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Abstract

Group delays (GDs) are errors affecting Global Navigation Satellite Systems
(GNSS) due to non-idealities of the satellite or the receiver hardware and
can compromise safety critical applications (eg, advanced receiver autonomous
integrity monitoring [ARAIM]) when integrity requirements are at major or
even hazardous safety level. The paper shows that GPS uses L1 and L2 signals
in the generation of the navigation message, and as a consequence, an L1-L5
dual-frequency user must include the GD contribution in the integrity assess-
ment. For Galileo, whose navigation message refers to the aviation frequencies
(E1 and E5), the GDs can be modeled separately from the Signal In Space Accu-
racy (SISA), because they affect only single-frequency users. This model permits
a reduction of User Ranging Accuracy (URA) values with respect to those of GPS,
thus improving availability for dual-frequency users. Characterizing the GD of
Galileo navigation messages, the paper describes a method to include the GD
error model in ARAIM and its potential advantages.

1 INTRODUCTION

Group delays (GDs) affect ranging measurements and rep-
resent differences between the actual measurement and
an ideal observation. There are several contributors to
these errors, each of them not always easy to identify and
separate.

Satellite signal distortions can be digital or analogue,1
and in the latter case, in particular, the receiver and
satellite contributions are highly correlated, due to the
non-linearity of the processes involved.2 The effect of
the receiver GD depends on its characteristics, like the
bandwidth and the correlator spacing. The antenna con-
tribution varies with its characteristics, for example, its
anisotropy,3 and only a characterization performed in
a laboratory can properly parse out this contribution.
Although these effects are assumed negligible in many
Global Navigation Satellite Systems (GNSS) applications,
in the context of safety of life services, GDs, especially
satellite contributions, should be properly modeled and

taken into account by aviation single-frequency (SF) users.
Constellation Service Providers (CSPs) broadcast param-

eters in the navigation message to partially correct the
satellite contribution to the GD. These errors have been
extensively assessed and characterized in the literature,4-7

but the focus has been mostly on the User Ranging Accu-
racy (URA).

For safety critical applications, the integrity level
requires not only a high accuracy of the ranging but also
a proper bounding of the residual ranging errors. It is
particularly important to ensure that the probabilities of
rare ranging outliers are properly modeled when com-
puting the so-called protection level. This is of primary
importance, for example, for aviation users.

The International Civil Aviation Organization (ICAO)
and the entities responsible for standards setting, such as
the Radio Technical Commission for Aeronautics (RTCA)
and European Organisation for Civil Aviation Equipment
(EUROCAE), are developing aviation standards for Dual
Frequency Multi-Constellation services (DFMC), which
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covers the use of the multiconstellation satellite–based
augmentation system (SBAS), dual-frequency (DF), and
SF advanced receiver autonomous integrity monitoring
(RAIM).8

The current aviation reference document, Minimum
Operational Performance Standard (MOPS DO-2299), pro-
vides the “standard for single frequency airborne navi-
gation” in particular for L1 users. The extension of the
standard to dual-frequency L1-L5 and SF L5 users would
require a proper treatment of the GD contribution. In
this paper, we address the open question on how the SF
MOPS DO-229 GD models need to be modified for the new
DFMC MOPS.

GPS and Galileo present several differences on this
aspect. Among others, the main one is related to the gen-
eration of the navigation message. As heritage of its long
history, GPS ground monitoring uses L1 and L2 measure-
ments to generate the navigation message, while Galileo
uses E1 and E5 messages. This means that in contrast to
GPS, Galileo processes the same signals used by aviation
users. For GPS instead, the conversion of broadcast param-
eters from L1-L2 to L1-L5 is performed by the user apply-
ing the broadcast GDs (BGDs). These parameters need to
be applied not only by SF but also by L1-L5 dual-frequency
users. This is not the case for Galileo, whose E1-E5 users
are not affected by these terms.

The consequence is that the treatment of delays among
different signals can be simplified in the Galileo user case
compared with that of GPS. For the latter, URA must
include the residual GD errors for both SF (L1 and L5) and
dual-frequency (L1-L5) users, while for Galileo, the resid-
ual GD errors must be accounted only for SF users (E1
and E5).

Thus, Galileo can model separately the two contribu-
tions using two different terms: one for the GD bound
and one for the DF URA. This allows a reduction of the
URA term improving availability for DF advanced receiver
autonomous integrity monitoring (ARAIM) users. Fur-
thermore, the GD term is expected to be negligible with
respect to the other SF contributions, such as the iono-
spheric residual error10: margins can be taken to properly
accommodate outliers.

This paper presents a novel model of URA and BGD
bounding for Galileo. The advantages of this model are
described in this paper, and resulting bounding values
are provided and validated through a measurement cam-
paign. Since ARAIM users will use GPS in combination
with Galileo, a characterization of the GPS GD accuracy
is also included to complete the analysis of ARAIM SF
users. This allows us to show the advantages of the pro-
posed method with respect to the GPS methods used in the
MOPS DO-229.

