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A METHOD FOR CALIBRATING THE CARRIER-PHASES OF RADIO SIGNALS FROM
SATELLITES OR OTHER TRANSMITTERS BY USING A REFERENCE NETWORK

Antti Lange Ph.D.
Tilanhoitajankaari 18 C 39
Fi-00790 Helsinki, Finland

Abstract

Information on otbits like those of the Global Navigation Satellite Systems (GNSS) or other
transmitters is collected in Near Real-Time (NRT) from global or local computing centres like those
of the IGS. Carrier-phase reconstructions of the radio signals from these transmitters are received
by a local reference network and forwarded operationally to a Fast Kaiman Filter (FKF) processor
for computing estimates of both the state and the calibration parameters accompanied with most
reliable accuracy estimates. These state parameters typically include the Integrated Water Vapour
(IWV) or the 3-dimensional distribution of Water Vapour (3WV) of the local troposphere and the
Total Electron Content (TEC) of the local stratosphere. Precision adjustments of the carrier-phases
accompanied with necessary accuracy information can then be operationally produced for the local
needs of most reliable navigation, mobile positioning and warning of environmental hazards etc.




A METHOD FOR CALIBRATING THE CARRIER-PHASES OF RADIO SIGNALS FROM
SATELLITES OR OTHER TRANSMITTERS BY USING A REFERENCE NETWORK

Technical Field

The invented method relates primarily to the technological convergence of Satellite Geodesy
and Meteorology. The Helmert-Wolf Blocking' (HWB) method known from Geodesy since 1880 is
expanded to Fast Kalman Filtering (FKF) to cover all security-critical operational applications of

Kalman filtering (KF) such as Navigation, Remote Sensing and Computer Vision. Rapid
fluctuations of the tropospheric water vapour and the ionospheric electron content are estimated
operationally for adjusting the carrier-phases measured by a precision receiver for most reliable
navigation, mobile positioning, detection of crustal movement and tsunami warning etc. Local alerts
of those meteorological hazards that stem from unexpected concentrations of water vapour like
tornados, thunderstorm, fog, ice formation and road slipperiness are included under the general
context of Global Monitoring of Environment and Security (GMES).

Prior Art

The inventor of the Fast Kalman Filtering (FKF) reported to the scientific communities of
both Satellite Geodesy and Meteorology by Lange (2001 and 2003) how his FKF formulas are
closely related to the foundation-laying computations of the Helmert-Wolf Blocking (HWB)
method. Single, Double and/or Triple Differences of the carrier-phases are used for sorting out
Integer (lane) Ambiguities of the GNSS carrier-phase measurements in Real-Time Kinematic
(RTK) and Virtual Reference Station (VRS) land surveying. A sub-decimetre level of accuracy has
been achieved which is necessary for computing rough estimates of water vapour content of the
atmosphere. The theory of optimal Kalman filtering (1960) is needed for building up fault-tolerance
into a wide range of 6pcrational systems, including real-time imaging of atmospheric water vapour.
The inventor knows no operational applications of the HWB method wherein the error covariance
matrix is computed from its exact blockwise solution given by formula (3) of Lange (2001).

Summary of the Method

Large moving windows of locally linearized time-series of the carrier-phase data are
analysed by the Fast Kalman Filter (FKF) processing instead of tediously sorting out the lane
ambiguities in real-time. Those GNSS signal propagation effects that result from rapid variations of
integrated water vapour (IWV) and total electron content (TEC) are detected or estimated




depending on configuration of the satellites, reference receivers and other geophysical observations.
Abrupt increases in the TEC and IWV values create detectable losses in internal consistency
between all observed and simulated carrier-phases. These different effects cannot always be
separated from cach other neither from the clock errors of satellites nor reference receivers.
Residual error variances of the carrier-phases are computed operationally using methods based on
Minimum Norm Quadratic Unbiased Estimation (MINQUE) for indicating the quality and
usefulness of each GNSS signal. The blockwisely computed (Lange, 2001) error covariance matrix
of the estimated state and calibration parameter gives information on the accuracy of each
adjustment or that the parameter contradicts Kalman’s observability condition.

