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Abstract. A new signal processing method for radio occultations is presented. The
method is conceptual and computational simple and utilizes the path traversed by the
receiving satellite as a synthetic aperture. The large aperture means that a high spatial
resolution in the Doppler frequency, and hence in the refractive index, can be
achieved. The Doppler frequencies in the received signal are detected through a
single Fourier analysis of the entire signal. As a consequence of the spectral
approach, multiple frequencies arriving at the receiver at the same instants can be
correctly resolved.

Introduction

In general terms, the radio occultation technique is based on the bending of radio
waves caused by refractivity index gradients in the atmosphere, [e.g. Kursinski et al.,
1997]. In GNSS (Global Navigation Satellite System) radio occultation, the bending is
measured as the radio waves traverses the atmosphere from a GNSS satellite to a
LEO (Low Earth Orbit) satellite. The atmospheric bending can be retrieved as function
of impact parameter from the measured Doppler shifts of the radio signals and the
positions and velocities of the satellites. Under the assumption of spherical symmetry,
the measured pairs of bending angle and impact parameter can be inverted through
the Abel transform to yield the index of refractivity as a function of height [Fjeldbo et
al., 1971].

In single ray regions, the computation of bending angles is straightforward as they are
unambiguously related to the instantaneous frequency of the received signal.
However, radio signals propagating through the lower troposphere may have a very
complex structure due to multipath propagation caused by water vapour structures
[Gorbunov et al., 1996; Gorbunov and Gurvich, 1998]. In these regions of the
atmosphere the bending angles cannot be directly derived from the instantaneous
frequency of the measured signal in multipath regions. Another drawback of retrieving
the bending angle directly from the instantaneous frequency is that the vertical
resolution is limited by the size of the Fresnel zone. Thus, there has been much effort



in developing techniques with high vertical resolution, which are capable of correctly
retrieving the bending angle profile in multipath regions [Gorbunov, 2001]. So far, four
high resolution methods have been proposed for processing of radio occultation
signals in multipath regions: (1) back-propagation, [e.g. Gorbunov et al., 1996], (2)
radio-optics, [e.g. Lindal et. al., 1987; Gorbunov 2001], (3) Fresnel diffraction theory
[e.g. Marouf et al., 1986; Mortensen and Hgeg, 1998], and (4) canonical transform
[Gorbunov, 2001]. All of these methods can be termed radio-holographic since they
are based on the analysis of the received complex radio signal.

This paper presents a new high-resolution radio-holographic method. The unique in
this theory is that the Doppler shifts are derived directly from the Fourier transform of
the entire occultation signal. This is equivalent to consider the path traversed by the
receiving satellite during an occultation as one synthetic aperture, which yields a very
high vertical resolution. The method effectively resolves multiple frequencies in the
received signals.

Description and analysis of the method

Radio occultation signals can in general terms be described as narrow-banded signals
with slowly varying amplitude and phase. The instantaneous frequency of the signals
is the carrier frequency plus the Doppler shift due to the movement of the satellites
and the spatial varying refractive index of the media. In multipath regions, the
measured signals are a sum of small-banded signals.

The angular resolution of an antenna with an extend of A/ =vT,is A/vT, where A is

the wavelength, v the velocity of the receiver and T the observation time. It is seen that
a long observation time T is equivalent to a large antenna and consequently to a high
angular resolution. This angular resolution is equivalent to a frequency resolution of
1/T . Consequently, the optimal observation time is equal to the total duration of an

occultation. An uncertainty in frequency is equivalent to an uncertainty in the impact
parameter (see Eq. 6). With reasonable values for the satellites movements, the
uncertainty in frequency for a measuring time of 100 sec is equivalent to and
uncertainty of 2 m for the impact parameter or for the vertical resolution of the
refractive index.

As will be shown later, the Doppler frequency is a monotonic function of time during an
occultation (excluding scintillation phenomena in the analysis). This is also the case in
multipath regions where the Doppler frequency of each path varies monotonically.
Hence, a specific Doppler frequency occurs only once during an occultation even
though several frequencies may be active at the same instant.

Now, consider an array of narrow banded ideal filters, each with different centre
frequencies, pointing in the direction of the incoming electromagnetic field. The filters
in this array will respond one by one in time, when the right frequency is present in the
signal. Sometimes, in the case of multipath, two or more filters will responds at the
same time and sometimes the responds will stay for a while at the same filter



depending on how fast the Doppler frequency varies. If the arrival times where each
filter responds to the incoming signal and the centre frequency of the filters are
recorded, the full information of the Doppler frequency as function of time can be
obtained. This ideal filter bank can be realised through a Fourier transform of the
entire signal, searching for the time information in the phase (the arrival time in the
description above is the phase). This technique will be demonstrated in the following
Section.

