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Simulating GPS radio occultation events

Georg Beyerle
GFZ Potsdam, Germany, gbeyer | e@f z- pot sdam de

Preface

This report describes the GPS radio occultation simulation tool SIMEND2END, its MATLAB
implementation and usage, as well as the main processing algorithms and results from simulation
studies. SIMEND2END’s implementation has been finalized and a significant number of simulation
runs have been performed when the author was GRAS SAF visiting scientist at the Danish
Meteorological Institute in late spring 2005. A paper addressing the simulation study’s principal
results as well as a statistical analysis of radio sonde data concerning the occurrence of critical
refraction was prepared and submitted for publication to the Journal of Geophysical Research
(Beyerle et al., 2005). The present report serves as a complement to this paper; the report’s main
focus is on the discussion of implementation details of the simulation tool. The analysis of critical
refraction phenomena derived from the radio sonde observations and the corresponding simulation
results is presented in the paper and only a summary is given here. As a consequence of the overlap
between the focal points of the submitted paper and this report several figures and text sections
found in the paper are reproduced here. A preprint of the paper and SIMEND2END’S sources are
available at ht t p: / / ww. gf z- pot sdam de/ pbl/ st af f/ gbeyerl e/ .

Abstract

Validation studies of atmospheric refractivity observed by the GPS radio occultation experiment
aboard the CHAMP satellite identify significant biases and enhanced standard deviations in the
lower troposphere at low latitudes. In order to separate bias contributions caused by critical
refraction from contributions induced by the occultation receiver’s signal tracking loops an
end-to-end simulation tool was developed and implemented within the MATLAB programming
environment. With a data set of 1992 refractivity profiles derived from high-resolution low-latitude
radio sonde observations simulation studies including several closed-loop and open-loop signal
tracking techniques were performed. The individual steps of the simulation processing chain and
their underlying algorithms are described. The results from the simulation study show that a receiver
model capable of fly-wheeling qualitatively reproduces the CHAMP observations, which are
characterized by negative biases in the planetary boundary layer, enhanced standard deviations and
frequent occurrences of loss of signal tracking lock in the lower troposphere. Closed loop tracking
with reduced loop order is found to be a viable alternative to fly-wheeling and open-loop techniques.
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Abbreviations

AWI Alfred Wegener Institute for Polar and Marine Research, Bremerhaven
C/A code  coarse acquisition code

CHAMP  CHAllenging Minisatellite Payload (German geo-research satellite)
DMI Danish Meteorological Institute, Copenhagen

ECMWEF  European Centre for Medium-Range Weather Forecasts, Reading

FSI full spectrum inversion

GFz GeoForschungsZentrum Potsdam, Germany

GPS Global Positioning System

GPS/MET GPS/Meteorology (proof-of-concept satellite mission)
LEO low-Earth orbiting

MPS multiple phase screen

NCO numerically-controlled oscillator

P code precise code

PBL planetary boundary layer

PLL phase-locked loop

RO radio occultation
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1. Introduction

Since March 2001 a Global Positioning System (GPS) radio occultation (RO) experiment aboard the
CHAMP (CHAIlenging Minisatellite Payload) geo-research satellite (Reigber et al., 2002, 2005)
records signals from GPS satellites setting behind Earth’s horizon. Since activation of the RO
experiment on 11 February 2001 about three hundred thousand occultation events have been
observed, about 64% of which could be successfully processed and converted to profiles of
atmospheric temperature (Wickert et al., 2001, 2004; Hajj et al., 2004). As the signal propagates
through the ionosphere and the neutral atmosphere its amplitude changes and its group and phase
velocity deviates from the vacuum speed of light. From these characteristic carrier phase and
amplitude changes the ray bending angle profile «(p) and, subsequently, the atmospheric refractivity
profile N(z) = (n(z) — 1) - 10° are derived (see e.g., Melbourne et al., 1994; Kursinski et al., 1997;
Yunck et al., 2000; Hajj et al., 2002). Here, n(z) denotes the real part of the atmospheric refractive
index, p and = are the ray impact parameter and the altitude, respectively.

In the upper troposphere and lower stratosphere, at altitudes between about 7-8 km and 35 km, good
agreement between CHAMP RO measurements and meteorological analyses is found. In the lower
troposphere, however, validation studies of the CHAMP, as well as the earlier proof-of-concept
GPS/MET mission report on significant negative refractivity biases on the order of several percent
(Rocken et al., 1997; Wickert et al., 2004; Marquardt et al., 2003; Ao et al., 2003; Hajj et al., 2004).

The N-bias may be attributed to two factors. First, for vertical refractivity gradients below a
threshold value of dN,/dz = 10°/rg ~ —157 km~! the local curvature of the ray exceeds the
curvature of the refractive index field and the ray is either absorbed by the ground or refracted
outside of the orbit sector in which the receiver records signals (Ao et al., 2003; Sokolovskiy, 2003).
In occultation events affected by critical refraction the retrieved bending angles and, subsequently,
the retrieved refractivities are systematically smaller than the true values (Sokolovskiy, 2003).
Second, the signal tracking process performed by the occultation receiver may induce carrier phase
errors which also contribute to the refractivity bias (see e.g., Gorbunov, 2002; Ao et al., 2003;
Beyerle et al., 2003). It is well established that the implementation of open-loop signal tracking
techniques in future RO instruments will prevent the receiver from prematurely losing tracking lock
and will provide access to carrier phase and amplitude data in the planetary boundary layer at low
latitudes (Sokolovskiy, 2001b).

Negative biases in the lower troposphere are well-known from CHAMP and other satellite RO
missions (see e.g. Rocken et al., 1997; Ao et al., 2003; Hajj et al., 2004). Within an ensemble of
retrieved refractivity profiles the exact shape of the fractional refractivity error depends also on the
number of data points retrieved at a given altitude z, in the following denoted by m(z); the
loss-of-lock altitude z5q9, refers to the altitude at which the number of successfully retrieved data
points is reduced to 50%. If, e.g., more restrictive quality control criteria are employed removing
outlier observations, z5qy increases correspondingly. If the fraction is above 50% within the full
altitude range, z50¢ is undefined. A plot of m(z) is attached to the figures showing the fractional
refractivity error AN/Nywe = (N — Nypwe) /Nirue in Order to emphasize the mutual dependence
between fractional refractivity error and m(z).

