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Abstract The ground-based augmentation system (GBAS)
includes a ground monitor designed to protect against a
code carrier divergence (CCD) fault originating from the
satellite payload. The current single-frequency GBAS
solutions known as GBAS approach service types (GAST)
C and D which support Category I and Category II/III
precision approaches, respectively, both utilize this moni-
tor, but it has been noted that the test metric is subject to
non-Gaussian tails as a result of nominal ionospheric
errors. It has been observed that the ionospheric delay seen
at low elevations can trigger alarms which are not distin-
guishable from the payload fault and thus impact the
continuity and availability of GAST-D. The future GAST-
F concept is designed to meet Category II/IIl precision
approach using multi-frequency measurements which
allows the CCD monitor proposed to be free of ionospheric
influence. In order to address the full threat space, the
combination of three ionospheric-free statistics is needed to
form the test metric. This test metric is characterized
through a combination of empirical multi-frequency data
analysis and theoretical derivations leading to an approxi-
mately diagonal covariance matrix consisting of standard
deviations 0.0017, 0.0050 and 0.0046 m/s, compared to
0.00399 m/s for the current single-frequency GAST-D
design. Results from extensive simulations assessing the
monitor’s integrity performance are then provided which
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show superior performance to the existing design. The
proposed GAST-F monitor detects a divergence less than
half the size of the GAST-D one, with the same probability
of missed detection. Under the GAST-F concept, the air-
craft may be operating in ionospheric-free smoothing mode
which leads to inflation of the divergence impacts for much
of the threat space and degrades the performance of all
potential CCD monitors. It is shown that a longer delay is
required for the incorporation of a smoothed ranging
measurement into the solution. The worst-case fault mode
requires a delay of 132 s over the current value 50 s.

Keywords GBAS - Integrity monitor - Code carrier
divergence

Introduction

Ground-based augmentation system (GBAS) is intended to
support precision approach operations and is currently
standardized at the International Civil Aviation Organiza-
tion (ICAO) to support Category I with a 200 ft decision
height for precision instrument approach and landing
known as GBAS approach service types (GAST)-C. A
single-frequency GPS-based GAST-D, intended to support
Category III minima with lower than 100 ft decision
height, is under development. However, the GAST-D
solution while meeting the requirements most of the time at
most locations can be susceptible to ionospheric activity
and interference. With the forthcoming GNSS environ-
ment, GAST-F has been designated to the provision of
CAT III services using multi-constellation and dual-fre-
quency corrections which will mitigate the issues raised
under GAST-D and is being investigated within the
European SESAR program (WP 15.3.7). Furthermore, the
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enhanced performance of the navigation system could
enable worse performing aircraft, those with larger flight
technical errors (FTE), to meet the requirement. This
conclusion is based on the fact that total system perfor-
mance depends upon both the navigation system error
(NSE) and the FTE (SARPs 2009).

In the design of GAST-F, one aspect which may be
revisited to garner better performance is the design of
integrity monitors for the array of threats which constitute a
risk to GBAS. In addition, these threats may differ when
considering new signals and constellations. Ground moni-
toring of the code carrier divergence (CCD) threat
addresses the impact of a satellite payload fault, which
results in the code and carrier of the broadcast signal to
diverge excessively (Gleason and Gebre-Egziabher 2009).
This threat should be distinguished from the acceleration
threat, where the code and carrier accelerate in unison
caused by a satellite clock failure. A specific monitor is
assigned for the acceleration threat, which is the excessive
acceleration monitor (Stakkeland et al. 2014). For the CCD
threat, the effect of multiple monitors was evaluated
(Brenner and Liu 2010) including the CCD rate monitor
(Simili and Pervan 2006), the excessive acceleration
monitor (Stakkeland et al. 2014) and the carrier rate
monitor (Tang et al. 2010) for GAST-D. In this study, only
the CCD rate monitor is redesigned and evaluated for
GAST-F. On detection of such failures, the satellite is
flagged as faulty in the correction messages and excluded
by the aircraft.

In the GAST-D CCD monitor, nominal ionosphere delay
at low elevation angles leads to non-Gaussian tails of the
test metrics, which is dealt with by inflating the standard
deviation of the metric noise (Simili and Pervan 2006).
Also, in case of large temporal ionospheric gradients,
alarms are triggered as would for a payload CCD. How-
ever, while the ground CCD monitor may provide some
protection against extreme gradients it is not intended to
flag nominal ionospheric gradients which are partly miti-
gated in the correction process and do not represent an
integrity threat. With multiple frequency measurements, it
is possible to form observables in which the ionospheric
delay is removed.

In GAST-D, the ground station and user smooth the
measurements with the same Hatch filter (Hatch 1982). For
the dual-frequency GBAS structure, there are two addi-
tional smoothing techniques under consideration: the
divergence-free (DF) and the ionosphere-free (IF) (Hwang
et al. 1999). The evaluation of possible processing modes
for GAST-F is ongoing, which needs both to be backward
compatible with legacy GAST-C/D services and fit within
the tight VHF data broadcast (VDB) capacity constraints
(Milner et al. 2015). While a finalized solution is yet to be
proposed within standardization fora, what may be
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assumed is that a fully ionosphere-free solution, based on
the ionosphere-free smoothing technique, will form one
airborne mode. The CCD monitor must be able to detect
divergences in any of the raw measurements that could be
used to form the corrected smoothed ranges in the airborne
subsystem.

