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Spectral parameter estimation of CAT radar echoes in the presence of fading clutter
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The 430 MHz, 2 MW radar at the Arecibo Observatory is currently being used as a stratospheric-
troposheric (ST) radar. One of the problems in the automatic analysis of the signals come from the very
large amplitude of the ground clutter echoes. The problem is agravated by the fading of these signals,
which makes it difficult to discriminate them from the desired stratospheric returns. A parameter
estimation technique that parameterizes the first three-spectral moments corresponding to the desired
stratospheric signals as well as a few Taylor series coefficients of the auto-correlation function of the
clutter is presented. The three first moments can be obtained in this manner even in the presence of
clutter 50 dB stronger. The technigue automatically takes care of instrumental and processing biases.
Spectrum aliasing presents no problem, A sequence of fine altitude and high temporal resolution wind
profiles is presented, showing the potential of the instrumental and technigue for the study of strato-

spheric dynarmics.

[. INTRODUCTION

The potential of powerful incoherent scatter and
other powerful radars for the study of upper tropo-
sphere and lower stratosphere turbulence and and
dynamics is now clearly established (see Balsley and
Gage {1980] for a review). The radars at the Arecibo
Observatory are not an exception; their possibilites
were established by Aso et al. [1977], Farley et al.
[1979], R. M. Harper (personal communication
1977), and more recently by Woodman [1980a, b].
. The radar technique is based on scattering from clear
air turbulence (CAT) fluctuations in index of refrac-
tion. The technique developed by Woodman [1980a]
for the 430 MHz system has been used to obtain
nearly 200 hours of observations, which, at the rate
of 256 power spectra of 32 frequencies each, every 2
min., amounts to quite a significant amount of infor-
mation. Automatic processing of the data into physi-
caily significant parameters is necessary. This paper
describes the solutions given to the problems en-
countered in developing an automatic processing
program of these data.

The main improvements to the Arecibo radar in-
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troduced by Woodman [1980a] are an improved
range resolution (150 m) and the use of complemen-
tary codes. All statistical processing is performed on
line in terms of power spectra. The power spectra for
each altitude are estimated by time-averaging the ab-
solute value squared of fh_e discrete fourier transform
(DFT) of 32 time consecutive points using a FFT
algorithm. The resultant set of spectra are written on
tape of further off-line reduction and analysis.

If it were not for the special nature of ground clut-
ter signals, which contaminate the desired signals,
further processing would involve simply an evalu-
ation of the three first moments of the spectra, which
are directly related to the intensity of turbulence,
mean radial velocity of the medium and turbulent
velocity variance, respectively. For the latter, it
should be pointed out that instrumental effects, im-
portant in other radar installations, like beam-width
and wind-shear spectrum broadening, are negligible
at Arecibo. But, unfortunately, ground clutter at Are-
cibo is very large, many orders of magnitude stronger
than the desired signals scattered from CAT. The
problem is aggravated by the fact that the spectral
signature of the clutter has finite width, which combi-

‘ned with the finite time widow (truncation) of the

FFT technique used, produces a spectral spill over
the clutter throughout the entire frequency window.
This makes the separation of desired signal and clut-
ter difficult. The intrinsic width of the ground clutter
spectra is caused by variations in the air refractivity

along the ray path.
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In the following sections, the nature of this *spill-
over’ is examined. Then, as a solution of this prob-
lem, a nonlinear parameter estimation technique is
described. This method utilizes a theoretical curve
fitting procedure by using parameters that specify the
shape of the clutter along with the desired three par-
ameters for the CAT echoes. The theoretical func-
tions are distorted in the same fashion as the data,
which are distorted by the system and data pro-
cessing algorithm. Then they are compared with the
data and the parameters are adjusted until a best fit
(using a minimum rms criteria) is obtained.

Results obtained by this technique are presented,
illustrating the performance of the technique as well
as the potential of the 430 MHz radar at Arecibo for
the study of the short-time and fine-altitude dyna-
mics of the troposhere and stratosphere.