The simulation tool SIMEND2END attempts to model GPS radio occultation events taking into
account the receiver tracking process. Starting from a refractivity profile V(=) the atmospheric
propagation of a GPS signal is simulated with the inverse Full Spectrum Inversion (FSI) technique
(Gorbunov, 2003; Gorbunov and Lauritsen, 2004). With the FSI method the simulated amplitude
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Figure 1.1: Schematic overview of the end-to-end simulation procedure.

and phase data are converted to bending angle profiles (Jensen et al., 2003). Finally, refractivity
profiles are retrieved by Abel-transforming the bending angle profiles thereby closing the simulation
loop (Ao et al., 2003). Optionally, a simplified signal receiver model can be inserted in the
end-to-end simulation chain. Its schematic is shown in Figure 1.1.

Since the emphasis lies on statistical analysis of a large number of simulated retrieval results, we aim
at a fast and efficient implementation. To achieve this objective a number of simplifying assumptions
are made:

1. The orbits of the LEO and the occulting GPS are taken to be circular and coplanar.

2. The focus of the simulation tool is on the troposphere. Signal propagation through the
ionosphere is not taken into account and only the signals at the L1 frequency (1.57542 GHz)
are considered.

3. C/A and P code modulations are not explicitly simulated; the 50 Hz navigation data
modulation is implemented as random sign changes every 20 ms.

4. Relativistic Doppler shifts and clock deviations are not included in the simulation.

5. In closed-loop tracking only the NCO frequency is updated, NCO phase update is not
implemented. (Stephens and Thomas, 1995).

6. Atmospheric absorption is neglected, i.e. the imaginary part of the refractive index is assumed
to vanish. (For a discussion of occultation data analysis for non-zero absorption see Gorbunov
and Kirchengast (2005).)

The occultation simulation tool SIMEND2END has been programmed and tested within the MATLAB
programming environment (MATLAB version 7, version 5 and earlier versions are not supported).
SIMENDZ2END’s source files are located in the directory . . . / si nend2end/ and in the
subdirectory . . . / si mnend2end/ pri vat e/ . Program flow is controlled by parameters stored in
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the file pri v_cont r ol par def aul t . m(default parameters) and the file

priv_control parl ocal . m(site/machine specific parameters). Input data (e.g. radio sonde
data) are read from . . . / si mnend2end/ dat a/ i n/ , results are stored as MATLAB-specific binary
format data filesin. . . / si nend2end/ dat a/ out / mat / . Each simulation event is uniquely
characterized by an occultation number Ccc No, the type of signal tracking Tr ack Type, and the
carrier signal-to-noise density ratio CNO in units of dB Hz. The simulation results are visually
displayed and/or stored in files for later analysis. Installation and usage of SIMEND2END is
described in the appendices A and B (see also the file r eadne in the SIMEND2END distribution).

The outline of this report is as follows: in chapter 2 the calculation of GPS and LEO orbits are
described, chapter 3 discusses the calculation and parameterization of the refractivity profile, which
is used as input to the forward model, outlined in chapter 4. Chapter 5 focuses on the closed-loop
and open-loop signal tracking receivers, the retrieval of bending angles and refractivities obtained
from the receiver output is presented in chapter 6. Finally, results of the simulation study are
summarized in chapter 7. The appendix includes SIMEND2END’s installation and usage notes.

www.dmi.dk/dmi/sr05-09 page 8 of 38
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2. LEO and GPS orbits

The simulated satellite orbits are taken to be circular in order to improve the simulator’s
computational efficiency. The approximation is justified since CHAMP’s and the GPS satellites’ true
orbit eccentricities are below 0.004 and 0.023, respectively, corresponding a deviation from a
circular orbit of less than a few hundred meters and a few kilometers during the duration of an
occultation event (about 100 s). In addition, Earth’s local curvature radius is set to a fixed value
atrp = 6,378.1363 km. The LEO (low-Earth orbiting) and occulting GPS spacecrafts are assumed
to be counterrotating within the same (occultation) plane; the LEO (occulting GPS) orbit radius and
velocity are r;, = |7,| = 6800 km and v, = 7.65 km/s (r¢ = 26,800 km and v = 3.837 km/s),
respectively. With these values the temporal change of the satellite-to-satellite angle

6 = acos (TL : TG) (2.1)

rLra

amounts to (a constant value of) df(t)/dt = 1.268 - 1072 rad/s.

Within SIMEND2END the orbit calculation of LEO and occulting GPS is performed by the private
function pri v_I| eogpsor bi t s. m The function returns the structure Dat aLv2 containing fields
with position and velocity information at a sampling frequency of 50 Hz.

www.dmi.dk/dmi/sr05-09 page 9 of 38
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3. Refractivity profile

The refractivity profile is parameterized using a spline fit over a certain altitude interval. Above and
below this interval the profile is extrapolated with a exponential function. The parameterization is
initialized with a function call to si nend2endr ef r par _<OccNo>. m E.g. with CccNo=17 the
function si mend2endr ef r par _17. mneeds to exist in the MATLAB search path and should
return a structure Ref r Par containing the spline fit parameters. An analytical expression or
observational data (radio sondes) can be used to initialize the refractivity profile.

Analytical expression

Following Sokolovskiy (2001a) we consider an exponential refractivity profile with a tropospheric

disturbance.
2 _
N = Ny exp (—%) (1 — Np - arctan <Z H§D>) (3.1)

The functions si mend2endrefrpar _1.m...,si nend2endr ef r par _42. mexemplify
implementations of Eqn. 3.1 with disturbance amplitudes varying between N = 0 (no disturbance)
and Np = 8.

Fig. 3.1 shows the refractivity and vertical refractivity gradient for Ny = 400 and a scale height
H = 8 km. The disturbance is located at zp = 6 km, with vertical extent of Hp = 50 m and
amplitudes of Np = 1 and Np = 2.5.

10

————— ™,

height [km]
a1

~200 -100 0
dN/dz [km™]

Figure 3.1: Vertical profiles of refractivity (left panel) and the corresponding refractivity gradient
(right) derived from Eqgn. 3.1 for disturbances of N = 1 (solid line) and N = 2.5 (dashed). The
critical value of —157 km~! is marked as dotted line.
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Figure 3.2: Radio sonde profile observed by Alfred Wegener Institute aboard RV “POLARSTERN”
at 29.9°N, 14.6°W on 2 January 1983 (profile ID #10).

Radio sonde data

Occultation numbers 100000 < OccNo < 199999 are reserved for refractivity profiles extracted
from radio sonde data collected aboard RV “POLARSTERN” by Alfred Wegener Institute for Polar
and Marine Research, Bremerhaven (AWI) mostly on the Atlantic ocean. AWI’s sonde data archive
is accessible through

http://ww. aw - br emer haven. de/ MET/ Pol ar st ern/raso. ht i .