First, the GBAS processing techniques are outlined
including how the CCD impacts the system. Then, the
current GAST-D CCD monitor is introduced followed by
the proposed GAST-F CCD monitor. The statistical model
of the new monitor is derived both theoretically and with
empirical GPS data. Compliance to the requirement is then
analyzed where the results of probability of missed detec-
tion (PMD) versus the differential error in different situa-
tions are shown.

Processing modes

In GBAS, both the ground and airborne subsystems smooth
the raw pseudoranges with the same Hatch filter (Hatch
1982),

po(t) = ap(t) + (1 =) [p(t = T) + @(1) —@(t =T)] (1)

where p, is the ground-smoothed pseudorange, p is the raw
code measurement, ¢ is the raw phase measurement, o0 = %
is the filter weight with 7 as the time constant and T as the
sample interval. The same definition can be applied to p,,
the airborne carrier-smoothed pseudorange. The filter may
have a variant time constant increasing with the time since
initialization up to a maximum value of 30 s for GAST-D
and 100 s for GAST-C or invariant and fixed at this value.
The output of the Hatch filter may be expressed using the

approximate continuous Laplace form as follows:
Y=F¥Y+(l-F)o (2)

where F(s) = ﬁ and the inputs p and ¢ have been gen-
eralized as ¥ and & (refer to Table 1).

Besides monitoring the GNSS signals, the GBAS
ground station transmits differential corrections via the
VDB subsystem every 0.5 s to mitigate spatially and
temporally correlated errors. Among the broadcast cor-
rections, PRC is the pseudorange correction (ED-114A)
and RRC is the rate of change of PRC based on the current
and immediately prior corrections, defined as follows

PRCyyc = r — P, — CAlyy,, (3)
N
PRCa(i,j) = PRCesc(irf) — > WiPRCesc (i) (4)
i=1
1 M
PRC(i) = M;PRCSM(’»J) (5)
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Table 1 GAST-F data

processing candidates ¥ ¢ Note
SFI1 01 0, L1/E1 frequency fr; = 1575.42 MHz,
SF5 0s @5 L5/E5a frequency fis = 1176.45 MHz,
DF1 2 o =595 y =1 179, 5~ 353
DF5 Ps o — 5o A~ 126, 27~ 2.26
IF ,}%1[)1 _ﬁl’s 7%1(/’1 _.,%1(/’5

where PRC. is the carrier-smoothed pseudorange cor-
rection, r is the geometric range computed based on ground
station coordinates, ¢ is the speed of light, At is the
satellite clock correction from the navigation message,
PRC, is the ground carrier-smoothed and receiver clock-
adjusted correction, i and j indicate satellite and ground
receiver, w; is the weighting factor whose value can be
chosen as 0;/ SN, 0; for N satellites tracked at elevation
angle 0; and M is the number of ground receivers. After
applying corrections, the differential pseudorange p. is
computed as,

pe = P + PRC + RRC (1, — 1,) + TC + Aty (6)

where 1, is the time of the airborne measurement and of
the application of PRC, ¢, is the ground correction mea-
surement time, 7C is the tropospheric correction and Aty
is the satellite clock correction in meters (ED-114A)
applied at ¢,.

The data processing is shown in Fig. 1 which includes
both smoothing and correction modules. The filter inputs ¥
and @ depend upon the choice of smoothing technique
whose candidates for GAST-F are listed in Table 1. Five
candidates are considered: SF1 (GAST-D) the single-fre-
quency smoothing of the L1C/A code measurement p; with
the L1 phase measurement ¢,; SF5 the single-frequency
smoothing on L5 and E5a code measurement p5 with phase
measurement ¢s; DF1 the divergence-free smoothing of p,
with a combination of ¢, and ¢s; DF5 the divergence-free
smoothing of ps; with a combination of ¢, and ¢s; and IF
the ionospheric-free smoothing (Hwang et al. 1999). The
time constant T may be 30 s, 100 s or potentially larger.

Fig. 1 GBAS data processing

DF1 and DF5 are candidates that remove the extra
ionospheric divergence caused by the smoothing filter in
single-frequency data processing, but the ionospheric
delay at the current epoch remains. Since they are
formed of only a single-code measurement, if carrier
phase noise and multipath are reasonably neglected, the
same noise properties as the single-frequency counterpart
are maintained. IF is able to remove all ionosphere delay
but results in an inflated standard deviation of the code
multipath and noise, mainly caused by the inflation
factor 2.26 for p, in Table 1.

