar radio emission
takes place for the CA (CT) code at the main operating
frequency L1.

On the other hand, L2 GPS signal is only modulated by
the encrypted code. “Semicodeless” or “codeless” pro-
cessing algorithms are widely used in dual-frequency
receivers in order to extract the P(Y) or BT-code signal
components at the L2 GPS (GLONASS) frequency. Usage
of these algorithms with no sufficient data on the P(Y) or
BT-code structure reduces the stability of signal tracking at
the L2 frequency under the influence of external radio
emission (Skone and de Jong 2001). Significant fading of
the signal-to-noise ratio while the encrypted signal is
extracting and tracking at the L2 frequency may take place
depending on the type of correlation processing algorithm.
The level of these losses in the signal-to-noise ratio ASN,,
is within 14-17 dB (if “semicodeless” algorithms are uti-
lized) and 27-30 dB (with the use of “codeless” algo-
rithms) (Chen et al. 2005).

Access to the BT signal component of GLONASS and
to the P(Y) code in the GPS system is not for common use,
and in our examination, we suppose that the correlation
losses of BT signal tracking at L2 GLONASS frequency
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are equal to ones of GPS. It is known that integration time
periods in phase and code tracking loops of GPS (GLONASS)
receivers inside the “integrate and dump” module are
approximately the same: 1 ms—in the phase tracking loop
and 20 ms—in the code tracking loop. The origin of the
distortion of the correlation integral under “semicodeless” or
“codeless” processing technique for both GPS and GLON-
SASS is the same. Hence, we suppose that correlation losses
ASN,,,, should also be approximately the same.

When the satellite signal is locked, the coherent tracking
of the carrier frequency phase and code delay of the signal
starts. The noise immunity of a navigation receiver is
defined by the noise immunity level of the phase lock loop
(PLL) of the receiver (Kaplan 1996). That is why the
unsafe threshold of solar radio emission causing the
satellite signal tracking loss should be determined from
the level of minimum acceptable signal-to-noise ratio that
provides stable performance of the PLL.

The discrimination characteristics of the phase dis-
criminator has a limited linear section; therefore, severe
requirements are imposed on the maximal acceptable car-
rier phase filtering error ¢, m.. If the error level is
exceeded, phase filtration is divergent and the signal
tracking loss is observed. Magnitude of filtering error o, of
the carrier phase depends on many factors such as receiver
thermal noises, short-term instability of reference generator
frequency and phase fluctuation, caused by dynamic impact
on the navigation satellite. With all the above consider-
ation, we can determine filtering error magnitude of the
carrier phase as follows (Kaplan 1996),

0y = \/O'ZT‘FO'%:"'%SO'd),maX (9)

where o7, o and gg are root-mean-square (rms) errors of
the carrier phase filtration (in degrees) caused by thermal
noises, short-term instability of the reference generator
frequency and dynamic stress of the receiver, respectively.

The magnitudes of separate components of Eq. (9) can
be calculated from the following formulae (Kaplan 1996),

(10)

o 360 AF})LL . |:1 + 1

2.7 cny 2TCOR - Chy,

where AFpy; is the noise bandwidth of PLL, cng is the
signal-to-noise ratio at the receiver input, expressed by the
power ratio determined on the basis of the receiver
sensitivity, and Tcog is the predetection integration time.
The rms error for the short-term instability of reference
generator frequency is
or(1) - F,

oF =160 05

(11)

where F_ is the satellite signal carrier frequency. The rms
error for the dynamic stress of the receiver is

dRr?/ds

=0.4828 -
s (AFpir)’

(12)

where dR’/dr’ is the maximum dynamic stress of the receiver
along the “satellite-receiver” line of sight. Expressions (11)
and (12) are written for the third-order loop filter which is
typically used for signal phase tracking in navigation
receivers.