From the observed pressure p(z), water vapour partial pressure p,,(z) and temperature profiles 7°(z)
refractivity N = 10° (n — 1) is calculated using (Thayer, 1974)

_ P — DPw @ ]ﬁ
N =k =tk o+ ks (3.2)

with n denoting the real part of the atmospheric refractive index and k£, = 0.7760 K/Pa,

ky = 0.648 K/Pa and k5 = 3.776 - 103 K2/Pa. For simplicity the difference between geopotential and
geometric height is neglected in the simulation. Above the balloon burst height z 5 the refractivity
profile is extrapolated exponentially

Z — ZB

H

N(z) = N(zp) exp (— ) for 2z > zp (3.3)

with a scale height of # = 7 km (default value).

The refractivity profiles are linearly interpolated on an altitude grid with 5 m resolution and low-pass
filtered using a running mean with 150 m width (adjustable via the parameter
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Contr ol . SondePr of i | eSnpot h) to reduce measurement noise introduced by the humidity
sensor (Vaisala, 1989). Refractivity for arbitrary values of z are obtained from spline fit parameters
stored in the structure Ref r Par using the functionpriv_cal crefractivity. m

In the following the individual steps of the simulation process are illustrated with one particular
sonde observation from the AWI radio sonde data set, measured aboard RV “POLARSTERN”

at 29.9°N, 14.6°W on 2 January 1983 (profile ID #10). Fig. 3.2 shows the corresponding
temperature and relative humidity profiles (left panel) together with the derived vertical refractivity
gradient (right panel). In the planetary boundary layer (PBL) below 2 km altitude strong gradients
causing multipath beam propagation are observed. However, the threshold value for the occurrence
of critical refraction dN./dz = —157 km~! is not reached.

www.dmi.dk/dmi/sr05-09 page 12 of 38
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4. Forward model

The forward model translates the refractivity profile N (z) into a bending angle profile «(p) and,
subsequently, a(p) into a time series of amplitude and phase path samples. This time series
corresponds to a signal transmitted by the occulting GPS satellite following the orbit 7 (¢) and
recorded by an occultation receiver onboard the LEO moving along 7 (¢).

Inverse Abel transform

If the refractivity field is spherically symmetric, i.e. N(7) = N(r), the inverse Abel transform relates
the bending angle a(p) to the refractivity profile N (r) (Fjeldbo et al., 1971)

_ dIn(n(z))

a(p) = 2p7 e
2 — 2 dx
p v p

(4.1)

where n = 1 + 10~% IV denotes the real part of the refractive index. Note that the integration is
performed in impact parameter space.

Fig. 4.1 shows the derived bending angle as a function of ray height p — rz, where r denotes the
local curvature radius. Below ray heights of about 6 km multipath signal propagation generates
characteristic bending angle fluctuations (Gorbunov and Gurvich, 1998; Gorbunov, 2002).

The inverse Abel transform is implemented in function r ef ri ndex2bendangl e_abel . m To
capture the small-scale variability in the lower troposphere vertical resolution (parameter
Control . ABLVert Resol uti on)isreduced to 1 m below 6 km altitude (parameter

14

[EEN
o
!

T

ray height [km]
(o)

6 L
4 L
2 42190 : : { :

0 0.5 1 15 2 2.5

bending angle [deq]
Figure 4.1: Bending angle profile derived from sonde observation ID #10.
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Control . ABLHei ght Cri t Ref r) increasing to about 70 m at 150 km altitude (parameter
Cont r ol . ABLMaxHei ght ). The corresponding parameters are initialized in function
priv_control pardefault. m

Cont r ol . ABLNof Level s
Control . ABLHei ghtCrit Refr

9001; % nunber of altitude |evels
6e3; % upper end of high
% resol uti on range [ni

Control . ABLVert Resol ution = 1; % vertical resolution
% bel ow ABLHei ghtCritRefr [n]
Control . ABLM nHei ght 0; % m ni mum hei ght range [mM

Cont rol . ABLMaxHei ght 150e3; % maxi mum hei ght range [m

Multiple phase screens

If, on the other hand, the refractivity field deviates from spherical symmetry the inverse Abel
transform (Eqgn. 4.1) is not applicable. An efficient derivation of the bending angle «(p) for
non-spherical refractivity fields provides the Multiple Phase Screen (MPS) technique (Karayel and
Hinson, 1997; Gorbunov and Gurvich, 1998; Sokolovskiy, 2001a). In the MPS approach the
refractivity field is modeled by a series of parallel phase screens. In our implementation the wave
field is described by 20,000 rays propagating through N,; = 2001 plane-parallel phase screens
separated by Az = 1 km. At each phase screen the incident wave suffers a phase shift whereas the
wave’s amplitude remains unchanged; between screens the wave is propagated through vacuum

(Gorbunov et al., 1996). At the ith phase screen the ray corresponding to impact parameter p is

deflected by an angle 10~ N9 () /d= Az where N (z) denotes the refractivity profile on the it
screen. The bending angle then follows from the summation over all phase screens

h

Nps

a(p) ~ 107 Z WAQ; . (4.2)

The MPS calculation is implemented in function pri v_npspr opagat e. m The default
parameters defining the number of rays, the number of screens and their separation are initialized in
priv_control pardefault. m

Cont r ol . MPSNof Rays
Cont r ol . MPSNof Scr eens
Control . MPSScr eenDi st

20000; % numnber of rays
2001; % nunber of phase screens
1000; % di stance between screens [nj

respectively.

Inverse FSI

Individual rays within regions of multipath propagation can be disentangled by a transformation of
the wave field in geometric space, u(t), to a representation in impact parameter space, U(p), from
which the bending angle profile «(p) follows (Gorbunov, 2001; Jensen et al., 2003). Conversely, an
inverse transformation relates a.(p) to the signal in the time domain,

u(t) = alt) explic(t)) (4.3)
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where a(t) and (t) denote the signal’s amplitude and phase, respectively. The satellite-to-satellite
angle 0(p) as a function of impact parameter p is related to the bending angle profile through

6(p) = «afp)+ acos (£> + acos (ﬁ) . (4.4)

rL ra

For spherical LEO and GPS orbits r;, = const = r¢ and § = d6(t)/dt = const; thus, the Doppler
angular frequency w(p) is proportional to the impact parameter (Jensen et al., 2003),

w(p) = kép. (4.5)

Signal phase and amplitude in impact parameter space, ®(p) and A(p), are obtained from (Gorbunov
and Lauritsen, 2004)

o) = - [dott) = [ o) (4.6)

=
E
2

p
\/rL rg sin(0) /12 — p2 \/1% — p>
and the signal w(t) from the Fourier transform
ut) = FlU(p)] = F[A(p) exp(i ®(p))] (4.7)

with amplitude and phase

a(t) = |u(t)] (4.8)
p(t) = arg(u(t)) .