For the SF1 mode, denoting a divergence on p; as d);
and on ¢, as d,, the steady states are derived as follows,

. = T dpl dqol
limsE(¥se1) = EE%S[FS_sz (1-F)—%

2

. s dy 1 dy

— Lol Rl A3 7
s%(‘L’S—Fl 52 +'cs—|—1 52 7

EE%S[SE(lPSFI) - E('PSFI,O)]
2 d 3 d (8)
=lim( %l B Sl g
s—0\Ts + 1 52 s+ 1 s?

where E() is the notation for mean, Y, is the filter output
in (2) with SF1 mode and ¥ g is the initial state of Psg;.
It is concluded that a steady state of the smoothed range
error in (2) is d,1 T when d,; = 0 as shown in (7). Also, the
rate of the mean smoothed range error has steady-state
value d,; in (8). Similar steady-state results for the other
data processing modes in Table 1 can be derived.
However, the filters are not ensured to be in steady states
since a fault may occur at any time. The requirement on the
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ground subsystem is defined in the form of “the probability
of an error |Eg|, which is greater than a certain size for the
corrected pseudorange p. and caused by a ranging source
failure due to signal deformation, CCD, excessive accel-
eration and ephemeris error and which is not detected and
reflected in the broadcast message within the required time
to alert, shall be less than a required small probability in
any one landing when multiplied by a prior probability”
(SARPs 2009). Therefore, the differential bias Ex due to
the CCD failure is of interest, which is a function of the
following parameters: {,tg,t,,tf,t5 0, ta0; taclay, d}, Where
t, is the ground correction measurement time, f, is the
airborne measurement time at which Ey is determined, #; is
the fault onset time, #, o the ground filter initialization time,
f,0 is the airborne filter initializing time, #gelay is the time
delay from initialization of the airborne filter to incorpo-
ration in the solution and d = [d,,l,d(/,l,dp5,dq,5] is the
divergence magnitude vector with djs,d,s being the
divergence on ps and @5, respectively. The following
conditions define the satellite clock failure: d, = d,

_ dp _ fis _ _
dp5 = d¢5, % =t The case of dpl = —d(pl, dp5 = —d¢5,
d . L
ﬁ = L characterizes ionospheric divergence.
P /

CCD has 15 fault modes in GAST-F including 4 single-
divergence fault modes: Code .1 (MC1), Code L5 (MC5),
Carrier L1 (MP1) and Carrier L5 (MP5), 6 dual-divergence
fault modes with Code L14Code L5 (MCI15), Code
L1+Carrier L1 (MC1P1), etc., 4 triple-divergence fault

(MC1P15) and 1 quad-divergence fault mode with Code
L1+Code L5+Carrier L1+4Carrier L5 (MC15P15).

Figure 2 is used to illustrate the transient states of the
smoothing error and the differential error with simulated
GAST-D data processing, where the measurement is a
constant value plus the divergence d in the simulation. Since
the aircraft can start tracking a satellite tracked by the
ground at any time, the ground filter is assumed to start at
g0 = 0 s, and the results are shown by varying the relative
start time of the aircraft filter start and fault. Panel (a) shows
the smoothing error where the aircraft filter initializes after
the fault onset for the ground filter and the variant and
invariant forms of the airborne filter. The result is shown
from the fault onset time #; = 360 s, and the airborne filter
results start from 7,0 = 460 s. The following three fault
modes are used: MCI1, d = [0.01, 0, 0, 0] m/s; MPI,
d = [0, 0.01, 0, 0] m/s; and MCI1P1, d = [0.005, —0.005, 0,
0] m/s. Panel (b) shows the differential error Eg from the
airborne initialization time f,o = 460 s with the same set-
tings as in (a), where slightly larger transient response is
observed in the case of the variant filter. Panel (c) shows Ex
when t, 0 = #r = 360 s and Panel (d) refers to the case when
ty =460 s and 7,9 = 360 s. The largest value of Eg is
observed in (b). Therefore, the worst-case differential error
occurs when the airborne filter begins after the fault onset
time, assuming the ground filter has converged to the faulty
steady state, without considering the delay to incorporation
into solution. The effect of integrity monitors for detection

modes such as Code Ll+Carrier Ll1+Carrier L5  of the divergence is not considered here.
Fig. 2 GAST-D 30 s data 4 —— Air MC1 Variant 0.4 :
processing error with an . MC1 Invaraint Ground MC1 MC1 Invariant
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Smoothed error with 7,9 > #r; b 5 3 B MC1P1 02N [ MP1 Invariant
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i e bavit oD 5 NoIPt Varn ;
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Fig. 3 IF 100 s Eg with single-divergence fault modes and #, > t;

Similarly, Fig. 3 shows the results of IF 100 s with
tao =460s, t =360s for the fault modes MCI,
d = [0.01, 0, 0, 0] m/s; MP1, d = [0, 0.01, O, O] m/s;
MCS, d = [0, 0, 0.01, 0] m/s; and MP5, d = [0, O, O,
0.01] m/s. Significantly larger values of the differential
error are observed as a result of the inflation factors 2.26
and 1.26 on L1 and L5 separately for both code and carrier
in Table 1. It is concluded that if the aircraft computes its
position using IF observables, then this places a greater
burden on the CCD monitor. The steady state is achieved
around 108 s after filter initialization with the 30 s time
constant shown in Fig. 2 and 360 s with the 100 s time
constant shown in Fig. 3.