From Egs. (9)-(12), we can find an expression that
defines the minimal allowable signal-to-noise ratio at the
receiver input (CNy,—in terms of dBW) for the maximum
allowable value of the phase filtering error (6, max—in
terms of degrees) as follows,

2B
TcorAFpLL

oA as 2 2
B = (ﬁ) . |:(G¢’max — ?> —0p
Next, we can determine an equivalent signal-to-noise

ratio at the receiver input under the influence of solar radio
emission utilizing the following equation (Kaplan 1996),

100.1]5 :|
r- Q- Fern

CNypy = —10-1g |:TCOR 1+ - TCOR:|

(13)

CNeg = —10- lg[lO_O‘ICNO T (14)
where CNy = 10 - 1g(Ppin) is the signal-to-noise ratio in
terms of dBW at the receiver input, determined for the
minimum power of the received signal, Q is the parameter
of the spectral distribution of the external radio emission
relative to the desired signal spectrum (Q = 1 for a nar-
row-band interference and Q = 2 for a wide-band Gauss-
ian interference), JS is the relationship between the
jamming solar radio emission power and the satellite signal
power (dBW), and r is the coefficient considering distor-
tion of the correlation integral when using “semicodeless”
or “codeless” technique for encrypted P(Y) or BT-code
signal extracting.
The coefficient r can be calculated as follows:

2AF _
4 — 2AFep 1 00.1(SNeor—ASNeor)
Fern

(15)

Here, the gain in the signal-to-noise ratio due to the cor-
relation processing SN, can be determined from Eq. (8),
while the value of the correlation processing losses ASN,,
is defined as difference between signal-to-noise ratio of
ideal and real correlation receivers. The approximate
ASN,,, values were given above for “semi-codeless” and
“codeless” correlation techniques (Chen et al. 2005).

It is interesting to know how solar flux irradiation in
units of sfu is related to the “ambient noise floor” of the
GPS/GLONASS receiver. It would allow us to assess how
many “extra sfus” are required to get a certain signal-to-
noise ratio decrease with noise figures of the given radio
frequency chain. In order to achieve this goal, we need to
determine the value of the unjammed signal-to-noise ratio
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Table 4 The characteristics of

. . Characteristics
the navigation receiver

Parameter value

performance

Maximal line-of-sight jerk dynamics

Predetection integration time (Kaplan 1996)

Front-end passband of GPS receiver (Kaplan 1996)

Front-end passband of GLONASS receiver (for each satellite)

(Perov and Kharisov 2005)

Correlation losses for “semicodeless” correlation techniques (Chen et al. 2005)
Correlation losses for “codeless” correlation techniques (Chen et al. 2005)
Maximum value of the phase filtering error (Kaplan 1996)

Receiver thermal noise power under T = 290 K° (Kaplan 1996)

Noise bandwidth of the third-order phase lock loop (Kaplan 1996)
Allan deviation oscillator phase noise (Kaplan 1996)

AFp ;. = 18 Hz
op(r) = 10710
drR/dP = 0 m¥ss®
Tcor = 20 ms
AFgps = 3 MHz
AFgin = 0.5 MHz

ASN,., = 17 dB
ASN,., = 27 dB
Opmax = 15°

N = —204 dBW

CNy in terms of dBW taking into account all the total
ambient noise figure sources as follows (Kaplan 1996),

CNo = Pyin + G(B) — 10 - 1g(m - To) = Ny — L (16)

where P, is the minimal received signal power in dBW,
determined according to the Interface Control Documents
of GPS or GLONASS, G(f) is the receiving antenna power
gain (Table 1), the term 10-1g(m-Ty) is the ambient
thermal noise density at the temperature of T, (K),
m=138 x 1073 (W s/K) is the Bolzman’s constant, Ny
is the noise figure of receiver that includes antenna and
cable losses in units of dB, and L denotes the implemen-
tation losses, including AD converter loss in dB.

Finally, we can determine the unsafe threshold of solar
radio emission power, which could cause GPS and
GLONASS navigation satellite signals tracking loss under
the given characteristics of the navigation receiver per-
formance. Table 4 presents standard conditions of the GPS
and GLONASS receiver performance with estimated
threshold signal-to-noise ratio.

The maximum allowable phase filtering error value
0 max = 15° is determined with Monte Carlo simulation
of GPS receiver phase lock loop performance under the
combined dynamic and signal-to-noise ratio conditions
(Kaplan 1996). Considering the characteristics in Table 4
and using the Eq. (13), we have determined the minimum
allowable signal-to-noise ratio at the receiver input, CNy,,
for frequencies L1 and L2 of GPS and GLONASS. In the
case under consideration, the CNy, values of GPS and
GLONASS turned out to be very close to each other: 24.59
and 24.56 dB for L1 and L2, respectively.