Fig. 4.2 shows the amplitude and Doppler profile that corresponds to the bending angle profile
plotted in Fig. 4.1; for clarity an offset of 42 kHz has been subtracted from the Doppler profile.
Multipath propagation causes significant amplitude and Doppler fluctuations starting at about 65 s
occultation time.
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Figure 4.2: Simulated signal amplitude (top panel) and Doppler frequency profile (bottom) derived
from sonde observation ID #10.

5. Recelver model

The receiver tracks the signal «(t) by correlating «(¢) with replica signals
vi(t) = cos[®NCO(t)] and vi(t) = —sin[®@V9O(1)] . (5.1)

The replicas v*(t) and v%(t) are generated by the receiver’s NCO (Kaplan, 1996; Tsui, 2000; Misra
and Enge, 2002). In our simulation the NCO’s frequency f¥“©(t) is updated at a rate of

1/T = 1 kHz, i.e. fNCO(t) is piecewise constant for ¢, < ¢ < t,, + T, fN°O0 = fNCO(t,). Provided
the amplitude A(t) and frequency f(t) = 1/(27) d®/dt can be approximated as piecewise constant
functions, A,, = A(t,) and f,, = f(t,), the inphase and quadphase correlation sums are given by

2 / T ) i) di 4 N (52)

T
sin2r Af, T+ A®,_1) — sin(AdP,,_4)
2 Af, T

in

+ N!

Q

DTLATL

and

2 tn+T
T / u(t) vi(t) dt + N} (5.3)
tn

—cos(2r Af, T + Ad,,_1) + cos(AD,,_1)
2r Af, T

4n

D, A,

+ N?,

Q

respectively, with D,, = D(t,,). Here, Af, = f, — fN¢© and A®,, = &, — ®NO denote the
difference between the true and the NCO frequency and the difference between the true and the
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NCO phase, respectively. The NCO phase follows from

YO =2xT Y N0 (5.4)

j=1

We note that ®¥“© and ®,, are accumulated phases and not restricted to the interval [—, +7].
Gaussian white noise, N and N¢, with zero mean and standard deviations

A0)
V2T 100/N0/10
is added to the correlation sums, 7,, and ¢, (Eqns. 5.2 and 5.3), where A(®) denotes the amplitude for

vacuum propagation and C'/Nj is the noise carrier-to-density ratio expressed in dB Hz (Kaplan,
1996).

o(NH) =

n

(5.5)

The total accumulated phase is the sum of NCO phase ®~“© and residual phase ®7 (see section 5.4)
ol = @10 + 9. 59)

Finally, output data volume is compressed from 1/7" = 1 kHz to 50 Hz by coherent summation over
K = 20 samples

K-k
I, = > (5.7)
J=K-(k—1)+1
K-k
Qr = ooy
j=K-(k—1)+1
1 K-k
(I)gcv _ ? Z SO;%C’U.
J=K-(k—1)+1

In the following, I, and @)}, are denoted as coherent inphase and quadphase correlation sums,
respectively. We note that Eqn. 5.7 implies a linear fit through gof‘f” to obtain ®£<v, Thomas (1989)
discusses more sophisticated alternatives. From the coherent correlation sums the signal amplitudes

A = V(1) + (Qn)? (5.8)

are obtained. Signal tracking is accomplished in either closed-loop or open-loop mode. The two
modes will be discussed in section 5.1 and 5.2.

The simulation receiver is implemented with the functions pri v_t r acki ng. m(driver routine),
priv_tracksgnpl | rateonly. m(closed-loop and fly-wheeling tracking routine) and
priv_tracksgnopenl oop. m(open-loop tracking routine). First, with a call to
priv_navdat anodul at i on. m50 Hz data modulation is added to the signal in

priv_tracki ng. m For simplicity the navigation data is modelled as random bits. The
modulated signal is tracked either in closed-loop, fly-wheeling or open-loop mode depending on the
values of the parameters Cont r ol . Tr ackCl osedLoop, Control . Fl yWheel i ng and
Control . Trackd osedLoop. The simulation receivers operate with an update frequency of

1 kHz; down-sampling from 1 kHz to (typically) 50 Hz output frequency (parameter

Cont rol . Qut put Rat e) is performed by the function pri v_downsanpl esi gnal . m
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Closed-loop tracking

In closed-loop mode the NCO frequency is adjusted every C/A code period (about 1 ms) by
SFNGO = NGO — fNOO The adjustments at interval n + 1 are given by

1 K(2) + K( ) K(Q)
§FNCO — 1 2_ph X 5.9
Jut T 2 T 2 (59)
(second order loop) or

SfNGC = ofNee (5.10)

3 3 3 3 3 3

L K§>+K§)+K§)¢R+—2K§)—K§>®R K

T 2m " 2m n-l or 2

(third order loop), respectively, where the residual phase ®% is given in radian and

Kf) =7.358 1072, K( ) = 2 810 - 103 for a standard- underdamped second order loop with
bandwidth of 30 Hzand K¥ = 7.172 - 102, K{¥ = 2.383- 1073, K{¥ = 3.020 - 10~ for a
standard-underdamped third order loop with bandwidth of 30 Hz (Stephens and Thomas, 1995). For
a reduced loop bandwidth of 5 Hz the corresponding third order loop parameters are

K® =1.283-1072, K = 7.365 - 10" and K" = 1.590 - 107, With § f¥S° the NCO frequency
of the (n + 1)th update interval follows from NGO _ o fNGO + fNCO and subsequently i,,,; and

n+1 n
gn41 are calculated using Eqgns. 5.4, 5.2 and 5.3.

Closed-loop tracking with and without fly-wheeling is implemented within the function
priv_tracksgnpl | rateonly. m To simplify signal acquisition the loop’s NCO frequency is
initialized with the true frequency and the noise component is gradually increased from zero to
100% over a time period of Cont r ol . Noi seRi seTi ne seconds (default value: 10 s). Optionally
(if Cont r ol . Dat aW peAct i ve non-zero), data-wipe is applied; data-wipe is mandatory for

at an2() (four quadrant) phase extraction.