The first section of this paper provides a general formu-
lation of GNSS GDs affecting dual-frequency and SF users.
Section 2 focuses on the GPS and Galileo cases, describ-
ing the information that is broadcast in the navigation
message to correct the GDs. Section 3 analyzes the URA
bounding for GPS and Galileo and how each affects GD
accuracy. Finally, Section 4 presents the novel model of the
GD accuracy for Galileo with justification based on real
measurements. Section 4 also provides preliminary values
of the GD bounds to support the definition of the aviation
(DFMC MOPS) and Galileo standards.11

2 GENERAL MODEL OF RANGING
GDS

Since the magnitude of GD biases cannot be directly mea-
sured on the ground, as only the difference between the
two signals can be observed, CSPs define the BGDs as the
difference between a ranging measurement and a refer-
ence signal. These biases are then generally modeled and
treated as differential GDs (DGDs).

In addition, CSPs transmit corrections for the DGD
within the navigation message. Not all possible combina-
tions are provided but only those for a certain set of signals.
The user reconstructs the GD referring to its specific signal
by applying some simple processing.

This section presents the generic formulation of the
ranging bias for single and dual-frequency users as func-
tion of the BGDs. These formulations are valid for all GNSS
signals. The following sections focus on Galileo and GPS
cases.

The pseudorange measured on the line of sight between
a satellite i and a receiver 𝑗 and on a generic signal s is

𝜌
i,𝑗
s = ‖‖‖x𝑗 − xi‖‖‖ + 𝜏𝑗 − 𝜏 i + Ti,𝑗 + Ii,𝑗

s + 𝜖
i,𝑗
s + Bi

s + B𝑗
s (1)

where x𝑗 and xi are respectively the receiver and satellite
positions in Earth Centered Earth Fixed (ECEF) coordi-
nate system; 𝜏𝑗 and 𝜏 i are respectively the receiver and
satellite clock errors (m); Ti,𝑗 is the tropospheric error (m);
Ii,𝑗

s is the ionospheric error of the signal s (m); and 𝜖
i,𝑗
s is the

receiver noise including thermal and local effects (m).
The term Bs represents the measurement delay due

to systematic differences between the actual measure-
ment and an ideal observation, free of signal distortions,
antenna phase delay, satellite hardware GDs, and analo-
gous receiver ranging errors. The major components of this
term are thus originated from hardware-related delays in
the receiver front-end (B𝑗

s ) and in the satellite payload (Bi
s).

Ranging delays are dependent on the receiver, the satel-
lite, and the signal s. In particular, not only the fre-
quency impacts on the GD but also characteristics like the
modulation and the chip rate affect this term. This means
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that different signal components at the same frequency can
produce in principle different delays.

As specified in the GPS standard paragraph 3.3.1.712),
equipment GD is defined as the delay between the signal
radiated output of a specific satellite (SV) (measured at
the antenna phase center) and the output of that satellite
on-board frequency source.

The receiver contribution B𝑗
s can be neglected since it

is absorbed in the receiver clock offset and will not be
included in the following equations.

The ionosphere-free measurement obtained combining
pseudoranges (1) on two generic signals, s1 and s2, is

𝜌
i,𝑗
IF(s1,s2) =

‖‖‖x𝑗 − xi‖‖‖ + 𝜏𝑗 − 𝜏 i + Ti,𝑗 + 𝜖
i,𝑗
IF(s1,s2)

+
𝑓 2

s1

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s1 −
𝑓 2

s2

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s2

(2)

and contains a combination of the absolute signal delays
scaled by frequency-dependent factors.

The next two sections detail the formulation of the GD
for dual-frequency and SF users.

2.1 GDs for dual-frequency users
CSPs use a convention that simplifies the processing for
dual-frequency users. Included in the broadcast satellite
clock offset, 𝜏 i, is in fact the satellite GD contribution,

𝑓 2
s1

(𝑓 2
s1−𝑓

2
s2)

· Bi
s1 −

𝑓 2
s2

(𝑓 2
s1−𝑓

2
s2)

· Bi
s2.

This means that the broadcast clock parameters correct
the following dual-frequency clock error:

𝜏 i
IF(s1,s2) = 𝜏 i −

𝑓 2
s1

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s1 +
𝑓 2

s2

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s2. (3)

The CSP convention simplifies the processing for
dual-frequency users, in which case there is no need to
apply any BGD. A dual-frequency pseudorange has in fact
the following expression:

𝜌
i,𝑗
IF(s1,s2) =

‖‖‖x𝑗 − xi‖‖‖ + 𝜏𝑗 − 𝜏 i
IF(s1,s2) + Ti,𝑗 + 𝜖

i,𝑗
IF(s1,s2). (4)

It is important to point out that this simplification is
actually applicable only for users that combine the same
signals, s1 and s2, which are used by the CSP as reference
for the navigation message. A generic dual-frequency user
combining a pair of different signals, s3 and s4, is instead
characterized by the following ranging equation:

𝜌
i,𝑗
IF(s3,s4) =

‖‖‖x𝑗 − xi‖‖‖ + 𝜏𝑗 − 𝜏 i + Ti,𝑗 + 𝜖
i,𝑗
IF(s3,s4)

+
𝑓 2

s3

(𝑓 2
s3 − 𝑓 2

s4)
· Bi

s3 −
𝑓 2

s4

(𝑓 2
s3 − 𝑓 2

s4)
· Bi

s4.
(5)

After applying the broadcast clock parameters (3), the
user is affected by the following bias:

Bi
IF(s3,s4) =

𝑓 2
s1

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s1 −
𝑓 2

s2

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s2

+
𝑓 2

s3

(𝑓 2
s3 − 𝑓 2

s4)
· Bi

s3 −
𝑓 2

s4

(𝑓 2
s3 − 𝑓 2

s4)
· Bi

s4.