2. EFFECT OF DATA PROCESSING

In the real time data processing, each consecutive
32 sampled data points are Fourier-transformed by
using an FFT algorithm, squared and then averaged
over 100 times. This method of averaged periodo-
gram is a widely used technique to estimate the
power spectrum of a long time series because of its
high speed and minimum computer memory require-
ments. It is seldom realized, however, that this
averaged periodogram does not converge to the true
power spectrum, but gives a systematically distorted
power spectrum. In this section we briefly examine
the nature of this distortion,

Let f(#) be a random process characterized by its
frequency spectrum F(w), to which corresponds an
auto-correlation function p(z). We will determine the
effect of data processing in F(w) through the effects
on its transform, p(t), because this effect is clearer in
the time domain than in the frequency domain.

Consider a sampled series

S(J) =10jA) : (0

where A is the sampling interval and j is-an integer
index. We truncate this series to obtain N points,
which corresponds to applying a rectangular weight

to fu(J )

Fli)=JwJ) - walj) for all js )
where
wi)=1 (L<j<N)
wi(j)=0  (j <0j>N)

Applying a Fourier transform and squaring the re-
sults corresponds to auto-correlating fy(j) in time.
Thus .

ntk) = (PRT) - i + K

pulk) = pu(k) - Kwalj) - walj+K)y  for all ks
Pull) = py(k) - (N—K)/N (0 <k < N) ()
palk) = palk) - (N+K)/N (=N <k<0

pxl) =0 (k< ~N,k>N)

where py(k) is a sampled series of p(t) at interval A,
and g(k) is an auto-correlation function taking only
the effect of truncation into account. This effect is
equivalent to muitiplying py(k) by a triangular
weight, ie., the auto-correlation function of wy(j).
Figures 1a and 15 show examples of untruncated and
weighted Gaussian auto-corrclation functions, re-
spectively. Two cases are shown corresponding to
long (left) and short (right) correlation times as com-
pared to the length of data. They correspond to typi-
cal correlation times for fading clutter and signal
from CAT, respectively. At Arecibo, the length of the
data window was chosen on the basis of the signal
correlation time. This caused a severe truncation of
the ground clutter contribution, which has a much
longer correlation time than the signal.

Besides the triangular weight effect, we automati-
cally use a sampling rate of 1/A in the frequency
domain when using a FFT algorithm, which causes
an additional problem. The sampling in frequency
corresponds to convolving gy(k) with a series of delta
functions of interval NA, thus producing an overlap-
ping periodicity in the auto-correlation function,
since the entire length of the triangular weights 2NA
is twice as long as the interval. We get finally,

P () = py(k) - (N—K)/N + pyy (k— N) - k/N
© < k< N)

)

and periodic outside this range with period N.

Figure 1lc shows the effect of this convolution
which has the same effect as folding 1b at the N/2
point and adding the folded part to the first half,

Figure 2 shows these effect in the frequency
domain for the case of long correlation time shown
in Figure 1. The solid line and dots correspond to
Figures la and lc, respectively. We can easily see
that, even when the true power spectrum has a very
narrow shape, the FFT algorithm described above
has the effect of spilling high-frequency components
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Fig. 1. Effect of processing distortion on the auto-correlation function caused by the periodogram operation
usinga FFT algorithm for two cases, where the correlation time is longer (left) and shorter (right) than the length of
data. (a) Represents the actual correlation function of the signal. (b) The effects of truncation. {c} The effect of

sampling in the frequency domain.
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over the entire frequency range. The high-frequency
components come from the discontinuities at the
apex as well as the base of the triangular weighting
function.

Although this small amount of spill over is not a
serious problem for most cases, this has a large effect
for our case where the ground clutter is 10-50 dB
stronger than the desired CAT echoes.

It is interesting to note that in the case of non-
fading clutter, i.e., when the auto-correlation function
is a constant, the effect of truncation and folding
cancel each other, and the resultant pnlk) is equal to
k). Thus, non—fadmg ground clutter affects only
the center zero frequency with no spill over effect.

3. NONLINEAR PARAMETER ESTIMATION
TECHNIQUE

As we have seen in the previous section, the exist-
ence of a very strong fading clutter under the effect of
systematic distortion due to data processing makes it
difficult to estimate the desired spectral parameters
from the data. Therefore, it becomes quite important
to estimate the spectral parameters of not only the
signal echo, but also the fading clutter components.
Here we describe the application of a nonlinear curve
fitting technique to this problem.