Best Modes of Carrying out the Method

Large moving windows of the carrier-phase data are used for maintaining Kalman’s
observability condition. Optimal physical and mathematical modelling is used for satisfying
Kalman’s controllability condition and it is monitored by computing the error variances. Adding
radio frequencies and selected combinations of the GNSS signals, increasing sampling-rates and
using denser receiver and meteorological observing networks improves temporal and spatial
resolution. This is always made at the expense of even more rapidly increasing requirements for
both computing and data transmission power.

The Observation Equation for a moving data-window of length L is obtained from the

carrier-phase measurement @;;xcof a receiver as follows:

Yiiktd= Pijkt = Pikt= Tie H it Bigka Wi higecit €ijie )
for 1=1,2,....,m, j=1,2,....n, k=1,.2,....K, =0,1,2,....L-1 and t=L, L+1,L+2,...,00

where y = difference of the total carrier-phase from the distance between a satellite and a receiver
i = index of the signals (L1, L2, L3,..., Gl,..., El,..., etc.)
j = index of the satellites (GPS, Glonass and Galileo, etc.)
k = index of the receivers (or receiver sites)
I = local index of epochs for a moving data window of length L at epoch t
t = index of the epoch times (=1, 2, 3,...)
¢ = total phase of the reconstructed carrier of the i" signal at epoch t
p = propagation distance [phase] in dry air from the j" satellite to the k™ receiver at epoch t
1= clock correction of the k™ receiver at epoch t
v = ¢lock correction of the j™ satellite at epoch t
g = slant-mapping of the IWYV refractivity for the i signal from the i satellite
to the k™ receiver at epoch t (see Slant-delay models on pages 39-49 of Kleijer (2004))
w = the IWV value for the k™ receiver at epoch t
h = slant-mapping of the TEC refractivity for the i* signal from the " satellite




to the receiver(s) at epoch t
¢ = the TEC value of the recciver(s) at epoch t
¢ = random measurement error at epoch t; and,
m, n and K = the number of signals, satellites and receivers, respectively.

There are four System Equations as follows:

)
Thka= Tkl + Gkt
Yit= Yis1t Nja
wi = (At dAgwt vy
¢y =cr1t &t

where

Ckp Mjt»> &t and vi= the random walk terms; respectively

Wy = vector [Wi g, Wags---, Wk’

v =vector [V Vag. ... VK]

A, = state transition matrix describing the speed and direction of IWV along mean air-flow

dA,= matrix of those state transition errors that can be adjusted by adaptive Kalman Filter.
Adaptive Fast Kalman Filtering (FKF) is applied to dense receiver and observing networks that are
operated with high sampling rates (see Equations (23) and (24) on pages 12-13 in PCT/FI96/00621

of WO 97/18442).

Using the F s0T

The Augmented Model of the moving sample is written out in matrix form as follows (see
Equation (18) on page 11 in PCT/FI90/00122 of WO 90/13794):

(3)
RRL 1 [ Be Fpboolfse 1 1. e’ ]
Syt W=l Se1 | ¥[(S11"%e-1) "%
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where vectors ¥, and 8; and matrix H; represent the compositions of quantities to be partitioned as
follows (see Equation (17) on page 10 in PCT/F 190/00122 of WO 90/13794):
“)



The following semi-analytical Fast Kalman Filtering (FKF) formulac are used for the processing

(see Equation (20) on pages 11-12 in PCT/FI90/00122 of WO 90/13794):
)

(KL VAR, K VA0, 6, f 1m0tz
6 ={ 2, :JRuGt.,} %GR, Y.,

whore, for i=0,1,2,...,L-1,

- ’ . -1, -
R~ vtE'[I - xl-l{xt-lvtzrxl-l} XY :