The values of unjammed CN, ratio were computed with
the Eq. (16), taking in account that T, = 290 K,
Ny =4 dB, L =2 dB (Kaplan 1996) and G(f}) = —2 dB
(p > 15°, Table 1). Corresponding values of equivalent
signal-to-noise ratio at the receiver input, CN.q under the
direct influence of solar radio emission, are calculated
using data of solar radio emission power (Table 3), which
are transformed into a jam-to-noise ratio in terms of dBW
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(JS in the Eq. 14). Figure 2 presents results of these cal-
culations for L1 and L2 signals of GPS and GLONASS.
The horizontal solid lines in all figures show the minimum
allowable signal-to-noise ratio at the receiver input CNy,,
and the horizontal dotted and dash-dotted lines stand for
unjammed CN, values for CA (CT) code (pink lines),
P(Y) or the BT code at frequency L1 (blue lines) and for
P(Y) or the BT code at frequency L2 (black lines),
respectively. The other curves show the CNq values for the
CA (CT) code (pink curves), P(Y) or the BT code at fre-
quency L1 (blue dotted curves) and P(Y) of the BT code at
frequency L2 (black dash-dotted curves).

Three cases were considered: (1) the ranging code on the
receiving side is well known, and there are no correlation
losses (Fig. 2a, b); (2) “semicodeless” (Fig. 2c, d) and (3)
“codeless” processing (Fig. 2e, f) for signal extraction
with using unknown code.

From Fig. 2, we can conclude that the signal of C/A
(CT) code at L1 frequency turned out to be the most
resistant to the influence of the solar radio emission. The
equivalent signal-to-noise ratio for the CT signal (GLON-
ASS) in the case under consideration is higher than the
CNy,, critical level, even under the influence of the solar
radio emission flux of 10° sfu (Fig. 2a, b). At the same
time, the CN.q value for the C/A signal (GPS) reduces
more noticeably and can drop below CNy,, level when solar
radio noise power is just about 10° sfu (Fig. 2a). Thus, we
can expect the failure in the C/A signal tracking when the
power level of solar radio noises is ~10° sfu. In our
opinion, this conclusion can be explained with the idea that
the front-end passband of the GPS receiver radio chain is
wider than that one of GLONASS receiver particular
satellite radio channels. Hence, integral power of the solar
radio noise which penetrates into a GPS receiver is higher
in comparison with the GLONASS one.

When high-precision ranging codes (P(Y) and BT) on the
receiving side are known, stable tracking of these signal
components in GPS and GLONASS receivers is provided
with a high quality even under the influence of solar radio
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noises of more than 10° sfu (Fig. 2a, b). However, signal
tracking of these components can fail when the power level of
solar radio emission is more than 38.000 sfu (the P(Y) com-
ponent at frequency L2, Fig. 2c) when the “semi-codeless”
correlation processing is used. Since the power of P(Y) and
BT signal components at frequency L1 is considerably higher,
the tracking of these components may fail when the rate of the
solar radio emission flux is more than 100.000 sfu (Fig. 2c, d).

The situation is the worst when the “codeless” pro-
cessing of encrypted signals is utilized (Fig. 2e, f). One can
see that the P(Y) signal tracking fails when the solar radio
noise powers are about 4,000 and 10.000 sfu at frequencies
L2 and L1, respectively. The corresponding power levels

Fig. 2 An equivalent signal-to-

of the solar radio emission flux that can cause the failure of
the BT (GLONASS) signal tracking at frequencies L1 and
L2 are 10.000 and 13.500 SFU, respectively.

Note that these estimations have been obtained for rel-
atively favorable initial conditions, assuming relatively
good Allan deviation factor and no dynamic stress or
vibrations. We have also ignored effects of amplitude and
phase ionospheric scintillations, which may cause signifi-
cant fading of signal amplitude at the receiver antenna
output. The multipath-propagation effect of signals in the
reception point has also been ignored. Nevertheless, we
have obviously proven the negative effect of powerful solar
radio emission on the GPS and GLONASS performance.
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Experimental statistics of GPS phase slips and counts
omission during powerful solar flares

We use GLOBDET software developed at the ISTP SB RAS
to process GPS data from the global network of dual-fre-
quency receivers (Afraimovich 2000). Our database of GPS
RINEX (Receiver Independent Exchange Format) files con-
sists of data from over 1,500 GPS sites (http://sopac.
ucsd.edu/other/services.html). For December 6, 2006, we
used RINEX files from the CORS network (262 sites at
ftp://www.ngs.noaa.gov/cors/rinex/). We also employ data
from the Japanese GPS network GEONET (about 1,225
stations) for December 13, 2006.