(6)

In the intermediate case, when the user processes only
one of the reference signals, s1 and s2, the bias is simpli-
fied. For example, a s3 and s1 ionosphere-free pseudorange
combination would be affected by the following delay:

Bi
IF(s3,s1) =

𝑓 2
s1

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s1 −
𝑓 2

s2

(𝑓 2
s1 − 𝑓 2

s2)
· Bi

s2

+
𝑓 2

s3

(𝑓 2
s3 − 𝑓 2

s1)
· Bi

s3 −
𝑓 2

s1

(𝑓 2
s3 − 𝑓 2

s1)
· Bi

s1.

(7)

All other combinations can be derived similarly from
Equation (6).

FIGURE 1 Diagram illustrating the relationship of group delays
between signals and ionosphere-free combinations. Broadcast
navigation messages of GPS and Galileo refer to ionosphere-free
combination (IFre𝑓 ). Single-frequency users need to apply broadcast
group delay to the IFre𝑓 clock offset. In both the figure and text
description, s1 and s2 indicate the signals used as reference for the
navigation message, while s indicates a generic signal different from
them [Color figure can be viewed at wileyonlinelibrary.com and
www.ion.org]
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2.2 GDs for SF users
An SF user measuring a third signal, s, is also affected by
GDs described by the following expression:

𝜌
i,𝑗
s = ‖‖‖x𝑗 − xi‖‖‖ + 𝜏𝑗 − 𝜏 i

IF(s1,s2) + Ti,𝑗 + Ii,𝑗
s + 𝜖

i,𝑗
s

+ Bi
s − Bi

s1 +
𝑓 2

s2

(𝑓 2
s1 − 𝑓 2

s2)
·
(

Bi
s2 − Bi

s1
)
.

(8)

If the signal s is instead one of the two reference signals,
s1 or s2, the biases are described in the CSP Interface Con-
trol Document.11-13 In these cases, the user has to apply a
simple scaling factor to the BGD:

Bi
s1 =

𝑓 2
s2

(𝑓 2
s1 − 𝑓 2

s2)
·
(

Bi
s2 − Bi

s1
)
, (9)

Bi
s2 =

𝑓 2
s1

(𝑓 2
s1 − 𝑓 2

s2)
·
(

Bi
s2 − Bi

s1
)

(10)

The differences of GDs between two signals are usu-
ally named DGD or differential code biases (DCBs)
(Equations (9) and (10)). Figure 1 shows the GD rela-
tionship between the two reference signals of the naviga-
tion message, s1 and s2, the ionosphere-free combination,
IFre𝑓 , and a generic signal, s.

To this point, the GD formulation for a generic user has
been described and discussed. Formulae are much simpler

when considering the specific cases of GPS and Galileo, as
described in the next section.

3 GPS AND GALILEO GD
BROADCAST IN THE NAVIGATION
MESSAGES

This section describes the use of the GD information pro-
vided by GPS and Galileo through the Signal In Space
navigation message.

This paper focuses in particular on aviation services. The
L2 signal is not considered, since this frequency is not
in the bandwidth allocated to aviation users by the Inter-
national Telecommunication Union (ITU). Nevertheless,
the concepts presented in the paper are applicable to all
services based on Galileo signals.

3.1 GPS case
This section contains a description of DGD corrections
provided by GPS in the broadcast navigation message. An
overview of the GPS signal components for each frequency
is provided in the Rinex Format Definition Document14

(Table 1). Note that the IGS Rinex naming convention used

TABLE 1 GPS signals components and characteristics as described in Rinex Format Definition Document14

GNSS Freq. Band Channel or Code Observation Codes
System /Frequency Pseu Carrier Doppler Signal

Range Phase Strength
GPS L1/1575.42 C/A C1C L1C D1C S1C

L1C(D) C1S L1S D1S S1S
L1C(P) C1L L1L D1L S1L
L1C(D+P) C1X L1X D1X S1X
P(AS off) C1P L1P DIP S1P
Z-tracking and similar C1W L1W D1W S1W
(AS on)
Y C1Y L1Y D1Y S1Y
M C1M L1M D1M S1M
Codeless L1N D1N S1N

L2/1227.60 C/A C2C L2C D2C S2C
L1(C/A)+(P2-P1) C2D L2D D2D S2D
(semi-codeless)
L2C(M) C2S L2S D2S S2S
L2C(L) C2L L2L D2L S2L
L2C(M+L) C2X L2X D2X S2X
P(AS off) C2P L2P D2P S2P
Z-tracking and similar C2W L2W D2W S2W
(AS on)
Y C2Y L2Y D2Y S2Y
M C2M L2M D2M S2M
Codeless L2N D2N S2N

L5/1176.45 I C5I L5I D5I S5I
Q C5Q L5Q D5Q S5Q
I+Q C5X L5X D5X S5X
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FIGURE 2 Histogram of GPS TGDs and ISCs
broadcast between 01/02/2017 and 01/03/2018
[Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

in the table can differ from that used by GPS and Galileo
standards.

