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ABSTRACT:

This paper is dedicated to a new method of sea surface significant wave height (SWH) measuring. The method can be applied to
space-born radar altimeter data. This method is based on the fundamentals of Bayesian optimal measuring of a parameter. The
correlation function of sea surface echo was used to calculate a state of the art likelihood function of the SWH estimate. Optimal
discriminator of SWH is developed using the least square error of the SWH estimate criteria, apart from others papers which mostly
minimize the least square error of altimeter waveform fitting function. Discriminator characteristics are plotted and subsequent
results are presented as well as potential measurement accuracy calculation results.

1. INTRODUCTION

Circular orbit space-born radar altimeter (RA) is used to
produce broad field information, e.g. for monitoring of mean
sea level and sea currents, refining of sea geoid, mapping of sea
rings and gravitational anomalies, assessing of sea wave height
and wind, monitoring of sea ices and rains, refining of Global
Ocean model, some natural gas and mineral oil seeking
activities at the sea shore, planning of sea freight and fishing,
etc [Bhatt, 2005; Davis, 1997; Graham, 1998].

Optical and radar tools are used to measure an altimeter vehicle
position with centimetre level error [Blanc et al, 1995]. RA
emits C and Ku bands pulses to sea surface vertically, usually to
illuminate a circle several kilometres in diameter [Chelton et al,
1989], Ka band will probably be used in the future.

Nowadays RA illuminate radio pulses with duration 1, from
tens to hundred microseconds and pulse power up to tens watts.
Also linear frequency modulation is used with up to Af=320
MHz spectrum bandwidth (480 MHz will probably be used in
the future), i.e. so-called chirp pulse. The spectrum bandwidth
is restricted not only by technical issues, but also by the effect
of ionosphere dispersion [Min Ho Ka and Baskakov, 2004].
Parabolic reflector receive-transmit antenna is usually used for
RA with a beam width of 1°-2°, and the maximum permissible
antenna pointing error is one quarter of the beam width.
Apparently world-famous paper dedicated to the first space
altimeter experiment was [McGoogan et al., 1974] and then
probably the most referenced paper discussing the echo model
was [Brown, 1977] followed by [Hayne, 1980].

There are known algorithms of retrieving geophysical
parameters, including SWH, from RA data. Some of them
involve intuitive evident method of assessing of altimeter
waveform leading edge slope [Chelton et al, 1989; Tucker,
1991; Sujit Basu and Pandey, 1991], others involve maximum
likelihood estimation [Rodriguez and Chapman, 1989;
Challenor et al., 1990] which can actually be called a fitting
algorithm. But there is not enough information about using the
fundamental Bayesian optimal method though a very brief
paper was published [Mailhes et al, 2008].

This paper describes a developed algorithm of SWH estimation
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2. CORRELATION FUNCTION OF ECHO

By applying the Gaussian facet model of sea surface one can
see that the echo is subjected to fast and slow fluctuations. The
fast fluctuations of echo signal occur when RA-emitted radio
wave leading edge crosses sea surface facets, which provides
random initial phases of echoes. The slow fluctuations occure
when the reflecting area increases during the sensing pulse. It
was shown [Baskakov et al, 2007] that correlation interval of
the echo fast fluctuations at the input of the RA receiver is
inversely proportional to the compressed pulse duration (almost
during the whole duration) therefore the de-chirp technique of
receiving may be used as an optimal in the signal to noise ratio
criteria meaning. The echo slow fluctuations calculation [Min
Ho Ka and Baskakov, 2004] allowed the selection of sensing
pulse repetition interval. It was shown [Baskakov et al, 2007]
that for space-born altimeter correlation function of RA echo at
the matched filter (MF) output can be presented as a product of
two independent functions

R(t,7) = Re[P, p(z) P, (1) exp(—jw,r)] )]

where P, — maximum power of the echo at the output of the
MEF, P, — normalized by P, averaged form of the power of the
signal at the MF output, p(t) — a fast changing function in
comparison with P(t) differing from the chirp auto-correlation
function by an exponent, @, — centre frequency of RA sensing
pulse.

Theoretically the RA receiver can be based on a MF, processing
the echo in the time domain, or based on a de-chirp scheme,
processing the echo in the frequency domain. These two
schemes are equal in theory, but in practice the second variant
is deployed more. In the time domain, the MF output signal
power can be presented [Baskakov et al, 2007] as
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where b — parameter depending on the antenna beam width,
antenna pointing error and sea surface roughness; | — parameter
depending to the sea surface wave height supposing that facets
ordinates probability density is Gaussian and

3)

¢ — light velocity; o, — sea surface facets standard deviation,
which can be recalculated into the significant wave height
(SWH) H;; = 40, [Chelton, 1989; Baskakov et al, 2007];
@,(x)— probability integral divided by 2.

When processing the echo in the frequency domain the average
power spectrum of the signal at the de-chirp mixer output
accounting for side lobe correction can be calculated as Fourier
transform of the two-dimension correlation function (1) and
after normalizing by maximum value of power spectral density
Si can be presented as [10]

Sn(f)zexp{bf _ZZHO’S_Q‘(?_IQH ©)

where k — frequency slope in the sensing pulse and the
frequency axis f is shifted by the intermediate frequency value
fint.