Fourier transforming the radio occultation signal

Consider the received radio occultation signal, after down-conversion. At high signal to
noise ratio this signal has the following form.

V(t)=> Q,(t)e™", (1)
where ¢, is the phase and Q, the amplitude of the p" single path.

The numbers of single paths are unknown and irrelevant for the following analysis,
and the summation in Eq. 1 is therefore omitted in the following. The Fourier transform
sees each single path separately. The Fourier transform of V(t)yields:

t+T /2

V(w,t): J'Qp(tr)el(‘Pp(t’)—wt')dtr_ (2)

t-T/2
If each frequency component in V(t) only occurs once during the observation time of
the signal, then the integral above can be evaluated using the method of stationary
phase, [Born and Wolf, 1999]. By doing so, the approximated value of the Fourier
transformed field yields:

V(w,t);\/%Qq(ﬁ)expi(qu(ﬁ)‘wt1]w=¢q(r1)’ )

where g refers to the single path that contains the angular frequency, wand ¢,

correspond to the time where the signal contains this angular frequency. Time and
frequency are related through the condition ¢_(t,) = w, that maps t, into thew space.

In Eq. 3, only phase terms up to second order are included. The validity of this
approximation relies on the assumption that the amplitude and the higher order phase
terms are slowly varying compared to the time scale of the second order term,

r=./2m/®,| . This constrain will be verified later.

The arrival times corresponding to the different frequencies in the signal can now be

found by differentiating the phase,u, of the Fourier transform given by Eq. 3 with

respect to frequency:
v _d
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or

du
(w,—fd ) = (w(t),1).
w
Hence, the arrival times of the frequency components in the Fourier spectrum is

simply given as the derivatives of the phases of conjugated Fourier components.

The Fourier technique is very robust and insensitive to signal fading and fallouts that
may occur during an occultation. Due to the long measuring time the frequency
resolution and thereby the vertical resolution of the refractive index is very high
compared to the Fresnel zone limitation. The impact of white noise in this method
does not cause other problem than encountered in usual spectrum analysis with a
sliding time window.

Verification of assumptions

Egs. 3 and 4 were derived assuming that the amplitude and the higher order phase
terms are slowly varying compared to the time scale of the second order phase term.
Furthermore, it was assumed that the Doppler frequency is monotonic function of time
for each single path. These assumptions will be verified in the following.

The phase of an occultation is, in geometrical optical terms, the optical path between
the transmitter and receiver. For a configuration with a GPS satellite as transmitter
and a low orbit satellite (LEO) as receiver, the phase can be written in several forms
[Melbourne et al., 1994] but for this analysis the foIIowing form is appropriate:

_k_[ kj4dr+kae (5)

where index G and L are referrlng to the GPS and the LEO satellite, respectively.r is
distance from the Earth, 8the angle between the satellites, and k is the wave number.
The time derivative of the phase, the Doppler frequency, yields:

w(t) = @(t) = ki, cos(w, )+ kr, cos(y, )+ kab, (6)
where 8 =Q (assumed to be a constant).

If the radial velocities of the satellites are very small or zero the Doppler frequency is
proportional to the impact parameter. Due to this proportionality, the frequency of each
single path will vary monotonically with time. The second derivative of the phase,
which gives the time scale, yields:

¢ = kQa = kQ? (dGJ , (7)
da

where d6/da is the defocusing factor.

The amplitude Q can be expressed as [Leroy, 2001]:
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where  is the angle between the radius and the ray path, ais the impact parameter,
P is the transmitted signal power, and 6the angle between the satellites.

Inserting Egs. 7 and 8 into Eq. 3 yields the Fourier transform of the occultation signal:
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In vacuum the time scale associated with ¢ is of the order 0.2-0.3 sec. In the
atmosphere the time scale is approximately the same or longer if gradients are
present. The defocusing factor, d6/da, gives the main time scale for the amplitude

variations (see Eq. 8), so in this respect the assumption concerning the time variation
of the amplitude is ‘self-fulfilled’ due to the physics of the occultation. The higher order
phase terms (from third order and on) depend on angular velocity Q
(Q~102rad/sec) in powers of the order, thus it seems to be safe to assume that
these terms are decaying very fast.

Results from a forward propagated simulated occultation signal

The data used for this simulation is a wave propagation in the atmosphere based on
the solution of the Helmholtz wave equation. This approach applies a full wave,
forward scatter model that is capable of predicting propagation for an arbitrary
atmospheric refractivity. The primary limitations of this technique are that it neglects
the backscattered field, and that accurate calculations are restricted to near-horizontal
propagation directions.