GAST-D CCD monitor

There are five threats characterized in GAST-D which
must be mitigated including the ionospheric anomaly
threat, CCD threat, ephemeris failure threat, acceleration
threat and signal deformation threat, among which the
extension of the CCD threat for GAST-F is of concern
here. Only the ground monitor is of concern here, with
the airborne CCD monitor addressing ionospheric threats.
The existing GAST-D single-frequency CCD monitor
utilizes the single-frequency code minus carrier combi-
nation (CMC),

X1=P1— "1 )

where common errors to code and carrier measurements
are removed, such as satellite and receiver clock offsets
and tropospheric delay.

The rate of change is the difference between current epoch
k and immediate prior epoch k—1, removing constant errors,
e.g. the integer ambiguity, the inter system biases, the inter
frequency biases and the group delay. The latter three are
caused by hardware differences over the signal paths of the
satellite transmitter depending on both frequency and code.
Moreover, slowly varying biases in the code minus carrier
are largely removed. The leftover errors appear in the form of
the rate of change of the ionospheric delay, multipath and
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Fig. 4 Converging of the GAST-D test metric with divergence

noise with the phase multipath rate and noise rate being
negligible. The discrete rate of change of y, is y;,

. 11 (k) — g1 (k—1) . .
n) =200 o i (0)
where I, is the rate of change of L1/El ionosphere delay
and 1, is the rate of change of L1/El code multipath and
noise. Two cascaded first-order low-pass filters are used in
the GAST-D CCD monitor with Laplace representation,

1

Fm (rms+1)2 (1)
where 1, is the time constant for CCD monitor. Shorter
time constants lead to faster detection of a CCD failure and
the system is less susceptible to the buildup of divergence-
induced filter lag errors, but results in a noisier test metric.
The test metrics of the GAST-D CCD monitor x and the
steady state of its non-centrality parameter are,

x=Fn} = sFuy (12)
S2 d1 -

———=d 13
Sl (13)

limsFLE(7,) =
s—0

where the steady state d; = d,,; — d, is independent of the
time constant. The fault space which the GAST-D CCD
monitor can protect against is expressed as,

Fault space_D = {d,,l # dpi1ldy1,dg € R} (14)

The case d,; =d, defines a satellite clock failure,
which is to be detected by the excessive acceleration
monitor since the GAST-D CCD monitor provides no
protection against this threat.

The GAST-D monitor standard deviation, a,, is char-
acterized as 0.00399 m/s which incorporates an inflation
factor to account for the non-Gaussian ionospheric error.
The probability of false alarm (PFA) allocated for the CCD
monitor is 1077 per 15 s which leads to a detection
threshold of 0.0233 m/s (Simili and Pervan 2006). Figure 4
simulates the response of the GAST-D CCD monitor for
fault modes MC1, d = [0.01, O, O, 0] m/s; MP1, d = [0,
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0.01, 0, 0] m/s; and MC1P1, d = [0.005, —0.005, 0, 0] m/
s. The input measurement is a constant value plus the
divergence d, and the output is the test metric x.

Proposed GAST-F CCD monitor

To our knowledge, the CCD payload fault has never
been observed during real operations. In order to main-
tain conservatism, the most general form is assumed in
this GAST-F CCD analysis. It may be possible to limit
the threat space in the future which would allow the
monitor design to be re-examined. The GAST-F CCD
monitor needs to protect the aircraft against code and
carrier phase divergences on both frequencies. Further-
more, as noted in the introduction, it is preferable that
the monitor be insensitive to the ionosphere delay so to
avoid false detections of payload faults under high
ionospheric activity. There are several ionosphere-free
combinations of interest, defined as follows: y., is the
CMC on L1 with the ionosphere delay removed by
carrier phase combination; -, is the CMC on L5 with
the ionosphere delay removed by carrier phase combi-
nation; y~; is the IF combination on code measurements
and y., is the IF combination on phase measurements;
%cs is the IF combination on CMC, which is a linear
combination of y; and y, with yr5 = Y%XCI — y%lxcz.

The first four combinations are,

2
Ye1 =p1— @1 —— (91 — @s)

v—1
v+1 2
=p —— — 15
Pi y—l(pl+y—1(p5 (15)
2y
Xczzps—(/’s—m(%—‘/)s)
2y y+1
=ps——— 16
Ps y_1§01+y_1(ﬂ5 (16)
0 1
Xcszy_lpl_y_lps (17)
Y 1
Zc4 :m(ﬂl *m% (18)

Two sets of combinations can be used to design the new
monitor to cover the full threat space: {yc1, X2, X3} and
{1 Zc2s Aead-

After differencing between two adjacent epochs to
compute the rate, the rate of y., and y., are geometry free
with only multipath and noise errors remaining, while the
rate of y-; needs compensation of the satellite motion,
receiver and satellite clock, and troposphere. y is defined
as the rate of change of y.; between current and immediate
prior epochs,