The outline is as follows. First, we assume the
theoretical function shape of the power spectral com-
ponents of ground clutter and the desired CAT echo.
Second, we distort it in the same fashion as described
in the previous section. Then we compare this theo-
retically generated power spectrum with the observed
one in leasi-squares manner to determine the opti-
mum set of parameters. In reality, fitting is done in
the time domain since the distortion is easier to
apply in the time domain than in frequency domain.
Distortion involves only a multiplication and folding
in the former, but a lengthy convolution in the latter.

By applying the processing distortion to the theo-
retical autocorrelation function, we can take this
effect into account, so that the estimated parameters
are free from processing biases. Another advantage of
the theoretical curve fitting is that we can obtain a
better frequency resolution than the sampling inter-
val in frequency. In fact we can obtain spectral width
estimates as narrow as necessary, including single fre-
quency spectral components like the non-fading com-
ponent of clutter. This is an advantage that is nor-
mally associated with the maximum entropy method
(MEM). Our approach is in fact better than the

MEM, since we use previous knowledge about the
nature of the signals, rather than assuming ignorance
about the shape of the truncated tail of the auto-
correlation function, which is the basis of MEM.

In our case, we can safely assume that the auto-
correlation function of clutter can be approximated
by the first few terms in a Taylor series expansion, _
since the correlation time is much longer than the
maximum time lag. Also, since our main purpose is
to get the first three spectral moments of the signal,
we can assume a Gaussian shape with a linear phase
for the signal contribution to the correlation func-
tion. This assumption is supported further by the
central limit theorem, the independence of the scat-
tering centers within the scattering volume, and the
nature of the velocity distribution in a turbulent
medium.

The curve fitting technique used to compare the
theoretical and observed auto-correlation function is
a general technique known as the non-linear least-
squares fitting procedure [see, e.g., Bard, 1974]. The
principle is to minimize the variance.

N

oP) = 3 {ulk; P

k=1

—Ry(k)}?

under certain conditions. Here Ry and gy are ob-
served and distorted theoretical auto-correlation
functions, respectively. P is the parameter vector that
contains the following elements: the unfading clutter .
power, three even coefficients in the Taylor series ex-
pansion of the fading component of the clutter auto-
correlation function, and the three parameters that
define the Gaussian signal auto-correlation function
(power, Doppler shift, and width). In addition, a
slight Doppler shift for the fading component was
found necessary to account for small statistical fluc-
tuations in the estimate. Furthermore, a second
Gaussian peak is introduced at certain altitudes to
take care of secondary peaks produced by ocean
clutter and sidelobe contamination from lower alti-
tudes, as discussed later.

The necessary conditions for (5) to be minimized
are

N OpN
Y {ﬁﬂtk; P) - R, (k)} af’,, -

k=1 b

ji=L..M (©

where M is the number of parameters. Equation (6) is
nonlinear in terms of P, therefore difficult (if not im-
possible) to solve directly. However, it can be ap-
proximately solved by expanding §, around some



initial value of P, and taking up to the first order
term. ‘

M -
- . éd
pulks Po + 3P = ki B + X 6P, =8 (1)
ST i
By substituting (7) into (6) we obtain
M 6P =C
where
S dfy 00w
M=y —=. =
g k; apP; 4P,
d ~ 0pn
C;= 3, {Rylk}y — plk; Py) T
k=1 ]
Equation (8) can be solved for P
SP=M"1 C )

This procedure is iterated by replacing P, by
P, + 6P until P converges to some value, or 5P be-
comes small enough.

Equation (6), however, has in general more than
one solution, out of which only one is desirable. This
ambiguity is solved by giving a proper initial guess
and by setting constraints on parameters that pre-
vent physically meaningless values like negative
power or width. Additional constraints are set using
the knowledge that the spectrum of clutter is always
very narrow and almost symmetrical.

The initial set of P, are obtained as follows. The
unfading component of clutter is estimated from the
de value of the data, which is evaluated and recorded
on real time. The fading clutter power and its width
are estimated by assuming no signal power in the
observed autocorrelation function. The function
shape is set to be Gaussian, although it is later let
free in shape for the fitting. The signal power, Dop-
pler shift, and width of the desired signal are esti-
mated from the asymmetric part of the observed
power spectrum, taking advantage of the fact that the
clutter component is almost symmetric. It has been
found by experience that above procedures provide a
fairly good guess.