Table 1 contains the full list of GPS signals and shows
that there are several GDs, one for each different sig-
nal component. In fact, each entry of the third column
has different signal characteristics and has in principle a
different GD.

In the GPS standards,12,13 the description of the broad-
cast DGD corrections specifies that the navigation message
refers to L1P(Y) and L2P(Y) signals:

Since the SV clock corrections are esti-
mated by the CSP using dual frequency
L1P(Y) and L2P(Y) code measurements, the
single-frequency L1, L2 or L5 user and dual
frequency L1 C/A-L2C, L1 and L5, L2 and L5
must apply additional terms.

These terms are the inter-signal corrections (ISCs) trans-
mitted in the Civil Navigation (CNAV) message and the
time GD (TGD) transmitted in the CNAV and Legacy Nav-
igation (LNAV) messages (paragraph 30.3.3.3.1.1.12).

It is highlighted that GPS standards also specify that
dual-frequency users need to apply DGDs as SF users do.

This contribution is also not negligible in the ranging
error budget, as indicated in paragraph 3.3.1.7.213:

For a given navigation payload redundancy
configuration, the absolute value of the
mean differential delay shall not exceed 30.0
nanoseconds.

Measurements from real Signal In Space confirm this
range of values, as shown in Figure 2. The delays in this
case are converted from seconds to meters by multiplying
them by the speed of light.

For this analysis, MGEX IGS Rinex files in an exper-
imental format containing CNAV messages (brdx) have

FIGURE 3 Relationship between time group delay (TGD) and
inter-signal corrections (ISCs) on L1 and L5 signals, showing
construction of the offsets to be added to the broadcast clock offset
by GPS single-frequency users [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

been used.15 In these files, TGD and ISCs of CNAV GPS SIS
were extracted and combined to assess the GDs. The IGS
webserver used was ftp://ftp.cddis.eosdis.nasa.gov/gnss/
data/campaign/mgex/daily/rinex3/.

It can be observed that DGD values can reach the 4.50 m
value specified in the standard.12

The user combines the broadcast parameters shown in
Figure 2 and reconstructs the corrections to be applied
to the dual-frequency satellite clock offset, as specified in
paragraph 20.3.3.3.3.212

the user who utilizes the L1P(Y) signal only
shall modify the code phase offset in accor-
dance with paragraph 20.3.3.3.3.1 with the
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equation:

𝜏 i
L1P(Y ) = 𝜏 i

L1P(Y ),L2P(Y ) − TGD. (11)

An L1C/A SF user needs to apply the broadcast TGD and
ISC terms in paragraph 30.3.3.3.1.1.112:

𝜏 i
L1C∕A = 𝜏 i

L1P(Y ),L2P(Y ) − TGD + ISCL1C∕A. (12)

The L1P(Y) and L1C/A contributions can also be derived
from Equation (9) presented in the previous section, while
L5I and L5Q SF users must instead apply the following
corrections (paragraph 20.3.3.3.1.2.113):

𝜏 i
L5I = 𝜏 i

L1P(Y ),L2P(Y ) − TGD + ISCL5I5, (13)

𝜏 i
L5Q = 𝜏 i

L1P(Y ),L2P(Y ) − TGD + ISCL5Q5. (14)

Figure 3 shows the relationship between GPS broadcast
DGD and SF clock corrections as described in paragraph
20.3.3.3.3.12

While a GPS L1P(Y)-L2P(Y) user would not need to
apply any DGD terms, other users (ie, L1C/A-L2P(Y) or
L1C/A-L2C/A or L1C/A-L5Q5) must apply GD correc-
tions. In particular, an aviation L1-L5 user must add the
term specified in paragraph 20.3.3.3.1.2.213 corresponding
to Equation (7). This corresponds to the following GPS

FIGURE 4 Histogram of DGD contribution to
GPS L1P(Y)-L2P(Y) clock for L1C/A, L5I5, and
L1C/A-L5I5 users between 01/02/2017 and
01/03/2018

TABLE 2 Galileo signals components and characteristics as described in Rinex Format Definition
Document14

GNSS Freq. Band Channel or Code Observation Codes
System /Frequency Pseu Carrier Doppler Signal