@ Springer

ety = LA L= Dy g (19)

The difference between two epochs removes biases that
change little between epochs. The residual error is the
multipath and noise rate on code L1 measurements 7,;.
Similarly, the rate of yq3 is ¥¢3,

(k) = xe3(k) = xes(k—1)

Xc3

T
= #(R) + cin(k) = el (k) +(6) Ty ()
- ﬁ ﬂpS (k)
(20)

Since xo3 is not geometry free, it is necessary to be
compensated for satellite motion 7, receiver clock drift 7y,
satellite clock drift 7, and the troposphere delay rate J. 7 05
is the discrete rate of change of L5/E5a code multipath and
noise. The receiver clock rate is estimated by averaging all
the geometry-free satellites ycs .,

1

ﬁZ(ZCM — P+ et —J) (21)

hti

Cly =

where 4 indicates the satellites excluding the satellite i that
is being tested and N is the total number of satellites. The
satellite-based augmentation system (SBAS) troposphere
model is used to estimate J (DO-229D 2006). The com-
pensated y -3 with the residual multipath and noise is noted
as Jc3 ¢ in (22),

dcs ¢ = des — 4 cly — ¢l —J

= 08 = 50 (22)
The compensated y., is denoted as y.4 ., Which is
derived in a similar manner. If }c4 ¢ is filtered, the
influence of the satellite orbit and clock appears above the
multipath noise. With the requirement of real-time moni-
toring, yc4 ¢ could be used directly without filtering. The
statistics used to form the GAST-F test metrics are,

x1 = Fn)ciy, X2 = Funjca, X3 = Fulcs_c) X4 = Jca_c
(23)

where Fy, is the second-order filter in GAST-D. Defining

vectors X, = [x1,x2,x3] and X, = [x,x2,x4], the quadratic

forms are proposed as the candidate dual-frequency test
metrics,

X = XuQ, ' Xy~ 1*(3,00) (24)
x = X,0,'X] ~7*(3,0,) (25)

where Q, and Q, are the covariance matrix of vector X,
and X, respectively, and 9, is the non-centrality
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parameter. Using Cholesky decomposition of Q, and Q,,
the components of vector X, and X, are standardized and
decorrelated, resulting in a Chi-squared metric with 3
degree of freedom assuming the noise is Gaussian (Kay
1998).

For GAST-F, the conservative assumption is that the
divergence vector d may take any value in R*. However,
divergences which do not result in a differential error, such
as those which appear like ionospheric divergences to an
ionospheric-free user, do not require monitoring. There-
fore, the GAST-F fault space is defined as,

d 2
Fault space, = {d,,l # —dp Udys # —dys UL 7gfL21
du " Jis

ld = [dpbdgohdpSade] € R4}
(26)

Comparing the fault space of GAST-D in (14) and
GAST-F in (26), the GAST-D CCD monitor does not raise
an alarm for the satellite clock failure, while this is the case
for the proposed GAST-F monitor. Therefore, the proposed
GAST-F CCD monitor has a redundant part of fault space
covered by the excessive acceleration monitor already. The
proposed GAST-F monitor does not only detect CCD, but
also provides some protection against steps and ramp errors
due to other faults, except the ionospheric divergence. With
the same PFA as in GAST-D, the threshold for the Chi-
squared statistic is 40.96.

The steady state of the deterministic component of the
test statistics before and after the GAST-D CCD filter
remains the same as proved in (13). The same conclusion
can be derived for x;,x; and x3. When x, is at steady state,
its deterministic component d, is,

dy1 —3.53dy1 +2.53d,s

dys — 4.53d,1 + 3.53d,s (27)
2.26d,, — 1.26d,5

dy =

Therefore, the non-centrality parameter is 6, = d’ Q; 'd,,
which is used later for deriving the steady-state PMD value
with given divergence and threshold. Similar results can be
derived for x,.

Monitor characterization

The covariance matrix is bounded based on empirical data
shown as follows. A 24-h data set was used collected on
November 18, 2014, by Thales Electronic Systems at
Pattonville, Germany using a GBAS Multipath Limiting
Antenna (MLA) BAE-ARL1900 and Septentrio PolaRx4
receiver. The elevation mask is 5°, the time constant is 30 s
and the ground steady state is 360 s after initialization

GAST-D Test Statistic(m/s)

0 5 10 15
Time(h)

Fig. 5 GAST-D CCD monitor

0.06

0.04

0.02

-0.02

-0.04

GAST-D like L5 test statistic(m/s)

0 5 10 15
Time(h)

Fig. 6 GAST-D like L5 CCD monitor

(DO-253C 2008). There were in total 8 GPS satellites
visible with both L1 and L5 measurements available (SV1,
3, 6,9, 24, 25, 17 and 30). The phase measurements are
checked against cycle slips for all statistics (Gao and Li
1999). The GAST-D CCD test metric and GAST-D like L5
test metric are shown in Figs. 5 and 6, where the latter one
is designed as the GAST-D CCD monitor using L5 mea-
surements instead of the L1.