4. RESULTS

Figure 3 shows some examples illustrating the
quality of the fitting procedure. They are displayed in
the frequency domain for convenience. The dots atre
the observed spectral points, the thick line is the
fitted curve, and the thin line shows the desired signal
contribution to the spectrum. The abscissa expresses
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Fig. 3. Examples of theoretical curves fitted at four different
altitudes. The dotted, the thick, and the thin line stand for the
data, the fitted spectra, and the CAT contribution, respectively.
The vertical line at zero Doppler shift shows the unfading clutter
component.

both the radial velocity (15° off zenith) and zonal
velocity. i

The spectrum corresponding to 10.1 km illustrates
an additional problem common at low altitudes.
Here the power spectrum frequently shows a multi-
humped shape, which is due to a ‘sidelobe’ of the
pulse code corresponding to very strong echoes from
lower altitudes. In principle, the complementary code
scheme used has no sidelobes. However, non-
linearity and limited transmitter bandwidth cause
some ringing at the tail of each pulse, which gives
effective sidelobes of about —25 dB. Another Gauss-
jan with a linear phase is added to the theoretical
function to compensate this effect when fitting is not
good without it. The spectra at 14.3 km and 17.9 km
show two examples where the desired signal compo-
nent is strong. The aliasing seen at 14.3 km duc to a

_strong zonal wind causes no problem in fitting, since

its effect is automatically taken care of in the time
domain. The spectrum at 24.3 km shows an example
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Fig. 4. Contours of equal spectral power density versus height and frequency (in the scale of zonal velocity). (@)
The data before processing, (5) the CAT echo component extracted from the data. Contours are drawn every 3 dB.
The spectra at 10-16 km and above 22 km are aliased because of strong zonal winds,

of a very weak signal, in which signal-to-clutter (5/C)
ratio is about —50 dB. It is possible to get good fit
even for a worse S/C ratio than in this case, provided
that the Doppler shift of the signal echo is not too
small, .

At higher altitudes, a second and usually weak
echo with a constant Doppler shift as a function of
height is observed. It is probably an echo from ocean
waves. The extra Gaussian function, which is used at
low altitude to compensate for sidelobe echoes, is

used at higher altitudes to compensate for this
second component.

Figure 4 shows an example of the power spectra
before and after processing. Tt is displayed in the
form of contours of equal power density in a loga-
rithmic scale and as a function of altitude and fre-
quency. Contours are drawn every 3 dB starting
slightly above the minimum detectable level. The
contours for the spectra after processing are repro-
duced by using the echo power, Doppler shift and the
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spectral width obtained by the fitting procedure de-
scribed in the previous section. A uniform gradient of
2 dB/km is subtracted from the processed specira to
reduce the number of contours at low altitudes. The
antenna beam was tilted 15° from zenith toward the
East. The abscissa is scaled in zonal wind velocity
assuming no vertical velocity.

It is evident from the figure that the technique
works successfully in discriminating against the un-
desired spectral components, except for those cases
where the CAT echo power is weak and the Doppler
shift of the CAT echo is very small.

Figure 4b was reproduced here only to illustrate
the performance of the fitting procedure. In practice,
it is less laborious and more appropriate to obtain
only the profiles of each parameter since the spectral
profiles are already parameterized in the process of
fitting. Figure 5 shows the height profiles of echo
power, zonal wind velocity, and the spectral width (in
units of radial velocity fluctuations) corresponding to
the spectral profiles shown in Figure 4. Spectra at
altitudes where echo power is much weaker than the
neighboring heights are probably affected by finite
bandwidth and residual sidelobes of the code, there-
fore the velocity and spectral width profiles are
dotted oniy at the altitude of local power maxima.

Each power maxima can be interpreted as corre-
sponding to the detection of a turbulent layer at the
corresponding altitude. Profiles like the one shown in
Figure 5a can and will be used for the statistical
determination of turbulence occurrence, its dynamics
and its relation to the background wind profiles.