Under the assumption that the signal amplitude and frequency remains constant over one C/A code
period (about 1 ms) signal tracking is efficiently implemented with the “sin(x)/x”” model

(Egns. 5.2/5.3 and Ao et al. (2003)). The accumulated NCO phase Phs NCO increases every

TUpd = 1 ms by 27 Fr gNCOTUpd, and NCO frequency Fr gNCOis adjusted every millisecond by
the value Car Fr gOF sNew, which is calculated by the nested function

nest ed_adj ust NCOf requency() inpriv_tracksgnpl | rateonly. m The nested
function nest ed_adj ust NCOf r equency() yields the necessary frequency change that aligns
the NCO with observed frequency.

Open-loop tracking

Open-loop tracking is commonly considered a possible solution to the problem of premature loss of
lock in closed-loop receivers (Sokolovskiy, 2001b). In open-loop mode the loop feedback 4 fY5€ is
calculated from a Doppler model fmod€l(t, ) = fmedel j e,

faae = f (5.11)

n

and therefore

5fNC’O — model fNC’O ) (512)

n+1 n
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Figure 5.1: A-priori Doppler frequency profile used by the open-loop tracking model (thick dotted

line). The mean Doppler profile and the corresponding 1 o standard deviations derived from the
radio sonde data set are plotted as thin lines.

For simplicity, in this study the model f™o?! is taken to be ensemble average

Ngr
1 . .
= S =) (5.13)
j=1

where Ny = 1992 and f,Sj) is the true signal frequency derived from the jth simulated Doppler
profile at time interval n. The one-sigma standard deviation is about 10-20 Hz in good agreement
with Sokolovskiy (2001b). Total phase is calculated from Eqgn. 5.6, with % extracted from Eqn. 5.16
and ®VCC is derived from the NCO frequency (Eqgn. 5.4). Analogous to the closed-loop case the
sampling rate is reduced from 1 kHz to 50 Hz using Eqgn. 5.7 and Eqn. 5.8 yields the signal
amplitude.

Open-loop tracking is implemented with the function pri v_t racksgnopenl oop. m The NCO
frequency Fr qNCOis calculated from the Doppler model, described by the parameter OLFr gMil
and initialized in function pri v_openl oopf r gnodel . m The residual phase information is
stored in the variables Tr kI nphs and Tr kQuadphs, which are the inphase and quadphase
correlation sums coherently integrated over 20 ms.

Fly-wheel mode tracking

The first occultation measurements from the proof-of-concept GPS/MET mission frequently suffered
from loss of lock already in the upper or mid troposphere in particular at low latitudes (Rocken et al.,
1997). To solve this problem Jet Propulsion Laboratory developed and implemented the fly-wheeling
tracking method (Hajj et al., 2004). Fly-wheeling mode was successfully used in later phases of the
GPS/MET mission and is the nominal tracking mode on the CHAMP and SAC-C satellites.
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Figure 5.2: Bending angle profiles derived for carrier-to-noise density ratio of 40 dB Hz with
open-loop and fly-wheeling signal tracking.

Fly-wheel tracking is activated when SNRy drops below a predefined threshold value SNRy;. Once
activated, the tracking loop is opened and /25 is calculated from the previous L NCO frequencies
by extrapolating a polynomial fit through f¥99 ., ..., fNO. Thus, during fly-wheeling the carrier
tracking loop is no longer phase-locked to the signal «(¢). The phasor I + i ) starts to rotate freely
in I — () space, effectively randomizing the residual phase values and causing significant phase
errors. However, signal loss is less likely during fly-wheeling since large residual phase errors no
longer cause fN¢C to sheer out.

Our fly-wheeling simulations show that the results depend strongly on the selected fly-wheeling
parameters: the number of samples L included in the polynomial fit, the degree of the extrapolation
polynomial, the amplitude thresholds for activation and deactivation, possible time delays, etc. In
our implementation the following parameters were found to give best results: L = 2000
corresponding to a time period of 2 s, a linear fit and a threshold value of SNRY, = 40. If the
observed amplitude falls below SNRy, for more than 100 ms, fly-wheeling is activated. We stress that
the design choices of our fly-wheeling implementation were made to achieve consistency with the
CHAMP occultation data; the implementation should not be regarded as an accurate model of the
“BlackJack” receiver aboard CHAMP.

Within closed-loop tracking (implemented in pri v_t racksgnpl | r at eonl y. m fly-wheeling is
activated if the parameter Cont r ol . Fl yWheel i ng is non-zero. At each update step the threshold
SNRY, is compared against the signal amplitude FWAnpl Sqr , coherently integrated over 20 ms.
Evaluating the extraploation polynomial with parameters FWpp at sample time k (using the function
call FrgNCO = pol yval ( FWop, k, [], mu)) yieldsthe NCO frequency for the next time
period. Note that FWpp is initialized solely during time periods of deactivated fly-wheeling.
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Figure 5.3: FSI amplitudes derived for carrier-to-noise density ratio of 40 dB Hz with open-loop and
fly-wheeling signal tracking.

Amplitude and residual phase

The residual phases ®% (Eqn. 5.6) are extracted from the correlation sums (Egns. 5.2 and 5.3) using

dF — atan (q—”) (two-quadrant phase extraction) (5.14)

n

or
O — atan2(qy, i) (four-quadrant phase extraction). (5.15)

In closed-loop mode the phase-locked loop (PLL) steers the residual phase ® £ towards zero, i.e.
lin| > |qn| if the tracking loop is locked to the signal. In open-loop mode (section 5.2), however,
received and replica signals are no longer phase-locked, ®* possibly exceeds the interval [—7, +|
and use of Eqn. 5.15 would introduce a cycle slip whenever ®% passes 4-. These cycle slips are
eliminated by adding the number of full cycles to ®%, i.e. Eqn. 5.15 is modified by

®F = atan2(q,, i,) + O, (5.16)
where
Cho1—2m @ atan2(qyn,i,) — atan2(g,—1,i,—1) < —7
C,=1 Chq+2r : atan2(qy,i,) — atan2(q,_1,,-1) > 7 (5.17)
Ch_1 . else
and Cy = 0.