With the threshold set as 0.023 m/s in GAST-D, there is
a false alarm triggered in both Figs. 5 and 6 with SV27 due
to ionospheric delay at low elevation angles resulting in an
obliquity effect. This can be avoided with the proposed
GAST-F test metrics with the ionosphere delay removed.
The x1, x2,x3, x4 used in the GAST-F test metric are shown
in Fig. 7 with the different colored time series relating to
different satellites. The standard deviations of these
statistics are shown in Table 2, and the correlation coeffi-
cients are listed in Table 3.

The gap in Fig. 7c, d is caused by limited L5 data to
estimate the receiver clock in (21). This will be greatly
reduced with the L5 full operational capability expected
about 2024 for GPS.

The standard deviation ratio before and after filtering of
the L1 code multipath dominated ¢, is 6, /0y, = 124. It
has been observed that for y~, and y.-; this ratio is not
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Fig. 7 Four statistics used to (a) 0015 (b) 0.02
form the Chi-squared GAST-F
test metric a x;, b x5, ¢ x3, d x4 0.01
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Table 2 Standard deviation before and after filtering As shown in Table 3, the correlation coefficient of y ¢,
) ) } } ) } and 7, is 1.8 x 1073, which is considered negligible.
Before 7, X5 Xci Xc2 Zc3 Kca . .. . .
Using the same standard deviation ratio 124, the correlation
m/s 0.145 00456 0.145  0.0458 0358 0.00352  coefficient of x; and x; after filtering should have the same
After  Fuj Funlls x| X x3 X4 value, which is also negligible. Since the correlation of x;
m/s 0.00320 0.00552 0.00117 0.00115 0.0051 - and x4 is negligible in Table 3, the correlation of x, and x4
should be smaller and negligible too, which can be con-
cluded from (15) and (18). Therefore, the two covariance
Table 3 Covariance and correlation coefficient p matrices are
covariance, p i fer X 0.0012? 0 2.8 % 10°°
— 2 -7
XCZ 12 x 10—5’ Qu = 0 0.00037 —1.6 x 10
0.0018 28 x 1076 —1.6x 1077 0.0029°
73 0.043, 0.84 —0.0025, —0.38 [0.00122 0 0
X4 —24 x 1079, _ ' 2
0.00058 0O, 0 0.00037 0 )
0 0 0.0033

consistent. This may explain the fact that a low-frequency
antenna bias has been observed on L5 under the experi-
mental setup employed. Improvement of the antenna tuning
to L5 is to be expected for future testing and implemen-
tation that should eliminate this bias. In order to populate
the covariance matrix, the standard deviation after filtering
given in Table 2 is used for ., while for y, and y; the
standard deviations before filtering are used after applica-
tion of the ratio derived for y.;. The selected data are
shown in red in Table 2. The covariance is derived in the
same way. Therefore, the derived values are
oy, = 0.00037 m/s, oy, = 0.0029 m/s, cov(x;,x3) =
2.8 x 107% (m/s)* and cov(xz,x3) = —1.6 x 1077 (m/s)>,
while o,, and o,, are used directly from Table 2.

@ Springer

The GAST-D monitor is able to detect if there is a
difference of the code and carrier divergence on L1 d;. The
performance of the proposed GAST-F nonlinear monitor
varies with d. With the same divergence magnitude, some
fault modes produce larger non-centrality parameters,
making them easier to detect. Figure 8 shows the proba-
bility of missed detection performance at steady state for
the GAST-D monitor, the GAST-D like L5 monitor and the
GAST-F single-divergence fault modes (MC1, MC5, MP1
and MP5) with given covariance matrices.

The standard deviation of the test metric of the GAST-D
like LS monitor is set as 0.0071 m/s. It is bounded in the
same way as in GAST-D (Simili and Pervan 2006) as a
sum of the nominal ionospheric  divergence
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(0.00399 x 7v) m/s which gives 0.0071 m/s and the filtered
code noise. The latter may be regarded as negligible, since
the L5 filtered code noise is smaller than L1 and the
ionospheric divergence is larger. Therefore, the threshold is
0.0415 m/s, and the GAST-D like L5 monitor is able to
detect any difference of the code and carrier divergence on
LS.

It is shown in Fig. 8 that the GAST-D like LS5 and
GAST-D CCD monitors have worse performance than the
proposed monitor since the metric standard deviations must
be inflated for non-Gaussian ionospheric divergences. With
the same PMD value, the GAST-F monitors detect a
divergence less than half the size of the GAST-D one for
code-only divergences. The two GAST-F monitors have
similar performance with single divergences, where a
divergence of 1-2 mm/s can be detected within a PMD of
107°. Since the other GAST-D monitors are able to detect
carrier phase deviations at a similar level (Stakkeland et al.
2014), the advantage of the GAST-F monitor for carrier
phase-only divergences is not significant. It should be
noted that the performance level is demonstrated assuming
the ratio before and after filtering is 124 for all data. So the
result with MC1 in Fig. 8 is trustworthy, while the other
fault modes need further data. Also, the detectable diver-
gences cited here do not include ionospheric divergence.
However, in the real environment, the influence of both the
nominal ionospheric divergence on the single-frequency
monitors and the residual ionospheric delay not removed
on dual-frequency monitors should be considered at the
level of mm/s.