Figure 5a indicates a highly discrete stratified
structure showing the strongest layer at the tropo-
pause height (as deducd from the meteorological bal-
loon data). The vertical shear of the zonal wind is
also the maximum at this altitude.

The thin continuous line in Figure 5b shows the
zonal wind as measured by a meteorological balloon
launched from the San Juan airport, 75 km away
from the radar site, 4 hours before the radar
measurement. The wind velocities measured by the
radar and the balloon show a very good agreement
in spite of the fairly large time and space difference.

Spectral widths are of the order of 0.2 to 0.6 m/s,
in good agreement with previous measurements
made at Jicamarca, Peri [Woodman and Guillen,
1974]. They are related to the turbulent velocity vari-
ance, thus to the turbulent kinetic energy in the layer,
Although there is some contribution to the spectral
width due to wind shear in regions where it is large,
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€.2., at 16 km. Beam width is also potentially capable
of producing some broadening of the spectral width,
but not with the narrow beam of the Arecibo an-
tenna.

The greatest advantage of the radar measurement
over other meteorological apparatus is that the radar
offers high-resolution continuous data not only in
altitude, but in time. In our case, height and time
resolutions are 150 m and 2 min., respectively. Figure
6 shows the average and consecutive zonal wind
profiles over a three-hour period. The scale for wind
velocity is the same for the average and individunal
profiles. The spacing between two consecutive pro-
files corresponds to 3 m/s. Altitudes where the mag-
nitude of the estimated wind velocity falls below 1
my/s, or where the fitting was not successful because
of the effect of code sidelobe interference, are elimin-
ated. Figure 6 indicates that the temporal variation
of the wind profile was relatively slow and the wind
system was very stable on this case. The consistence
from one profile to the next also confirms the self-
consistency of the wind velocity inferred by the radar.
We can calculate an upper limit for the statistical
fluctuations of the estimated velocity by assuming
that all short period fluctuations are due to a statis-
tical error. The standard deviation of the velocity,
obtained by applying a high-pass filter to the time
series of the wind velocity at each height, ranges from
about 0.3 m/s at 8 km to about 1 m/s at 24 km for
the zonal velocity, corresponding to 0.08 m/s to 0.26
m/s for the radial velocity.

This value is still larger than the theoretical esti-
mate for this error [Woodman and Guillen, 1974],
partly because it contains the short period geophysi-
cal fluctuations of wind velocity. Nevertheless, it
gives a good indication of the reliability on the
stratospheric radar measurements of wind velocities.

5. CONCLUSION

The analysis technique and a part of the results
obtained from CAT radar echoes from higher tropo-
sphere and lower stratosphere have been presented.
First, the effect of processing distortion caused by the
periodogram method by using FFT algorithm on the
slowly fading ground clutter echo was discussed. It is
shown that a very narrow clutter spectrum can spill
over the entire frequency range if the time window
for every DFT is shorter than the fading clutter cor-
relation time, affecting largely the estimation of the
CAT spectrum contribution, especially when the
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latter is a few tens of dB weaker than the former.
Nevertheless, a good understanding of these process
makes it possible to extract the desired signal contri-
bution from the spectrom. -

A nonlinear least squares fitting procedure was
used to parameterize the observed power spectrum in
terms of CAT eccho power, Doppler shift, spectral
width, and the parameters which specify the shape of
the clutter component. The effect of clutter spili-over
and other effects of processing were taken care of by
distorting the theoretical function, in the same
manner as done by the FFT algorithm, before com-
paring it with the data.

This technique has proved to work successfully for
most cases. A good coincidence was found between
the zonal wind velocity determined by the radar and
the meteorological balloon. Time variation of the
wind velocity profiles at 2-min interval shows a very
smooth change giving an estimate of the statistical
error in zonal wind to be less than 0.3-1.0 m/s de-
pending on altitude.

This time resolution and accuracy will allow us to
study wind dynamics from the shorter period, close
the Brunt-Viisild frequency, to the longest periods
corresponding to tidal and planetary wave motions.

The height resolution of 150 m allows us to detect
and characterize statistically the occurrence of turbu-

lent layers, and resolve its separation as a function of
altitude.
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