Figure 3 shows the experimental geometry of GPS
measurements during the solar flare on December 6 and 13,
2006. The GPS sites are marked by dots. The names of the
sites are not given due to the space limitation. Stars indi-
cate the location of sunlit points for the solar flare on
December 6 and 13, 2006.

We calculate the 30 s series of the L1-L2 phase dif-
ference on two GPS frequencies fl and f2 along lines of
sight (LOS) of “receiver-satellite” to confirm a slip in
measurements of the L1-L2 phase difference (Afraimovich
et al. 2002a). These data for each GPS satellite are then
averaged over a period of d7 = 5 min at all chosen sites. It
allows us to calculate the average observation density
M(t) and slip density S(¢) for all n LOS. Further, we cal-
culate the average relative density of slips P(f) = S(t)/
M(t) by percentage and determine the maximal value P,,x
by percentage. If the next count in a RINEX file is absent,
the number of slips is equated to that of expected obser-
vations, so the density of slips becomes equal to 100%.

Failures in L1-L2 make precision positioning in the
dual-frequency mode impossible. The positioning is gen-
erally impossible if the signal at both GPS operating
frequencies is not received at all. In order to estimate a
probability of such failures for all LOS, we define a number
of counts omission N(f) for each 30-s observation epoch.
Considering M(#) as an expected observation density within

Sunlit points on 13.12.2008,

Sunlit point on 6.12.2008,
: 03:30 and 02:30 UT

Latitude

-180 -120 -60 0 60 120 180
Longitude

Fig. 3 GPS measurement geometry during the solar flares on

December 6 and 13, 2006. The GPS sites are marked by dots.
Asterisks show the location of sunlit points for the solar flares
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the current 30-s epoch, we define counts omission density
as W(t) = N(t)/M(t). We also determine the corresponding
maximum value W... The 30-s time resolution of the
W(t) rows allows us to conduct a detailed analysis of time
behavior of W(¢) values under the solar radio emission flux
variations.

In order to compare GPS and GLONASS noise immu-
nity, we compute the relative slip density Q(¢) in percent of
the main signal parameters: L1, L2 (signal carrier phase),
and C1, P1, P2 (C/A (CT) and P(Y)(BT) code delay) at f1
and f2 GPS and GLONASS frequencies. A measurement
slip we considered as an event when the current 30-s count
of corresponding GPS parameters equals to zero or this
count was absent in the RINEX file.

Unfortunately, there were much fewer combined GPS/
GLONASS data set since there were only 44 combined
GPS/GLONASS sites available. Using these data, we were
able to investigate GPS measurement slips in more details.
We utilized the combined GPS/GLONASS data set to
conduct the comparative analysis of GPS and GLONASS
noise immunity under the direct solar radio emission
interference.

The combined GPS/GLONASS data set was processed
with a particular method. The essence of this method is to
compute the sum of L1, L2, P1, P2 and C1 measurement
slips separately for each parameter of GPS and GLONASS.
This calculation is conducted for each current 30-s obser-
vation epoch for all GPS/GLONASS sites. The event when
every of L1, L2, P1, P2 or C1 values is absent or equals to
zero is considered as a measurement slip of this parameter.
Whenever L1, L2, P1, P2 and C1 measurements are absent
simultaneously at the same observation epoch, we suppose
this event has also a measurement slip. An averaged slip
density Q(f) value was computed next for each of these
parameters at the each 30-s epoch.

The data set of 44 GPS/GLONASS sites relating to solar
radio bursts on December 6 and 13, 2006, was processed.
Due to uneven distribution of GPS/GLONASS sites on the
earth surface, there were only 4 and 7 sites available within
the sunlit side of the earth on December 6 and 13,
respectively.