The purpose of overbounding is to introduce a conserva-
tive model to be used in demonstrating the integrity com-
pliance. To gain a conservative Chi-squared distribution,
there are two parts to be considered (Rife 2012): (1) the
bounding of the non-Gaussian tails of statistics and (2) the
de-correlation and scaling of the statistics. Part 2 is not
needed when overbounding Q,, which is diagonal. To carry
out 1, the statistics are first normalized with 10° elevation
angle interval. The results of x; versus elevation angle are

% xuMC1
9 xu MP1
\ xu MC5
xu MP5
xv MP5
xv MC1
xv MC5
xv MP1
— GAST-D
\\ —— GAST-D like L5

log10Pmd

LA \
0 0.02 0.04 0.06 0.08

the divergence rate magnitude (m/s)

Fig. 8 CCD monitor performance at steady states

shown in Fig. 10. The cumulative distribution function
(CDF) of the normalized statistics is then generated. To
generate a conservative bound, a simple CDF bounding is
used as shown in Fig. 10. The inflation factors of the standard
deviation of x;, x,, x3 and x, are 1.4, 1.4, 1.4 and 1.3.

As shown in Fig. 9, the results at low elevations are
much worse. An alternative approach is to estimate the
standard deviation separately for elevation angles lower
than 30°, which could avoid excessive overbounding. The
bounded Q, is,

0.00172 0 0
0, = 0 0.00050? 0
0 0 0.0046°

The metric choice x, is preferred over x, for the fol-
lowing reasons: (1) x, and x, have very similar perfor-
mance as shown in Fig. 8; (2) Q, is a diagonal matrix with
negligible correlation, which greatly simplifies the process
of overbounding a Chi-squared distribution (Rife 2012);
and (3) x4 is used without filtering, reducing the monitor’s
response time to divergences on phase measurements.

Monitor compliance

GAST-D and consequently GAST-F requirements are
derived on the basis of three specific airworthiness condi-
tions relating to the autoland method, namely the nominal
case, the limit case and the malfunction case (Murphy
2002; FAA 1999; EASA 2003). Aircraft touchdown per-
formance must be assured in the limit and malfunction
cases which consider the presence of a fault bias on the
position assuming a projection factor of less than 4 from
position domain to range domain, potentially as a result of
a satellite payload fault (SARPs 2009). Consideration of
these two cases led to the derivation of a PMD curve for the
differential range error Eg shown in Fig. 11, where the blue
line is the requirement and the green line is an example
Gaussian monitor satisfying the requirement.

0.01

0.005

x1(m/s)
o

-0.005

-0.01
0 20 40 60 80

elevation angle (degree)

Fig. 9 x; vs elevation angle
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Fig. 11 GAST-D PMD compliance requirement

A mapping function f is defined as the projection from
ER to the non-centrality parameter d. The mapping is only
linear when all filters are in steady state which is not in
general the case. The PMD may then be expressed as a
function of 9,

Pua{Er(ta)} = Pua{f '[6(ta + TIDBA — 15)] } (31)

where TTDBA (Time To Detect And Broadcast) is the time
between the magnitude of the differential error exceeding
ER and the last bit of the integrity data leaving the VDB. In
GAST-D, the required time to alert is 2.5 s from the time at
which the fault becomes hazardous. The required value of
TTDABA is chosen as 1.5 s to allow a 1-s margin of delays
and missed messages. The ground latency ts is the time
difference between the formation of the test metric and the
last bit of integrity data leaving the VDB.

The simulation setup is outlined in Table 1, and the
results followed for the considered GAST-F processing
modes (SF1, SF5, DF1, DF5, IF) are compared with the
GAST-D compliance curve. Some previous demonstrations
have considered the steady-state performance with a linear
mapping function. In order to fully protect the user, the
simulations undertaken here have considered the full threat
space and the transient phase of the fault. To check com-
pliance with the PMD requirements, both the PMD and Er
must then be determined at all points in this threat space.
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Table 4 Simulation configuration over the threat space

GAST-D GAST-F
T 30 s
T 30s 100 s
ty 460 s
te0 0s
Ldelay 50s
TG 155 3s
fc 2 Hz 0.5 Hz
t [0:1:1800] s
ta0 [300:3:600] s [400:4:1400] s
d [0:0.0002:0.05] m/s [0:0.0001:0.025] m/s code

[0:0.00002:0.005] m/s phase

First, the behavior of Ey is analyzed with the condition that
the generated PMD is >10"°. Based on the analysis of the
behavior of data filters and monitors with regards to the
CCD fault, the configuration is chosen in Table 4 to cover
the worst case where ¢ is the simulation duration, f¢ is the
correction update rate, [] is used to denote the parameter
range (Ist and 3rd) and resolution (2nd) tested. For
example, [0:1:1800] s means the value ¢ is tested from zero
to 1800 s with each epoch adding 1 s. A slower update rate
of the correction 0.5 Hz is used in the simulation for
GAST-F to accommodate more VDB information consid-
ering the data processing modes for multiple-constellation
and dual-frequency measurements.