Altimeter waveform is the average power form of the echo at
the MF output as well as the average power spectrum density at
the de-chirp mixer output. The vehicle height above the sea
surface, SWH, sea surface backscattering coefficient o, and
antenna pointing error relate to the offset and the shape of the
waveform [Baskakov et al, 2007], therefore they can be
revealed by processing the waveform. Practically the most
demanding part of the process is fulfilled by on-Earth centres
[Zigna et al, 2001].

3. OPTIMAL DETECTION

According to the theory of statistical radio location there must
be a detection process before measuring. After resolving an
according Fredholm equation the logarithm of likelihood
function for RA was presented in [Grishechkin and Baskakov,
2007] as

NEW) /27,]=C, — [ £ (0t +
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where §&(t) — input signal, h ;(t—7) — pulse response

characteristic of the MF, q(t) — current ratio of the echo power
to the power spectral density of the RA receiver noise (Ny) at
the MF output, T — duration of the echo, Cy — a constant which
does not depend on the echo.
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4. OPTIMAL ESTIMATION

A discriminator is the key unit of any tracking measuring
scheme. The main task for RA is to measure its altitude. Height
discriminator analysis was presented in [Baskakov, 1994] and
other papers. This paper presents analysis of SWH
discriminator.

The output signal of an optimal (meaning the least square error
of the estimated parameter) discriminator is determined by the
measuring parameter derivative of the likelihood function
logarithm (5). The optimal discriminator algorithm was
mathematically calculated assuming that other parameters of
the waveform were fixed. Then the influence of other
parameters variation was assessed. Mathematically it was
preferable to differentiate (5) by parameter p (3) instead of
SWH value. Parameter p can be recalculated into standard
deviation of sea surface facets ordinates o, and then into SWH
as mentioned above.

As well as to processing waveform in the time domain
[Grishechkin et al, 2008] it can be shown that for processing in
the frequency domain the discriminator characteristic has the
following formula

UGy =S, [ 8,(f+v,,(f> 1+ Su0)df ©

where the discriminator reference function has the following
formula

1,
Eb (g +6u)S,(f,p+du)

vm(f,,u+5,u)= " 3
qn[q+ S, (fsu+du )}

fWVWH@Y_W]V+J"}

4 k 2 k(u+ou)
ww{;+mxﬂy+@ﬂ

m

“pL(MﬂQ@)‘uﬂf@)y}

2
ww{;+sxﬁy+@ﬂ

and the signal to noise ratio in the bandwidth of one filter of the
spectrum processing unit corresponding to the highest point of
RA waveform has the following formula

S ®)

qn = NOAFCT

where AF, is inversely proportional to the correlation interval of
the fast fluctuations mentioned above.

Equations (6) and (7) were used to plot the series of
discriminator characteristics, see figure 1. The characteristics
are plotted as a function of 8f error determined by the current
altitude error. The 1 kHz step of 6f corresponds to 10 cm step of
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altitude. Other parameters are fixed: vehicle orbit height h =
1000 km, Af=320 MHz, 1,=102.4 ps, g, = 20 db, true standard
deviation sea surface facets ordinates 6,, =1 m.

Having (6) and (7) one can calculate the correlation function of
the discriminator output signal and then calculate the spectrum
of the output signal, which, at zero frequency, is equal to the
standard deviation of the estimate of p. The resulting standard
deviation of the estimate of sea surface facets ordinates o,
which can be recalculated to SWH, is plotted in figure 2.
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Figure 1. Sea wave height estimator discriminator
characteristic series, 1 — 6f=-2 kHz; 2 — 6f =-1 kHz; 3 — 6f =0
kHz; 4 — 8f=1 kHz; 5 — 6f =2 kHz
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Figure 2. Potential accuracy of single measurement of
parameters | and o,
l-0,p,=1m;2-06,,=2m;3-06,,=4m

Usually homogeneous sea surface roughness area is about 100
km or more, therefore it is adequate to average SWH
measurements for about 4 seconds. If the pulse repetition
frequency is 1 kHz and o,  is from 1 m to 4 m and signal to
noise is 20 db then averaging for 4 s can provide less than 1 cm
error of 6, measurement, i.e. 4 cm error for SWH.

5. CONCLUSION

This paper and our previous papers reach the following
conclusions:

1. Systematic error of optimal RA discriminators for SWH
measurements depends on altimeter altitude error.
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2. Optimal discriminator demands compensation of noise
component of the discriminator output signal which can be
provided by processing of RA input “signal” when there is no
echo (e.g. before emitting the next pulse).

3. SWH measurements accuracy can not be reduced lower then
the limit determined by the natural irreducible fluctuations of
RA echo which caused by the random character of sea surface
reflection. As expected, optimal discriminator for SWH
estimator developed by using the Bayesian method is the most
accurate of all the published.
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