GPS phase slips and counts omission as a result of solar
radio bursts on December 6, 2006

According to the data from the Owens Valley Solar Array
(OVSA), the power of solar radio emission on December 6,
2006, in the GPS frequency band exceeded 10° sfu. The
background emission level is about ~ 10-10* sfu. Figure 4e
shows the RHCP radio emission spectrum at 1.2-2.0 GHz,
registered at the Solar Radio Spectrograph OVSA. The
planetary index of geomagnetic activity was Kp ~ 4.


http://sopac.ucsd.edu/other/services.html
http://sopac.ucsd.edu/other/services.html
ftp://www.ngs.noaa.gov/cors/rinex/
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Figure 4a presents the P(f) time dependences on the
earth sunlit side (200-300° E; —80 + 80° N). These
P() data were derived from n = 12,793 LOS observations
for all observable GPS satellites which were recognized
with their pseudo random noise (PRN) code numbers at the
elevation angles ® > 10° during the observation time from
18:00 to 20:00 UT (heavy black line). Figure 4a shows
significant increasing of the P(f) within 19:30-19:40 UT
above the background level of slips, which usually does not
exceed Ppa.x ~ 0.2-0.3% for such weakly disturbed ion-
osphere (Afraimovich et al. 2002b). Sharp increasing of
P(t) values corresponded to an abrupt increasing of the
solar radio emission flux at the very period of time.

The maximum relative density value of slips Ppa.x =
68.5% exceeded the background one in about ~50 cases.

At the same time, the average density P(f) on the earth
night side for ® > 10° and n = 3,521 LOS did not exceed
the background one. Unfortunately, the time resolution of
P(t) dependence, dT" = 5 min appeared to be insufficient to
display the fine time structures of the radio emission flux
(Fig. 4e), obtained with the resolution lower than 1 s.
Nevertheless, the concurrence in the form of envelopes
of the phase slip distribution and solar radio flux is obvious.
One can see that the W(r) values were observed from 19:15
to 19:45 UT for several PRN satellite numbers (Fig. 4c). It
is evident that maximum values W,,,, can reach 82 and
69% (PRN12, n = 50 GPS sites; and PRN24, n = 299
GPS sites). It can be seen from Fig. 4b that the sharp
increase in phase slips and number of counts omission is
totally consistent with the moments of the most powerful

Fig. 4 GPS L1-L2 phase slips December 6, 2006
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solar radio bursts (moments T1, T2, T3). Deep fading of
the signal-to noise ratio at the L1 GPS frequency was
observed during the same periods of time. It proves the
idea that such sharp fading of GPS signal-to-noise ratio is
caused by direct interference of solar radio emission in the
1-2 GHz frequency band.

GPS phase slips and counts omission as a result of solar
radio bursts on December 13, 2006

According to the data from the Learmonth Solar Radio
Spectrographs, the total flux F(f) of radio emission on
December 13, 2006, exceeded 10° sfu at 1,415 MHz
(Fig. 5e). Sharp increasing of the solar radio flux power can
be noted within the time periods 02:20-02:28 UT (A) and
03:30-03:37 UT (B). The horizontal line marks the spec-
trograph amplitude saturation level of about ~ 110,000 sfu.

According the data from the Nobeyama Radio Pola-
rimeters  (http://solar.nro.nao.ac.jp/norp/html/event/2006
1213_0247/morp20061213_0247.html), the RHCP solar
radio emission power exceeded 1.47 x 10° sfu at 1 GHz at
02:28:09 UT and 2.57 x 10° sfu at 2 GHz at 03:35:51 UT
on December 13, 2006 (Fig. 5e, the thick gray line and the
black line, respectively).

For the December 13 flare on the earth sunlit side (40°—
200° E; —80° + 80° N), Fig. 5c, d presents W(¢) values of
counts omission which were registered for all satellites
observed from 02:15 to 03:45 UT. Obviously, the maxi-
mum values W, can reach 50% and 39% (PRN28,
n = 16 GPS sites; and PRNO8, n = 23 GPS sites). It has
been shown that the sharp increase in slips and count
omissions completely coincide with the impulse solar radio
bursts during A and B periods, including the fine time
structure of solar radio burst.

Since there were too few GPS sites on the earth sunlit
side (40-200 E; —80 + 80 N) on December 13, 2006
(http://sopac.ucsd.edu/other/services.html/), we used the
data set from the Japanese network GEONET that com-
prises 1,225 GPS permanent sites. Figure 5a, b shows the
dependences P(r) for the December 13, 2006, flare over
Japan for some satellites which were observed from 02:15
to 03:45 UT. Maximum values W, can run to 50%
(PRN13) and 27% (PRN16). The sharp increase in count
omissions coincide with the impulses of solar radio emis-
sion during the time intervals A and B.