In a full and correct demonstration of integrity moni-
toring compliance, all monitors are implemented. In this
analysis, only the CCD monitor is presented without the aid
of other monitors. To speed up the simulation, the non-
central Chi-squared distribution is approximated by a
central Chi-squared distribution or biased normal distri-
bution where appropriate with sufficient accuracy (Johnson
et al. 1970). Based on the analysis presented above, the
worst-case situation is summarized as follows:

(a) Larger Egr results from situations where the ground
station smoothing filter is converged and broadcast-
ing and the airborne user acquires the satellite
around the fault onset time.

(b) Larger Egr results from the variant time constant
airborne filter (as opposed to the invariant one).
Therefore, only the variant cases need to be demon-
strated to satisfy the requirement.

(c) GAST-D Eg and CCD test metric depend only on the
difference in code and carrier phase divergence
magnitudes dy =d,; —d,;, not their individual
magnitudes, and therefore, only one fault mode is
needed for the GAST-D compliance analysis.
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The following figures plot the PMD and Eg pairs fol-
lowing an exhaustive search of the parameter ranges
expressed in Table 3. Figure 12 is a collection of PMD and
Eg values in the threat space presenting the GAST-D monitor
performance. Compliance of the GAST-D CCD monitor to
the requirement is therefore established. Similarly, Fig. 13
shows the GAST-D like L5 results which are not compliant.

Figure 14 shows the monitor performance for the
GAST-F x, monitor with the DF1 processing technique for
the fault modes MC1, MP1 and MP5. GAST-F x, monitor
with the IF processing method is shown in Fig. 15 for
MC1, MP1, MCS5 and MPS5.

Itisobservedin Fig. 14 thatunder the processing DF1 is able
to satisfy the requirement with single-divergence fault modes.
With DF5 MCS5, better performance is expected than with DF1
MCI1 using the more precise L5 measurements in both data
processing and CCD monitor. Therefore, for an airborne user
utilizing DF5 processing, the PMD compliance with single-
divergence fault modes can also be concluded. IF MCl is the
most critical case within the single-divergence fault modes in
Fig. 15, mainly due to the 2.26 inflation factor in the IF data
processing method. The carrier rate monitor and excessive
acceleration monitors (Brenner and Liu 2010) are unable to
help protect against the purely code-based divergences.

The full-divergence modes including MC1P15 for DF1
and MC15P15 for IF are shown in Fig. 16. The divergence
loops are set as [—0.025:0.0025:0.025] m/s on code and
[—0.005:0.0005:0.005] m/s on phase, and the resolution of
the ¢, loop is 10 s to cover the worst case with a tolerable
simulation time.

In order to enable compliance with the existing GAST-D
requirements, one solution could be to lengthen #gciay, the
delay to introducing a ranging measurements into the position
solution. It was observed that in order to meet the GAST-D
requirements, the delay of incorporating a satellite’s mea-
surements, #qelay, N€eds to be extended from the 50 sin GAST-
D to 132 s for IF users in GAST-F, which is shown in Fig. 17.

It may be that the GAST-F PMD requirement curve can be
relaxed on account of the improved geometry available from

0
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-4

log10PMD

Eq(m)

Fig. 12 Simulated results of GAST-D

log10PMD

log10PMD

log10PMD
I

log10PMD
IS

E(m)

Fig. 14 Simulated results of GAST-F DF1 with single-divergence
modes: (top) MC1, (middle), MP1, (bottom) MP5

multiple constellations. Even with the GAST-D PMD
requirement, the better geometry from multiple constellations
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Fig. 15 Simulated results of
GAST-F IF with single-
divergence modes: a MCl1,
b MC5, ¢ MP1, d MP5
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Fig. 16 Simulated results of GAST-F with full-divergence modes:

(top) DF1, (bottom) 1F
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Fig. 17 GAST-F IF full-divergence with 132's fgc.y to meet the
requirement

could ensure that longer delays to incorporation of measure-
ments would not be detrimental to final performance.

Conclusion

A new GAST-F CCD monitor design has been proposed
and analyzed which improves upon the GAST-D monitor
by removing the ionospheric divergence. It has been
demonstrated that for aircraft employing IF smoothing
techniques either under nominal mode or as a potential
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backup, the maximum differential error is significantly
inflated. Therefore, all such GAST-F CCD monitor designs
would suffer from this handicap, especially when there is
divergence on Code L1. The design proposed combats this
by reducing the standard deviation of the metric by
restricting it to the local multipath and noise of the recei-
vers and not to nominal ionospheric delays. This has the
benefit of increasing the level of integrity protection for a
given false alarm probability while also reducing conser-
vatism in overbounding.
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