[Cw(et_,)
c"'{('t-t-l"t-t-l)" -z}
¥l
)
Ser1 ¥ Sepg
X, - [ He]
al I
.
-1
G, - |

and, i.e. for I=L,
-1
Rt-l."' vt-L

Vo= c‘"{(ct 1% 1)"'%}
- c +u,
Y= Ceatte,

Gt_L- L




The Hybrid Windfinding Algorithm (HWA) reported in Paper 5 of Lange (1999) computes
recursively the Best Linear Unbiased Estimates (BLUE) in real-time for the clock corrections of the
receivers (k=1, 2,..., K) and the satellites (j=1, 2,.., n), the values (k=1, 2...., K) of integrated water
vapour (IWV) and the total value of ionospheric electron content (TEC). Their accuracies depend
on both information and the degree of over-determination that the Augmented Model (3) has at
each epoch time t. The accuracies of all the calibration parameters and/or the adjusted carrier-
phases:

Yight = Qijht= Pikt™ Tt + Vet BijkeWie +hijicy (6)
fori=1,2,....m, j=1,2,....n, k=1,2,... K, and t=L, L+1,L+2,...,00

are estimated in real-time or in NRT by using an outcome from C. R. Rao’s MINQUE theory (see
e.g. Equation (23) on page 19 in Paper 5 of Lange (1999)).

Firstly, in order to specify vectors y, and s, and matrix H, the following logical insertions are made
in Equations (4):

¢ = [empty]
and for all k=1,2,... K:

bk == Tiy
Yek 2= [V Lkt Y2100 Ymikts Y02kt Y22kt Ym2kto - s Yiakts Y2ktoorsr Yrmnkts Tt 1’
Xk =[1,1,1,..,1,1]" and Gix = [empty] ;

so that yi = [y’c1, ¥’e2,--, Y'uk1s 8¢=[t 16 T2, Tky] and H, = diag(X, , X 2,-.-, X\ k).

Thereafter, the following logical insertions are made in the Augmented Model of Equation (3):

Ft = [dlag(ff,l > ft,z 3--3 fl,n), diag(gt,l s B2, g‘,K)! [h't-l » l.’t,Z ey h’t’K ]’]

where
f;=[1,1, 1,..., 1,0]
Bty = [8'1v.1, Btv2see Bk ]

Buk = [B1,1k0 821kt Bmikts 812K0 822K 00000 Em2kts e s Blakis Bagkteees Bmakss 0 )°
where g;; ;= slant-path refractivity of IWV for the i signal from the j™ satellite to the k™ receiver

and

b =ty hies ceshmies Bz Mgy cee s Bn2gs ey hings hz,g.,u veeshmne, 0 ]
where h;j; = slant-path refractivity of TEC for the i signal from the j satellite to the k™ receiver;

and,

§t= w:= [empty], uc:=0 and €. :=[y14, Y210 Tna, Wig, Wosees Wi, €2 ;

so that for Equations (5): ¥/ = Ye, X =[ Hy) and G, = [Feg]

where vector é t with the hat (*) on top of it gives the BLUE estimates for tomography etc.




This method above can be extended to the 3- (or 4-) dimensional tomography where also
vertical (and temporal) variations of all atmospheric constituents are explicitly taken into account.
This is made at the expense of extra lapsed time required for collecting and properly processing
much more data (see Equations (26-29) on pages 12-13 in PCT/FI93/00192 of WO 93/22625).

The Observation Equation for a moving data-window of length L is then obtained from the

carrier-phase measurement @ik of a receiver as follows:

Yigkt = Pijht - Pikt= Tkt +¥et EiktWe hijictt Cijks (1t)
for i=12,....m, =1,2,....n, k=1.2,....K, 1=0,1,2,....L-1 and =L, L+1,L+2,...,00

where y = difference of the total carrier-phase from the distance between a satellite and a receiver
i = index of the signals (L1, L2, L3,...,Gl,... ,El,... ,etc.)
j = index of the satellites (GPS, Glonass and Galileo, etc.)
k = index of the receivers (or receiver sites)
[ = local index of epochs for a moving data window of length L at epoch t
t = index of the epoch times (=1, 2, 3,...)
q:=totalphaseofthereconstmctedcarrierofthc i signal at epoch t
p = propagation distance [phase] in dry air from the j*" satellite to the k™ receiver at cpoch t
1 = clock correction of the k™ receiver at epoch t
y = clock correction of the j™ satellite at epoch t
g = vector of the slant-path 3WYV refractivity values of pixel volumes from the j satellitc
to the k™ receiver at epoch t (see Slant-delay models on pages 39-49 of Kleijjer (2004))
w = vector of the 3WV values of pixel volumes at epoch t
h = slant-mapping of the TEC refractivity for the i signal from the j" satellite
1o the receiver network(s) at epoch t
¢ = the TEC value of the receiver network(s) at epoch t
e = random measurement error at epoch t; and,
m, n, X and V = the number of signals, satellites, receivers and pixel volumes, respectively.