GPS phase slips and counts omission as a result of solar
radio bursts on October 28, 2003

It is especially interesting to assess GPS measurement slips
density caused by the weaker solar radio burst on October 28,
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Fig. 5 GPS L1-L2 phase slips on December 13, 2006

2003. The power of this burst was by 3 orders of magnitude
less than the solar radio bursts on December 6 and 13, 2006.

According to the data from the Trieste Solar Radio
Spectrograph, Italy, the RHCP solar radio noise level
exceeded 3 x 10 sfu at 1,420 MHz on October 28, 2003
(Fig. 6e). There are two solar radio bursts when the power
of radio emission flux exceeded the level of 3 x 10° sfu:
within the time periods from 11:05 to 11:08 UT (time
interval A) and from 11:40 to 12:00 UT (time interval B).

Figure 6d (black line) presents P(f) dependences for the
October 28, 2003, flare on the earth sunlit side (330-120° E;
—80 + 80° N) derived from n = 2,452 LOS observations,
for all observable satellites at the elevation angle ® > 10°
during the time period from 11:00 to 12:00 UT. A significant
excess of the background level, P, ~ 0.2-0.5%, was
observed from 11:02 to 11:10 UT. This event corresponds to
an abrupt increase in the solar radio emission flux during time
interval A. The maximum value P, = 1.7% exceeds the
background one in about ~3—4 times. At the same time, the
average density of slips on the night side of the earth for
® > 10° (n = 12,070 LOS) does not exceed the background
one (Fig. 6d, thin gray line).

More substantial evidence on GPS functioning quality
deterioration can be found by estimating the average


http://solar.nro.nao.ac.jp/norp/html/event/20061213_0247/norp20061213_0247.html
http://solar.nro.nao.ac.jp/norp/html/event/20061213_0247/norp20061213_0247.html
http://sopac.ucsd.edu/other/services.html/

GPS Solut (2012) 16:411-424

421

relative density of slips for separate GPS satellites. In
Fig. 6a—c, the P(#) dependences are given for some satel-
lites observed during the time period 10:00-12:00 UT. The
maximum values P,,,, can reach 11 and 10.2% (for PRNO5
and PRN18, n = 100), whereas the value P,,,x = 2.3% for
satellite PRN29 is close to Pp.x = 1.7%, which was
determined for all satellites. The sharp increasing of slips
density and count omissions happened simultaneously with
the most powerful solar radio bursts for the time intervals
A and B. Though power of the solar radio burst on October
28, 2003, is by 2-3 orders of magnitude less than that on
December 6 and 13, 2006, the maximum values of phase
slips are smaller by only in 5-10 times. Unfortunately, the
combined GPS/GLONASS data set was not enough in
order to analyze the solar radio burst effect on October 28,
2003.

Comparative analysis of GPS and GLONASS
performance

It is known that the basic principles of GLONASS and GPS
functioning are almost identical from the viewpoint of
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Fig. 6 GPS L1-L2 phase slips on October 28, 2003

estimation of the signal power. Hence, a comparative
analysis of the GPS and GLONASS receiver noise immu-
nity under direct interference of the solar radio emission is
of obvious interest. For example, in the case of GLONASS,
the normalized minimum power should not be less than
—157 dBW at the main operating frequency of GLONASS
(1,600 MHz) and —163 dBW at the auxiliary frequency
1,250 MHz (ICD-GLONASS 2002). The corresponding
standard for GPS determines these values as —163 dBW at
the main frequency of GPS (1,545.42 MHz) and —166 dBW
at the second operating frequency (1,227.6 MHz) (ICD-
GPS-200c 1993). As we can conclude from the Fig. 1,
signal-to-noise ratio at GLONASS receiver antenna output
is 7 dB lower than the GPS one under the same solar radio
emission power. It seems that we should expect lower noise
immunity for GLONASS receivers under the same level of
solar radio emission interference. However, it turned out
that GPS receivers presented lower noise immunity under
solar radio bursts interference on December 6 and 13,
2006.

Figure 7 presents relative densities Q(t) of L1, C1, L2,
P1 and P2 measurement failures, respectively, which were
computed for all observed GPS satellites (thick gray
curves) and GLONASS satellites (thin black curves) reg-
istered within the sunlit zone on December 6 and 13, 2006.
Symbols A (December 6) and B (December 13) mark the
time intervals when the maximal level of solar radio
emission power was >10° sfu (December 6) and >10° sfu
(December 13), respectively. As one can see, there is high
reliability of L1 and C1 measurements on the main oper-
ating frequency of both GPS and GLONASS systems even
in the periods “A” and “B” (Fig. 7a, e). No failures of L1
and C1 parameter were detected on December 6 (Fig. 7a).
Only coincident short failures of L1 and C1 measurements
were found simultaneously for both GPS and GLONASS at
03:34 UT (Fig. 7e). The results are in good agreement with
the idea that if we know the ranging code structure exactly,
we do not have correlation losses and the unsafe level of
solar radio emission is about 10° sfu for both GPS and
GLONASS.