In the current CHAMP occultation receiver closed-loop tracking with two-quadrant phase extraction
is implemented (Ao et al., 2003). With two-quadrant phase extraction the 50 Hz data modulation is
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automatically taken care of, since Eqn. 5.14 is insensitive with respect to sign changes of 7,, and ¢,
(Kaplan, 1996). Four-quadrant phase extraction, on the other hand, records the data modulation bits
and introduces half-cycles whenever a bit transition occurs. Thus, four-quadrant phase extraction
presupposes the removal of the 50 Hz data modulation prior to signal correlation (data demodulation
or data wipe-off) and necessitates knowledge of the navigation message.
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6. Data retrieval

The receiver outputs inphase / quadphase correlation sums and the NCO frequencies down-sampled
from the receiver-internal 1 kHz update frequency to 50 Hz (typically). The output frequency is
adjustable through the parameter Cont r ol . Qut put Rat e (receiver output frequency in Hz).
From the correlation sums signal phases and amplitudes are calculated.

Full Spectrum Inversion

The Full Spectrum Inversion technique allows for the calculation of bending angle profiles within
regions of multipath ray propagation. Following Jensen et al. (2003); Gorbunov and Lauritsen
(2004) the bending angle «(p) is obtained from the satellite-to-satellite angle 6(p) (Eqn. 4.4)

a(p) = 6(p) — acos (ﬁ) — acos (ﬁ) : (6.1)

rL ra

(p) follows from the known function 6(¢) provided ¢ as a function of impact parameter, ¢t = t(p),
can be determined. An inverse Fourier transform of the observed signal, u(t) = a(t) exp(i p(t))
with amplitude a(¢) and total phase ¢(t), yields

Ulw) = F 'u(t)] = F a(t) exp(ip(t))] (6.2)

where U(w) = A(w) exp(i (w)). As shown by Jensen et al. (2003); Gorbunov and Lauritsen
(2004), for circular orbits a given angular frequency w occurs just once during an occultation event
and for such orbits it is sufficient to study w«(¢). Thus, ¢(w) is well defined and follows from the

15 T T T
open-loop
— — — fly-wheeling
101 .
€
=
[}
e]
2
T
5 - -
O 1 1 1
-10 -8 -6 -4 -2 4

A N/N [%]

Figure 6.1: Fractional refractivity error derived for carrier-to-noise density ratio of 40 dB Hz with
open-loop and fly-wheeling signal tracking.
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transformed signal’s phase (Eqn. 4.6),

= —t(w) . (6.3)

Using Eqn. 4.5 and # = ¢ (0 = const for circular orbits) the satellite-to-satellite angle 0(p) can be
calculated.

Within the FSI implementation (pri v_f ul | spect rum nver si on. m the independent
variable, time ¢, is replaced by 6 (Jensen et al., 2003)

6 = = 1¢. (6.4)

For spherical orbits w oc p and, thus, 8 o t and 6 = w / (k p).

Fourier transformation of the observed signal u(6) = a(6) exp(i ¢(f)) yields

U(Q) = A(Q2) exp(i ©(£2)) with © denoting the angular “6-frequency”, the number of cycles per
unit # angle times 2. Since multipath propagation is a tropospheric phenomenon (we ignore
ionospheric multipath) the Fourier transformation can be restricted to & > 6*. The limit 6* is chosen
to correspond to a ray height of 30 km and is derived from a geometrical optic approximation.

Furthermore, the signal «(¢), recorded at 50 Hz and Doppler-shifted by about 40 kHz (Fig. 4.2), is
under-sampled by a factor of about 40 kHz / 50 Hz = 800. Nevertheless, (almost) no information is
lost through aliasing provided the signal’s bandwidth is less than the sampling frequency. The
bandwidth in terms of angular #-frequency is about

Qmaz — Qmin & 27 /0 300Hz ~ 1.5 - 10° rad ™ (6.5)

for a tropospheric signal bandwidth of about 300 Hz (see Fig. 4.2). The receiver’s 50 Hz sampling
frequency corresponds to an angular sampling 6-frequency of 27 / 9 /50Hz ~ 2.5 - 10° rad~!. Thus,
the signal u(6) needs to be up-sampled by a factor of 1.5 - 105rad~* /2.5 - 10°rad™* = 6. (With a
receiver output rate of 300 Hz instead of 50 Hz this processing step could be eliminated.) The
up-sampling is implemented in private function pri v_f ul | spect rum nver si on. mas linear
interpolation of amplitude «(¢) and accumulated phase ¢(¢). The up-sampled signal is then shifted
in 2-space by €,,;,, and Fourier transformed

FUu(0) exp(i Qmin0)] = U(Q = Qi) (6.6)

where U(2) = A(Q2) exp(:®(£2)). In analogy to Eqgn. 6.3 the satellite-to-satellite angle in 2-space is
obtained from
do(Q) PQiy1 — Py

The phase @, is extracted from the transformed signal, &, = arg(U(£2;)). To avoid aliasing we
require & = |®,; — ®,;| < 7/2. During a typical occultation event 6 covers a range of about

0.1 rad; thus, 0Q2 = |Q;41 — ;| = P /0.1 rad < 15. However, 52 < 15 implies that the full range
in f-space should be, 6, — 0, = 27 / 6Q = 0.42 rad, more than 4 times the observed range

of 0.1 rad. Therefore, in the implementation of pri v_f ul | spect rum nver si on. mthe
6-range is expanded through zero-padding of «(6) (H.-H. Benzon, personal communication, 2005).
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Abel transform

If the refractivity field is spherically symmetric the refractive index follows from the bending
angle «(p) by the Abel transform (Fjeldbo et al., 1971)

n(r) = exp (6.8)

L[ )
T /p2_p/2
p(r)

Again, integration is performed in impact parameter space. Fig. 6.1 shows the deviation between
fractional deviation between retrieved and input refractivity, (N, e — Nirue) /Nirue, fOr two receiver
models, open-loop and fly-wheeling.

The Abel transform is implemented in the function bendangl e2r ef ri ndex_abel . m In
priv_fsigoi npact par spl i ce. mthe altitude resolution of the FSI bending angle profile is
reduced to 10 m (adjustable through the parameter Cont r ol . FSI Al t Resol uti on). With 10 m
vertical resolution numerical integration using the trapezoidal rule yields sufficient accuracy. At an
altitude of 25 km (parameter Cont r ol . FSI RayHei ght XOver ) and above the FSI bending angle
profile is replaced by the forward model result.
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7. Simulation results

Three examples of end-to-end simulation results are presented in Figs. 7.1 to 7.3. A more detailed
discussion is given in Beyerle et al. (2005). The plots show the mean fractional difference between
retrieved and true refractivity in the left panel (thick lines). Thin lines mark the one-sigma standard
deviation. In addition, the number of retrieved data points as function of altitude is shown in the
right panel. The true refractivity profiles are taken from 1992 radio sonde observations recorded and
archived by AWI aboard RV “POLARSTERN?” on the Atlantic ocean at latitudes between 30°S and
30°N. The simulations are performed for signal-to-noise density ratios of 40, 45 and 50 dB Hz.