There are four System Equations as follows:
29
Ti= Tt Gk
Y= Vi1t Nin
wy = (At dAJwit Vi
e = et i

where
Ekp Njt> veand &y = the random walk terms; respectively
w, = vector [Wy, Wag..., Wval’
v =Vector [Vi 6 V2e--s vvi’
A, = state transition matrix describing advection of the 3WYV values in the air-mass
dA;= matrix of the state transition errors to be adjusted by adaptive Kalman Filtering.

Matrix A is a tangent-linear type of an approximation of the Numerical Weather Prediction (NWP)
model that is applied in the data assimilation of the 3WYV values at epoch t for obtaining them from




their previous values at epoch t-1 (see Equations (26-29) on pages 12-13 in PCT/F193/00192 of WO
93/22625). Matrix dA is approximated by a vector r that is estimated by adaptive Fast Kalman
Filtering (FKF) (see Equations (22-24) on pages 12-13 in PCT/F 196/00621 of WO 97/18442).

Using the FKF processor

The Augmented Model of the moving sample is written out in matrix form as follows (see
Equation (24) on page 13 in PCT/FI96/00621 of WO 97/ 18442).

39
R A 1 | B ;Fi HE R % ]
{Asg_ (+Bu, 4 i=| 1 Py M yi|8e-1 |F|A(8_ 1784 9) -8,
t T 3 y :
A Tt-1 -1 - 1P . . %1
As, ,+Bu, o ; i iFe q M, o t-L+1 “'t-z":-z) %
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5 _
. Te-L+1 Hep+1:FlL41 . %L+
As, ; +Bw, 4 P FeoL+1 ML A(sy 18y 1) "B 1 41
4C,_y +Bu ool | ; I | A€ 1o p) - .,

where vectors y; and s, and matrix H represent the compositions of quantities to be partitioned as
follows (see Equation (17) on page 8 in PCT/F 196/00621 of WO 97/18442):

(40)
b1 %1 1 G 1
o P R
©¢ LK I x Gx

The following semi-analytical Fast Kalman Filtering (FKF) formulae are used for the processing
(see Equations (25) on page 14 in PCT/FI96/00621 of WO 97/18442):
(5t)

~ ) - "1 - A
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The HWA algorithm in Paper 5 of Lange (1999) computes recursively the Best Linear
Unbiased Estimates (BLUE) in real-time for the clock corrections of the receivers (k=1, 2,..., K)
and the satellites (j=1, 2,.., n), the voxel (pixel volume) values (v=1, 2,..., V) of water vapour
(3WYV) and the value of ionospheric electron content (TEC). Their accuracics depend on both the
information and the degree of over-determination that the Augmented Meodel (3t) contains at each
epoch time t. The accuracies of all the calibration parameters and/or the adjusted carrier-phases:

Yijktd = Qijkt= Pikt™= Tkt +¥et LixeWe T hijecy (6t)
fori=12,...m, j=12,...n, k=12,... K, and =L, L+1,1+2,.. 00

are estimated in real-time or in NRT by using an outcome from C. R. Rao’s MINQUE theory (see
e.g. Equation (23) on page 19 in Paper 5 of Lange (1999)).