The wave propagator is used on a meteorological weather predicting analysts field
(ECHAM GRIB file no. 62, Feb. 2, 1997). An occultation has been selected so the
wave propagating from the GPS satellite to the LEO satellite will enter areas in the
neutral atmosphere where strong variations in the index of refraction occur. The
simulated amplitude and phase signals for the L1 wave, are calculated for the position
of the LEO satellite. The resulting signal consists of the simulated amplitude and the
excess phase i.e. the phase from the neutral atmosphere subtracted from the real
phase. This reduces the necessary sampling rate. The sampling rate for the simulation
used here is 58 Hz.

Now, before the signal is processed, the ‘original’ signal has to be reconstructed, at
least to a point where the bandwidth of the reconstructed signal is equal to the original



signal. This is done by a re-sampling (interpolation) of the simulated signal, and by
adding the phase from the neutral atmosphere. The restored complex signal has a
bandwidth of approx. 500 Hz.

Simulation based on GPS/MET occ. nr 62 from 2/2-97
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Fig 1. The amplitude of an occultation signal.

In Fig.1 the amplitude of the occultation signal is shown. It is seen that signs of strong
multipath (significant variations in the amplitude due interference) are present around
23, 33 and 36 sec. Other extremes in the amplitude can be associated with variations
in the defocusing factor.

The results from a FFT of the restored signal are shown in Fig. 2. Within the
bandwidth of the signal the FFT spectrum is flat as predicted in Eq. 9.

The phase of the FFT is differentiated with respect to the frequency giving the time
(see Eq. 4). This is shown in Fig. 3 and 4 in blue colour. Fig. 4 shows a magnification
of Fig. 3 in order to be able to discern the details in the plot. For comparison, the
Doppler frequency (the time derivative of the measured phase) is mapped versus time
in a red colour. It is seen that the two curves are overlapping by near areas where
multipaths are occurring. The points in Fig. 3 and 4 are not connected, instead one
views clustering of points.



Simulation based on GPS/MET occ. nr 62 from 2/2-97
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Fig 2. The FFT amplitude spectrum of the signal.
Sirnulation based on GPS/MET occ. nr 62 from 2/2-97
SDD T T T T T T T T il
The frequency vs the derivative of FFT phase
----- The directly measured frequency vs time

250 - B

200 - B

150 - B

Frequency (Hz)
=
(]
T

[}
[}
T

A0 -

-100 £

40 45

Time (s)

Fig 3. The derivative of the FFT-phase with respect to the frequency displayed in blue
colour. The red curve is Doppler frequency vs. time.



The Doppler frequency vs. time (the red curve) shows a very irregular behaviour at the
first multipath area around the abscissa 23 sec. in fig 3& 4. This is expected, since
pure phase detection will not reveal multipath. The derivative of the FFT phase shows
clearly the expected form of multipath at least in three places in Fig. 4 located at 23,
33 and 36 sec.

Sirnulation based on GPS/MET occ. nr 62 from 2/2-97
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Fig 4. The figure shows a magnification of Fig. 3.

In the spectrum of Fig. 2, a peak at —=50 Hz and a lot of scattered points in the graph of
the derivative of the FFT (Fig. 3 & 4) is seen. The peak should not be present
according to Eq. 9 and the scattered points seem unphysical. These effects can be
caused by several factors: a) If the scattered points are not caused by errors in the
generation of the occultation signal, then the used sampling rate of 58 Hz has not
been sufficient. As seen from Fig. 3 the adequate sampling rate should have been at
least 250 Hz. b) The wave propagator exhibits problems in generating a correct signal
in multipath situations. c) The observed effects are real and caused by strong
fluctuations generated in the signals.

At this stage it has not been possible to investigate the mentioned error sources, but
the general results of the signal processing seem to coincide with the developed
theory.



Conclusion

A new method for processing radio occultation signals has been presented. The
results of the simulated occultation data seem to confirm the theoretical results. The
amplitude spectrum of the occultation signal is close to a straight line, reflecting that
the defocusing factor in the signal amplitude is cancelled out by the Fourier transform.
Deviations from this could be used to detect scintillations in the atmosphere and also
be useful in absorption measurements done with different carrier frequencies.

A comparison with other methods has not been the aim here, but it will be considered
in future investigations. The high spatial resolution, the possibility for detections of
scintillations through deviations from the ideal spectrum and the simplicity both
conceptual and computational seem to be very promising for the practical application
of the method.
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