Range Phase Strength
Galileo E1/1575.42 A PRS C1A L1A D1A S1A

BI/NAV OS/CS/SoL C1B L1B D1B S1B
C no data C1C L1C D1C S1C
B+C C1X L1X D1X S1X
A+B+C C1Z L1Z D1Z S1Z

E5a/1176.45 IF/NAV OS C5I L5I D5I S5I
Q no data C5Q L5Q D5Q S5Q
I+Q C5X L5X D5X S5X

E5b/1207.140 II/NAV OS/CS/Sol C7I L7I D7I S7I
Q no data C7Q L7Q D7Q S7Q
I+Q C7X L7X D7X S7X

E5(E5a+E5b)/ I C8I L8I D8I S8I
1191.795

Q C8Q L8Q D8Q S8Q
I+Q C8X L8X D8X S8X

E6/1278.75 A PRS C6A L6A D6A S6A
BC/NAV CS C6B L6B D6B S6B
C no data C6C L6C D6C S6C
B+C C6X L6X D6X S6X
A+B+C C6Z L6Z D6Z S6Z
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L1L5 clock offset:

𝜏 i
L1L5I = 𝜏 i

L1P(Y ),L2P(Y ) − TGD +
ISCL5I5 − ΥL1L5 · ISCL1C∕A

1 − ΥL1L5
,

(15)

𝜏 i
L1L5Q = 𝜏 i

L1P(Y ),L2P(Y ) − TGD +
ISCL5Q5 − ΥL1L5 · ISCL1C∕A

1 − ΥL1L5
,

(16)
where ΥL1L5 = 𝑓 2

L1
𝑓 2

L5
.

Figure 4 shows statistics of the GPS clock corrections
for both SF L1C/A, L5I5, and L5Q5 and dual-frequency
L1C/A-L5I5 users. Note that the DGDs are uniformly dis-
tributed in the range of −3 to 3 m with no single com-
ponent dominating the others and confirming the range
specified in the GPS standard.

3.2 Galileo case
For Galileo, the positioning services are defined on two
types of navigation messages, FNAV on E1-E5a and
INAV on E1-E5b signals. This implies that two types of
dual-frequency users do not need to apply DGD correc-
tions (Equation (4)).

Table 2 shows the full set of Galileo signals as reported
in the Rinex Format Definition Document.14

Figure 5 shows the BGD in the FNAV message trans-
mitted on the E5a signal for Galileo satellites over one
day (10/02/2017). Except for satellite GSAT (PRN E24),
whose BGD corrects satellite hardware delays caused
by the on-board clock characteristics, BGD differences
among satellites are on the order of 6 m. BGDs are usu-
ally stable over time and are updated daily around noon
(in Galileo System Time for which the offset from UTC
is below 30 ns, 95% of the time16). Variations between
consecutive updates are generally on the order of tens
of centimeters.

In the Galileo case, the contribution of the DGD to
the satellite clock error for an E5a SF user is shown in
Figure 5. For the E1 SF case, the clock offset is equal
to the BGD in the INAV message (Figure 6) without
the need to apply any scaling factors as indicated in
Equations (9) and (10).

FIGURE 5 Time series of Galileo
broadcast group delay on E1-E5a [Color
figure can be viewed at
wileyonlinelibrary.com and
www.ion.org]

FIGURE 6 Time series of Galileo
broadcast group delay on E1-E5b [Color
figure can be viewed at
wileyonlinelibrary.com and
www.ion.org]
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4 ACCURACY OF BROADCAST
GROUP DELAYS

This section focuses on the GD residual error after apply-
ing the broadcast corrections described in the previous
sections. In particular, it focuses on the URA broadcast
in the GPS and Galileo navigation messages, these being
the terms bounding the residual errors that contribute to
the integrity performance. The DGD residual errors must
be correctly modeled because they affect the user integrity
and the protection level computation.

This section presents a characterization of the
DGD accuracy, which has been performed comparing
IGS-MGEX DCB15 with broadcast data from 01/01/2018
till 01/09/2018 as described in reference papers.5,6 GPS
IIF satellites messages were analyzed to characterize L5
signals. In particular, the DCBs provided by IGS were
selected and compared to the broadcast parameters mul-
tiplied by the speed of light c according to the following
relationships:

c · TGD = −
𝑓 2

L1

𝑓 2
L1 − 𝑓 2

L2
· DCBC1W−C2W , (17)

c · ISCL1C∕A = −DCBC1C−C1W , (18)

c · ISCL5I5 = −DCBC5I−C1W , (19)

c · ISCL5Q5 = −DCBC5Q−C1W , (20)

c · BGDE1−E5a = −
𝑓 2

E1

𝑓 2
E1 − 𝑓 2

E5
· DCBC1B−C5I , (21)

c · BGDE1−E5b = −
𝑓 2

E1

𝑓 2
E1 − 𝑓 2

E5
· DCBC1B−C7I . (22)

4.1 GPS case
As reported in the GPS standard (paragraph 3.3.1.7.212):

The random plus non-random variations
about the mean shall not exceed 3.0 nanosec-
onds (95% probability), when including
consideration of the temperature and antenna
effects during a vehicle orbital revolution.