Firstly, in order to specify vectors y; and s; and matrix H; the following logical insertions arc made
in Equations (4t):

¢ = [empty]
and for all k=1,2,....K:

bk = Tk




Yk = [VLike Y21kt Ymike Y12kt Y22kt Ym2kt s Yiskts Y2nkte-s Ymnkts Tkt ]
Xy =1L L 1.1, 1]’ and Gy = [empty] ;
S0 tha:t Y- [y’l,h t.29 oy l,K] » St 7T ['t Lts T2taeees T K.l] and Hl diag(xl,h XI.J’-"’ Xt,K)-

Thereafier, the following logical insertions are made in the Augmented Model of Equation (3t):

Ft = [diag(ft,l ’ fl,l 3eess fl,l'l), [St,l s B2 yeers gl,V}a [h,t,l s h’l.z 3reey h,LK],]

where
fla.' = [1, 1, 1’:.-, 1’ 0],
gy = [8v.1> vz s Bk ]

v k=81, 1k vt 82,1 kvtreees EmLkvits E12kvts 22k v tse0 05 Em2k vty soe 3 BLakvts B2nkvtrmeas Emakvis 0]
where Bijkvt™ = slant-path refractivity of 3WYV for voxel vifthei  signal from the j® ] satellite goes to

the k'™ receiver through it at epoch time t else <0
and

By =[hiies boigseees Bmrgs 20y ha2y, -1 hm2gs  wes Dines hangs eees h'k"’" oy
where h; ;= slant-path refractivity of TEC for the i" signal from the j* satellite to the k™ receiver t;
and,

= Buy= [empty], uc:=0 and € ;1= [Y11, Y2050 Yat, Wigs Wagsees W v, ©¢, 1] and re=a vector of
selected elements of matrix dA, of Equation (23) as specified on pages 12-13 of PCT/FI9%6/00192;

so that for Equations (5£): Yer= Y1t Xev=[ His], Ger=(Fiy, 01and G,y = diag (1, M)
where vector € . with the hat (*) on top of it gives the BLUE estimates for tomography etc.

This method can be extended to 3- or 4-dimensional data-assimilation where the temporal
variation of atmospheric constituents is taken more explicitly into account at the expense of extra
lapsed time that is required for collecting and processing more data by other computing methods
(see Equations (26-29) on pages 12-13 in PCT/FI93/00192 of WO 93/22625). There are similar
applications of this invention which should not be excluded if the claims do not specifically say so.
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CLAIMS

Claim 1. A method for adjusting model and/or calibration parameters of a sensor system that is
equipped with said model of external events where sensor output units of said system provide
signals in response to said external events and said method makes use of Fast Kalman Filtering
(FKF) that comprises the following steps:

a) provides a data base unit for storing information on:

- a plurality of test point sensor output signal values for some of said sensors and a plurality of
values for external events that correspond to said test point sensor output signal values and/or

simultaneous time series of sensor output signal values from adjacent sensors for comparison;

- values of said sensor output signals, values of said model and/or calibration parameters and values
of said external events that correspond to a situation; and,

- controls of said sensors and/or forcings of said external events that correspond to said situation;

b) provides a logic unit for accessing both said sensor signal output values and said model and/or
calibration parameter values, where said logic unit has both a two-way communications link to said
data base unit and the capability of computing initial values for unknown model and/or calibration
parameters;

¢) provides said sensor output signal values from said sensors, as available, to said logic unit;

d) provides information on said controls of said sensors and/or said forcings of said external events
to said data base unit;

e) accesses current values of both model and/or calibration parameters and state transition matrices,
and computes updated values of said model and/or calibration parameters by using semi-analytical
FKF-formulas that are obtained by applying Frobenius Inversion Formula (26):

A Bl _ [A1+ABH'ICA! -A”BH
CD .HICA1l H!
where H = D - CA'1B
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for solving the resulting Normal Equation system by exploiting a block-diagonalization of the
covariance matrix of the residual errors [ef, (A (8.1 - 8t-1) - 8] of Augmented Model (8):

\ H, €t
A == st + FS

by applying factors F, F?, F* or M to said Augmented Model, in said logic unit, for said situation;
and where the improvement comprises computing of a local FKF solution of Augmented Model (3
or 3t) for carrier-phases of signals from satellites or other transmitters;

f) controls stability of said FKF-filtering by monitoring accuracy estimates of said updated values of
model and/or calibration parameters, in said logic unit, and indicates needs for sensor output signal
values, test point data, sensor comparisons or a system reconfiguration;

g) adjusts said model and/or calibration parameter values if stable updates are available.