The situation is the worst when we utilize the codeless
method in order to extract the P(Y) or BT code, in which
case we have correlation losses is about 27 dB. We can see
sharply increasing Q(¢) values by up to 35% on December
6, 2006, in P1, P2 and L2 parameters of GPS in the very
period of sharply increasing solar radio emission power
(Fig. 7b, ¢, d). The situation turned out to be more dramatic
on December 13, 2006. One can see the value Q(¢) of P1,
P2 and L2 parameters exceeds 50% within periods “A”
and “B” (Fig. 7f, g, h).

More important result consists of the fact that the
maximum Q(f) value of all signal parameters of GLON-
ASS, excepting for L1 and Cl1, is lower than the one for
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GPS by a factor of 2—4. In our opinion, this advantage is
due to the fact that a GLONASS receiver can perform its
function more reliably under conditions of the powerful
solar radio interference because of the narrower front-end
passband of the GLONASS receiver for the separate
GLONASS satellites compared to the GPS receivers.
Unfortunately, the small statistics did not allow us to get
more statistically significant assessments. We will further
investigate it in details.

As the whole, results in Fig. 7 prove our theoretical
assessments of the unsafe level of solar radio emission
when GPS (GLONASS) signal tracking failures appear.
The comparison between global failures of the GPS and
GLONASS shows that the unsafe level of solar radio
emission for GLONASS is higher than GPS.
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Conclusion

This research the solar radio noise power at the GPS and
GLONASS receiver antenna output when the power level
of the solar radio emission flux is known. Theoretical
examination of L1 and L2 GPS/GLONASS signal tracking
reliability under the direct influence of the powerful solar
radio emission in L-band has been conducted under the
main assumption for both GPS and GLONASS with the
same effective antenna area, the same correlation losses of
encrypted BT and P(Y) signal tracking and the same
tracking loop parameters (Table 4). We have obtained the
“unsafe” power level of the solar radio emission that could
cause failures of GPS and GLONASS signal tracking. It
was found that signal tracking started to fail when the solar
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radio emission power is about 4,000 sfu at the GPS fre-
quency L2 and 10.000 sfu at the frequency L1 when the
“codeless” correlation processing technique is utilized.
These assessments for GLONASS turned out to be 10.000
and 13.500 sfu at frequencies L1 and L2, respectively.
Hence, the GLONASS navigation receivers are more
resistant to intensive solar radio emission under considered
conditions. In our opinion, this occurs because the
GLONASS receiver radio chain is characterized with a
narrower front-end passband in order to provide effective
extraction of signals of the particular GLONASS satellites.

Our theoretical assessments are proven by experimental
statistics of GPS phase slips and counts omission that was
found during powerful solar flares condition on December
6 and 13, 2006, and especially, during the much weaker
solar radio burst condition on October 28, 2003. It is very
important to emphasize that although power of the solar
radio burst on October 28, 2003, is by 2-3 orders of
magnitude less than that on December 6 and 13, 2006, the
maximum values of phase slips are only 5-10 times less.
Particular slips of L1-L2 phase measurements started to
appear under the interference of solar radio flux when
power was just a bit higher than 10° sfu.

Experimental results have shown that for over
10-15 min, the high-precision GPS positioning was par-
tially disrupted on sunlit sides of the earth on December 6
and 13, 2006. The high level of phase slips and count
omissions resulted from the wideband solar radio noise
emission. The statistics of phase slips obtained in this study
for sunlit sides of the earth confirms the suppression effect
of GPS receiver performance during the December 6, 20006,
flare with more reliability than the previously published,
which were obtained and discussed at only several GPS
sites by Carrano et al. (2007) and Cerruti et al. (20006).

In general, our results are in good agreement with earlier
results by other authors, which indicate that direct impact
of the solar radio emission can cause failure in GPS signal
tracking of navigation receivers, even if the solar radio
emission power is relatively low (about 10* sfu). It proves
that solar radio noises of more than 10° sfu can have a
negative influence on the GPS/GLONASSS performance.
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