FIGURE 8 Histogram of GPS time group delay (TGD) error for
L1P(Y) users with respect to L1P(Y)-L2P(Y) users [Color figure can
be viewed at wileyonlinelibrary.com and www.ion.org]

FIGURE 7 Box plot of GPS time
group delay (TGD) error affecting L1P(Y)
users with respect to L1P(Y)-L2P(Y)
users (Equation (11)). On each box, the
central mark indicates the median, and
the bottom and top edges of the box
indicate the 25th and 75th percentiles,
respectively. The whiskers extend to the
most extreme data points not considered
outliers, and the outliers are plotted
individually using the “+” symbol. The
boxplot draws points as outliers if they
are greater than q3 + 2.7𝜎 × (q3 − q1) or
less than q1 − 2.7𝜎 × (q3 − q1), where q1
and q3 are the 25th and 75th percentiles
of the sample data, respectively, and 𝜎

sample standard deviation [Color figure
can be viewed at wileyonlinelibrary.com
and www.ion.org]
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The GPS standard indicates an upper bound of 90 cm for
the errors in the DGD values. The measurement campaign
performed in this study confirmed this upper bound.

Figure 7 shows the box plot of the error on the TGD for
each GPS satellite (Equation (17)). Comparing the results
of Figure 7 (per satellite) with those of Figure 8 (for the
whole constellation), it is observed that the mean value for
each satellite differs from the others up to several centime-
ters but over the whole constellation, the distribution is
averaged around zero (although not quite symmetric).

Previous results focused on the accuracy of the single
broadcast TGD. Now, by analyzing the accuracy of the
clock offset obtained by combining TGDs and ISCs (as
described in Figure 3 and Equations (11) and (16)), the
contribution to the URA bound is obtained in Figure 9.

It is important to highlight that GPS L1-L5
dual-frequency users are also affected by DGD errors, with

this contribution (in gray) being the largest, even larger
than those of the SF cases (Figure 9). This means that the
GPS URA bound is driven by the DF L1-L5 user case and
needs to be inflated due to the DGD inaccuracies.

Equation (15) shows that the GPS DF clock includes
more terms (TGD and two ISCs) and their inaccuracies
summed in the overall URA bound.

4.2 Galileo case
In the Galileo case, the DGD accuracy is on the same order
of magnitude as the GPS case, and the clock contribution is
just a scaled version of the BGD value.11 Figures 10 and 11
show the errors respectively on each satellite and the statis-
tic aggregating all satellites. Results were obtained apply-
ing Equation (21). A similar behavior was observed on the
E1-E5b combination applying Equation (22). Both show
that Galileo DGD errors are homogeneous among satel-

FIGURE 9 Histogram of the GPS GD
contributions to the clock error on L1C/A,
L5I, L5Q, and L1C/A-L5I combinations
[Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

FIGURE 10 Box plot of Galileo
broadcast group delay error on E1-E5a.
E14 and E18 are the satellites on elliptical
orbits for which reference DCB was not
available. On each box, the central mark
indicates the median, and the bottom
and top edges of the box indicate the
25th and 75th percentiles, respectively.
The whiskers extend to the most extreme
data points not considered outliers, and
the outliers are plotted individually
using the “+” symbol. The boxplot draws
points as outliers if they are greater than
q3 + 2.7𝜎 × (q3 − q1) or less than
q1 − 2.7𝜎 × (q3 − q1), where q1 and q3
are the 25th and 75th percentiles of the
sample data, respectively, and 𝜎 is the
sample standard deviation [Color figure
can be viewed at wileyonlinelibrary.com
and www.ion.org]
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lites, and the aggregate histogram is close to a Gaussian
distribution.

5 GALILEO MODEL OF
BROADCAST GROUP DELAY
BOUNDING
As discussed and shown in the previous sections, this
paper exploits the Galileo characteristics to maximize and
optimize the performance of ARAIM users.

In the model presented, the bounding of GD errors
is separated from the URA. The GD bound is modeled
with a new term to be added to the terms of URA. This
model exploits the advantage that Galileo DF users are not
affected by GD errors: DF users can then apply only URA,
which is a tighter bound, not penalized by GD errors as in
the GPS case.

The GD bound can then be assumed to be fixed. In fact,
the GDs are sufficiently stable over time, and their contri-
butions are expected to be negligible with respect to the
ionospheric residual error. The latter shall dominate the SF
ranging error budget since its minimum value is 4.5 m.10

After application of a sufficient safety margin, a fixed value
can be assumed.

The model thus offers the following advantages:

• Galileo GD contributions are separated from orbit and
clock bounding, and its verification and validation can
be simplified in the standardization and certification
processes.

• The Galileo URA needs to bound only DF users and
does not need to be increased to cover SF users. Reduced
bounding values imply improved integrity performance
for DF ARAIM users.

• The GD bound can be assessed sporadically, since their
values are stable over time. An upper bound can be
inserted in the Galileo standard (future versions of the
Galileo Open Service-Service Defniniton Documents16).

• The GD contribution for SF users is expected to be neg-
ligible with respect to the ionospheric error model and
can be set to be sufficiently conservative for aviation
integrity service.

The next section analyzes and describes the method to
combine the GD bound and URA terms.