The following three cases are considered:
1. The ideal receiver exactly reproduces the signal at its input; noise contributions are not
included.

2. The reference receiver uses closed-loop tracking, two-quadrant phase extraction with a third
order loop and 30 Hz loop bandwidth; this receiver model is capable of fly-wheeling.
Qualitatively, this model corresponds to the current configuration of the “BlackJack” receiver
aboard CHAMP.

3. The implementation of an open-loop receiver outputs inphase and quadphase correlation sums
together with the phase model.

10

7 [km]

O 2183 : : —_

-2 -1 0 1 20 1500
AN/ N [%] m(z)

Figure 7.1: Left: fractional refractivity error derived from simulations using the ideal receiver is
plotted as thick solid line. The thin lines indicate the one-sigma standard deviation. Excluding data
affected by critical refraction yields an almost bias-free result (dashed lines). Right: number of
retrieved data points. z5oy are 692 m and 99.5 m, respectively.
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Figure 7.2: Same as Fig. 7.1, however signal is tracked in closed-loop mode with fly-wheeling
enabled. z5y are 3.4, 2.4 and 1.5 km for 40, 45 and 50 dB Hz, respectively.

The simulation results without signal tracking (ideal receiver) is plotted in Fig. 7.1. In a control run
we restrict the comparison to the height range above z-r + 100 m and obtain a mean fractional
retrieval error and standard deviation below 0.01% and 0.03%, respectively (dashed lines). Here,
zcr denotes the largest altitude where critical refraction is observed. 58.3% of the radio sonde
observations exhibit critical refraction with vertical refractivity gradients of less than —157 km~—1;
below 3 km this subset generates a negative bias of up to —1% and a standard deviation of about 2%
(solid lines).

In the data analysis no quality control of outliers caused critical refraction has been performed in
Figs. 7.2 and 7.3. The retrieval results may directly be compared to the ideal receiver profile (thick
solid line in Fig. 7.1, left panel). For that purpose the solid line is repeated in both figures. The onset
of a decrease in m(z) already at 4-8 km altitude (Fig. 7.2, right panel) shows that the fly-wheeling
receiver frequently loses tracking lock in the mid troposphere before reaching layers of critical
refraction. Since loss of lock tends to occur at or above critical layers one would expect that the
subset of successfully tracked signals minimizes the bias. However, a significant negative bias is
observed below 5 km altitude. Within the PBL critical refraction might contribute to the negative
N-bias; above 3 km receiver-induced errors are the most likely cause, since the occurrence of critical
refraction above that altitude can be excluded.

The comparison between simulation results obtained by the open-loop receiver (Fig. 7.3) and results
produced by the fly-wheeling receiver with two-quadrant phase extraction (Fig. 7.2) highlights the
significant negative bias and enhanced standard deviation introduced by the latter. The open-loop
refractivities (dashed, dashed-dotted and dotted lines in Fig. 7.3) exhibit almost no bias and reduced
standard deviation with respect to the ideal receiver (solid line).
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Figure 7.3: Same as Fig. 7.1, however signal is tracked in open-loop mode. z5qy is 0.023 km for
50 dB Hz.

8. Conclusions

The simulation tool SIMEND2END allows for the efficient simulation of GPS radio occultation events
with different types of signal tracking techniques. The use of wave optical methods in the forward
model and the inversion of the receiver-processed profiles guarantees the disentangling of interfering
rays within regions of multipath propagation. The simulation reproduces on a qualitative level the
tracking behavior of current fly-wheeling enabled receivers with two-quadrant phase extraction; in
most occultation events the fly-wheeling receiver loses lock at or above the critical refraction layer.
The results suggest that receivers using open-loop tracking will yield improvements in the mid and
lower troposphere at altitude below 6-8 km in terms of retrieval bias, standard deviation and
loss-of-lock altitude.
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A. Installation

- downl oad the current version of sinmend2end from
http://ww. gf z- pot sdam de/ pbl/ st af f/ gbeyer| e/ t ool s/ i ndex. ht n

- create a new directory for sinmend2end and unzip the archive
- add the new directory to the MATLAB search path

- edit the paraneter file ’private/priv_control parl ocal . n
(optional)

B. Usage

The sinmulation tool is started fromthe MATLAB command |line with
>> sjinmend2end( GOccNo, TrkType, CNO, Control)

The integer 'QccNo’ characterizes an occul ati on event cal cul at ed
for a specific refractivity profile. The refractivity profile

Is defined in the paranmeter file [’ sinend2endrefrpar_' OccNo '.mi].
l.e. for OccNo=17 the file 'sinmend2endrefrpar_17.m is called.

Predefined ranges are (see 'priv_initrefrparaneter.n)
100, 000 - 199,999 : radio sonde data
200, 000 - 299,999 : DWD | ocal nodel
300,000 - 399,999 : planetary boundary | ayer studies

The integer ' TrkType’ determ nes the type of signal tracking

enpl oyed. The tracking paraneters are defined in the paraneter file
[ si mend2endtrkpar ' TrkType '.m]. |.e. for TrkType=11l the file
'simend2endtrkpar_11.m is call ed.

" TrkType’

0 : no receiver (no noise is added to signal)

2 . closed-1oop tracking, no fly-wheeling, 4-quad carrier
phase extraction, 3rd order PLL, 30 Hz bandw dth

11 . open-1loop, wth navigation data nodul ati on

12 . open-loop, with navigation data nodul ati on,
Doppl er nodel shifted by +10 Hz

13 . closed-1oop, no fly-wheeling, 4-quad phase extraction,
3rd order PLL, 5 Hz bandw dth

14 . closed-1oop, no fly-wheeling, 4-quad phase extraction,
2nd order PLL, 30 Hz bandw dth

15 . cl osed-1oop, fly-wheeling active,

2-quad phase extraction, 3rd order PLL, 30 Hz bandw dth
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The float nunber ' CNO' determ nes the carrier signal-to-noise
density ratio in units of dB Hz; default value is 45 dB Hz.