5.1 Combination of URA and GD
bounding
The correlation and statistical independence of the two
components, satellite clock errors and BGD errors, have
been analyzed in order to understand the best combina-
tion of their bounding. This section examines the cor-
relation between the following two quantities: the error
in the estimation of the BGD correction (assessed from
Equations (21) and (22)) and the error in the satellite clock

TABLE 3 Cross-correlation between
Galileo clock and GD errors
(01/02/2017-01/09/2018)

Galileo PRN 𝜌 P value
E01 0.024840 0.488198
E02 0.000842 0.981256
E05 −0.038575 0.370971
E07 −0.011875 0.783661
E08 −0.020984 0.559690
E09 −0.029483 0.412133
E11 −0.001532 0.965971
E12 −0.001318 0.970729
E19 −0.014597 0.686095
E22 −0.017934 0.658700
E24 −0.018311 0.613544
E26 −0.068680 0.062206
E30 −0.052955 0.143124

Note. P values represent the probabilities of the
hypothesis of no correlation.

offset (assessed with the difference between broadcast
clock offsets and reference IGS clock offsets). In particular,
the characterization using real data collected between the
time of the Galileo Initial Service Declaration in December
2016 and September 2018 was intended to assess whether
the generation processes, the observation network, and
other architecture elements create dependencies and cor-
relations between the two estimation processes, which
prevent separation of the two terms.

Figure 12 shows the scatter plot of the BGD error versus
the clock offset error for one single Galileo satellite. The
fact that no specific pattern can be recognized in the plot
is an indication of no correlation between the two estima-
tion errors. The analysis was performed on each satellite
individually, and similar results were obtained on the other
satellites as confirmed by the cross-correlation results.

The cross-correlation between the two error compo-
nents (x for satellite clock error and 𝑦 for GD error) was
assessed using the Pearson formula17:

𝜌x,𝑦 =
E
[
(x − 𝜇x)

(
𝑦 − 𝜇𝑦

)]

𝜎x𝜎𝑦
(23)

where 𝜇x and 𝜇𝑦 are the mean values for x and 𝑦; 𝜎x and
𝜎𝑦 are the standard deviations for x and 𝑦; and E() is the
expectation function.

Table 3 shows the correlation results per satellite (sec-
ond column), which are in absolute value smaller than
1. The third column of the table reports the P values, which
are the probabilities of the hypothesis of no correlation: the
large P values (bigger than 5%) confirm that the processes
are uncorrelated.

These results indicate that these errors can be treated
separately and that their bounds can be summed as two
independent contributions.
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FIGURE 11 Histogram of Galileo broadcast
group delay error on E1-E5a [Color figure can be
viewed at wileyonlinelibrary.com and
www.ion.org]

FIGURE 12 Scatter plot of Galileo broadcast
group delay errors versus clock errors on E1-E5a
for PRN11 (01/02/2017-01/09/2018). Analogous
results were obtained for E1-E5b and the other
satellites [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

For GPS, this contribution is included in the URA value
as stated in paragraph 3.3.1.7.2.12

The ranging error of an ARAIM user combining the Sig-
nal In Space and Integrity Support Message (ISM8) would
be bounded by a Gaussian distribution with standard devi-
ation obtained from the root sum square of the different
error components. In the GPS case, this would correspond     to

𝜎2
i = 𝜎URA,i

2 + 𝜎2
UIRE,i + 𝜎2

air,i + 𝜎2
tropo,i, (24)

where the term 𝜎i,URA is the URA broadcast in the GPS
Signal In Space. The terms 𝜎i,UIRE, 𝜎i,air, and 𝜎i,tropo cor-
respond respectively to the ionospheric delay estimation
error, the multipath receiver noise, and the tropospheric
delay estimation error. These terms are specified in the
current GPS MOPS9 for GPS SF aviation users and can
be derived from this standard with proper adjustment to
L1-L5 and L5 cases. In particular, 𝜎i,air will be different
for dual-frequency with respect to SF users. In addition,
𝜎i,UIRE represents the ionospheric delay estimation error

for the SF case,9 and in the dual-frequency case, it could
be assumed negligible in the absence of scintillation. Note
that in the GPS case, the first term 𝜎2

i,URA is the same
for all services (L1C/A, L5I5, L5Q5, and L1C/A-L5I5).

For Galileo, a dual-frequency user would use the follow-
ing expression:

𝜎2
i = 𝜎URA,i

2 + 𝜎2
UIRE,i + 𝜎2

air,i + 𝜎2
tropo,i, (25)

while an SF user would apply the following expression:

𝜎2
i = 𝜎URA,i

2 +
(
𝛾𝑓 · 𝜎BGD,i

)2

+ 𝜎2
UIRE,i + 𝜎2

air,i + 𝜎2
tropo,i.

(26)

The term 𝜎i,URA corresponds to the URA broadcast in the
Galileo Signal In Space.

The term 𝜎i,BGD represents the bound of the GD error,
corresponding to a fixed term provided in the Galileo
standard.16

139

http://wileyonlinelibrary.com
www.ion.org
http://wileyonlinelibrary.com
www.ion.org


MARTINI ET AL.

The term 𝛾𝑓 represents the frequency inflation factor
equal to 𝑓 2

E1∕𝑓
2
E5a for E5a users and to 1 for E1 users.

The bounding of the GD error, 𝜎i,BGD, is assumed to be
sufficiently large to also bound in the presence of small
biases, such as those shown in Figure 10. Furthermore,
it shall ensure that the tail contribution is negligible with
respect to the satellite failure probability (Psat) specified
in the Galileo standard.16 For this purpose, the approach
applied can be similar to that used in the MOPS DO-229 for
the ionosphere bounding: a validation based on real mea-
surement characterization using data recorded at more
than 600 worldwide sites during six severe ionospheric
storm days in 2003 and 2004.18 This means that BGD errors
might still contain jumps, but the effective impact on the
final user would be bounded by 𝜎i,BGD and would have a
negligible impact on the satellite failure probability with
respect to dual-frequency users.

In case the correlation, 𝜌, between the BGD and URA
contributions cannot be considered negligible,

𝜎2
URA,SF = 𝜎2

URA,DF + 𝜎2
BGD + 2𝜌 · 𝜎URA,DF · 𝜎BGD, (27)

there is an additional term taking into account the
cross-correlation and equal to 2𝜌 · 𝜎URA,i · 𝛾𝑓 · 𝜎BGD,i
included in Equation (26):

𝜎2
i = 𝜎URA,i

2 +
(
𝛾𝑓 · 𝜎BGD,i

)2

+ 2𝜌 · 𝜎URA,i · 𝛾𝑓 · 𝜎BGD,i + 𝜎2
UIRE,i

+ 𝜎2
air,i + 𝜎2

tropo,i.

(28)

5.2 Bounds of the Galileo and GPS
broadcast group delay errors
This section provides an assessment of the Galileo and
GPS GD error-bound term, 𝜎i,BGD, to be included in future
aviation standards.

Figure 13 shows the results of the bounding values based
on a Q-Q plot of the DGD errors using measurement
data from the characterization described in the previous
sections. It is important to mention that two BGD anoma-
lies were observed during the measurement campaign:
one on 1/1/2017 and the second one on 06/03/2017. In
both cases, satellite E24 transmitted a BGD equal to zero
while the true GD was on the order of 12 m. Previously,
Galileo satellites in fact used to broadcast BGD equal to
zero to indicate a nonvalid value, whenever the BGD could
not be computed by the ground system. This procedure
has been corrected, and in the future, the satellites will
transmit the BGD values from the previous epoch instead
of zero values. Consequently, these two anomalies were
not included in the statistics used to derive the bound-
ing results representative of future performance expected
in 2020.

FIGURE 13 Q-Q plot of Galileo group delay errors on E1-E5a
[Color figure can be viewed at wileyonlinelibrary.com and
www.ion.org]

FIGURE 14 Q-Q plot of GPS group delay errors on L1-L5 [Color
figure can be viewed at wileyonlinelibrary.com and www.ion.org]

The plot shows a Gaussian distribution in the core of
the statistic and the presence of some outliers. The straight
line, which bounds the curves, provides an indication of
the standard deviation of the Gaussian bounding. In this
case, the standard deviation corresponds to the slope of the
straight line, that is, around 30 cm.

The analysis of the GD bound described for Galileo was
also performed on GPS, and their GD bounding values
were compared. The results on GPS, displayed in Figure 14,
show and confirm that although GPS and Galileo BGD cor-
rections with similar magnitude, GD bound of the residual
errors is larger for GPS (ie, around 50 cm) than for Galileo
(ie, around 30 cm), because GPS DF users are penalized
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more than Galileo DF (and also SF) users. The reason for
this behavior, as described in Section 3.1, is related to the
fact that GPS DF users need to apply a larger number of
broadcast parameters and their residual errors sum up (see
Figure 9). For Galileo, the DF users are not affected, and
the SF users are affected only by one single broadcast term.

When using this model in the ARAIM protection level
algorithm, the correlation time of the GD errors needs to
be assessed and taken into account in the integrity risk
assessment. The error correlation time can introduce an
additional integrity risk, and the user algorithm needs to
design the protection levels to take it into account. An
assessment of the GD error correlation time will be part of
future work to support the integration of this model in the
ARAIM user algorithm.

6 CONCLUSIONS
Accuracy of GDs and their bounding is essential informa-
tion in safety critical applications, especially for the high
demand integrity service of aviation users.

The GPS standard models this contribution in the URA
term, which needs to properly cover the worst case among
several GPS services. This corresponds not to the SF ser-
vice but to the L1-L5 dual-frequency ones, because the GPS
navigation message refers to the L1-L2 combination and
not to the L1-L5 one.

The Galileo navigation message instead refers directly to
the aviation frequencies, L1 and L5, and, consequently, avi-
ation DF users are not affected by GDs. The treatment of
their bounding can then be simplified.

The paper presented for Galileo a model of the URA
bound separated from the GD one, where the latter needs
to be applied only by SF users. The presented model
takes advantage of the Galileo signal characteristics and
improves integrity availability for DF aviation users. In
fact, Galileo URA does not need to be inflated to account
for GD errors and refers only to DF services.

A real measurement characterization has shown the
motivation and advantages of the presented model. BGD
bounds were also assessed to support the definition of
future aviation9 and Galileo standard.16
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