Paraneters controlling the sinulation flow can be set with the
structure ' Control’:

Cont r ol . NewA
1 : calculate orbit data
O : read orbit frominternediate MAT file

Contr ol . SaveDat aA
1 : save orbhit data to internediate MAT file
0 : don't save

Cont r ol . NewB
1 : run forward nodel to cal cul ate bending angle profile
O : read forward nodel results frominternediate MAT file

Contr ol . SaveDat aB
1 : save forward nodel results to internediate MAT file
0O : don't save

Control . NewC
1 : run signal tracking and FSI retrieval
O : read sinulation results frominternedi ate MAT file

Control . SaveDat aC
1 : save sinmulation results to internedi ate MAT file
0 : don't save

Control . Vi sual
1 : plot results on screen (default)
O : don’t create figures

Cont r ol . RandonmNoi se
O : initialize random generator with ' GccNo' (default)
1 : initialize random generator with systemtine
(results may not reproducible)

Control . SaveResul t sASASC |
1: wite results to file in ASCII| format
O : no ASCI| output (default)

Control . SondeProfil eSnpot h

wi dt h of snoot hing wi ndow applied to sonde refractivity
in nmeters (default: 150 m

Further custom zation is done by setting paraneters in
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priv_controlparlocal.m : machine/site specific settings
priv_control pardefault. m: general paraneters

Exanpl e:
>> simend2end( 100010, 15, 45)

Cal cul ate refractivity profile AW radio sonde profile #10, add
noi se to obtain signal-to-noise density ratio of 45 dB Hz, track
wi th closed-1oop fly-wheeling enabled receiver and plot result
on screen.

Parameter files

a) Refractivity profile

Information on the refractivity profile is stored in the structure
"RefrPar’ conprising the followng six fields:

RefrPar.pp = spline( Altitude, Refractivity)
fit paraneters derived froma spline fit of a (high resolution)
refractivity profile as a function of altitude.

RefrPar.zM n
lower Iimt of altitude range [n]

Ref rPar. RefrM n
refractivity at altitude ’'RefrPar.zMn’

Ref r Par . zMax
upper Iimt of altitude range [n]

Ref r Par . Ref r Max
refractivity at altitude ' RefrPar.zMax’

Ref r Par . Scal eHei ght
scale height, profile is extrapol ated bel ow ' RefrPar.zM n’
and above ’'RefrPar.zMax’ with exponential function using a
scal e height of ’'RefrPar. Scal eHei ght’

b) Signal tracking paraneters

Cont rol . Four QuadExtracti on
1 : four quadrant carrier phase extraction (atan2(Q 1))
0 : two quadrant carrier phase extraction (atan(Q 1))
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Control . TrackC osedLoop
1 : track in closed-1oop node
O : don’t track in closed-loop node

Control . TrackOpenLoop
1 : track in open-loop node
O : don’t track in open-loop node

Control . O_.Model FrqO f set
over-all shift of open-loop Doppl er nodel [ Hz]

Control . PLLO der
| oop order enployed in closed-1oop tracking

Control . LoopBLT
bandwi dth of carrier tracking |oop tines | oop update
tinme (1 ns) (i.e. 0.030 corresponds to 30 Hz | oop bandw dt h)

Control . Dat aW peAct i ve
1 : 50 Hz navigation data is predicted and renoved
fromsignal (data-w pe)
O : don’t do data-w pe

Cont r ol . Cohl nt egTi ne
coherent integration time [s] (default: 0.020)

Control . Fl yWheel i ng
0 : fly-wheeling deactivated
1 : fly-wheeling activate

Control . Fl yWheel Dat aW peActi ve
1 : data-wi pe during fly-wheeling
0 : no data-w pe during fly-wheeling

Control . Fl ywheel SNRThr eshLo
active fly-wheeling if SNR drops below this value [V/V]

Control . Fl yWheel SNRThr eshH
deactive fly-wheeling if SNR rises above this value [V/V]

Control . Fl ywheel AvgTi ne
time period used for NCO frequency extrapol ation [s]

Control . Fl ywWheel Del ayAct
delay for activation of fly-wheeling [s]

Contr ol . Fl yWheel Del ayDeAct
del ay for deactivation of fly-wheeling [S]
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Control . Fl ywheel Four QuadExt r
1 : four-quadrant phase extraction during fly-wheeling
0 : two-quadrant phase extraction during fly-wheeling

Control . Fl yWheel NoResPhase
1 : don't add residual phase to NCO phase during fly-wheeling
O : add residual phase to NCO phase during fly-wheeling

Control . Fl yWheel Pol yDegr ee
degree of fit polynom al used for extrapol ation

| nput & out put

Internediate and final results stored in files (binary MATLAB
format), default output directory is '.../sinend2end/ data/out/mat/’

The followng figures are created with the call to private function
"priv_plotresults. n

"Figure 1. SNR:
Signal -to-noise ratio as a function of occultation tine

"Figure 3: path difference’:
Difference between retrieved and true optical path as a function
of occultation tine

"Figure 4: residual phase’:
Resi dual phase as a function of occultation tine

"Figure 5: Doppler deviation’:
Devi ati on between true and retrieved Doppler as a function of
occultation tine

"Figure 6: path difference’:
Difference between true and retrieved optical path as a function of
occultation tine

"Figure 7: bending angle’:

Bendi ng angle as a function of ray height
blue : true profile

red : retrieved profile

"Figure 8: FSI anplitude’:

FSI anplitude as a function of ray height
bl ack : FSI anplitude

green : snoot hed anplitude

red . cut-off ray height
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"Figure 9: refractivity’:

Refractivity as a function of altitude
red : true profile

blue : retrieved profile

"Figure 10: refractivity gradient’:
Refractivity gradient as a function of altitude
red : true profile

blue : retrieved profile

"Figure 11: refractivity error’:
Fractional deviation between true and retrieved
refractivity as a function of altitude.

C. License

S| MEND2END --- An end-to-end radi o occultation sinul ator
Copyright (C 2000-2005 Georg Beyerle

This programis free software; you can redistribute it and/or nodify
it under the terns of the GNU General Public License as published by
the Free Software Foundation; either version 2 of the License, or
(at your option) any |ater version.

This programis distributed in the hope that it will be useful,
but W THOUT ANY WARRANTY; wi thout even the inplied warranty of
MERCHANTABI LI TY or FI TNESS FOR A PARTI CULAR PURPCSE. See the
G\U General Public License for nore details.

You shoul d have received a copy of the GNU General Public License
along with this program if not, wite to the

Free Software Foundation, Inc.,

51 Franklin Street, Fifth Floor, Boston, MA 02110-1301, USA
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