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Multifrequency Decoding of a Phased Array Doppler Sodar
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ABSTRACT

Doppler sodar is being used for studying the lower part of atmospheric boundary layer (ABL) and wind
profiling. To obtain maximum altitude coverage multifrequency transmission has been used along with more
transmitted power. In this article, the implementation of multifrequency transmission of a Doppler sodar and
its decoding to extract the atmospheric parameters are presented. This article also shows the advantage of
profiling using multifrequency sodar operation. The range of frequency used for transmission is between 1700
and 2100 Hz. The decoded Doppler spectra have shown significant improvement in signal-to-noise ratio
(SNR) as well as higher altitude coverage compared to single-frequency transmission and reception. Wind
profiles obtained from sodar have been compared with data obtained from high-resolution GPS sonde
balloons, which were launched from a place close to the sodar system. The authors observed that 30% more
wind data height coverage in when transmission is in multifrequency mode; the consistency in wind estimate
is also improved compared to the single-frequency transmission.

1. Introduction

Over the past three decades, the use of acoustic
sounding (sodar) technique has led to significant ad-
vances in the studies of the atmospheric boundary layer.
In its first implementation (McAllister 1968), the in-
formation provided is the intensity of the echoes as a
function of height and time. Subsequent developments
of the technique have been mainly directed to obtain
vertical profiles of the radial wind component (Beran
et al. 1971). During the last two decades, the scope of
sodar applications has been enlarged considerably and
covers a wide range of different fields, including con-
vective boundary layer (CBL), formation of the noc-
turnal boundary layer (NBL), inversion layers, wind
climatology below ABL, sound absorption in atmos-
phere, air pollution meteorology and weather forecast-
ing, study of mesoscale flows and turbulence structure
under stable and unstable stratification, and new tech-
nology development (Brown and Hall 1978; Mastrantonio
and Fiocco 1982; Neff and Coulter 1986; Clifford et al.
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1994; Giannini et al. 1996; Kramar and Kouznetsov 2002;
Kallistratova and Coulter 2004; Coulter and Kallistratova
2004 and references therein; Kouznetsov et al. 2004, 2007,
Engelbart et al. 2007).

Doppler sodar systems work by transmitting acoustic
pulses upward into the atmosphere and by detecting the
Doppler shift in the backscattered signal. Sodar sends
and receives successive pulses of sound in different di-
rections with different off-zenith angles. By measuring
the intensity and frequency (Doppler shift) of the re-
turned signal as a function of time, the radial velocity
and thermal structure of the atmosphere can be deter-
mined. At least three beams in noncoplanar directions
are needed in order to obtain zonal, meridional, and
vertical wind velocity.

Sound energy propagates in the atmosphere as a lon-
gitudinal pressure wave and is attenuated as altitude
increases. The attenuation of the sound wave as it
propagates is frequency dependent, with higher fre-
quency sound much more attenuated than lower fre-
quency sound. With increasing temperatures or lower
relative humidity, the attenuation of sound increases.
Maximum range is typically achieved at locations that
have low ambient noise and moderate-to-high relative
humidity. In a dry atmosphere, sodar systems tend to
have reduced altitude performance because of faster
attenuation of acoustic waves. The background noise
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where a sodar is operating can also limit its performance.
The background acoustic energy spectrum (atmospheric
acoustic noise) is heavily weighted toward the lower
frequencies.

The pulse transmissions may include either single- or
multifrequency sequences. It is, in principle, possible to
operate the sodar at more than one acoustic frequency.
Multifrequency sodar used to give better overall per-
formance by using short-duration pulses at high fre-
quencies and long-duration pulses at lower frequencies.
The high frequencies are ideal to capture near-surface
detail, but are attenuated very rapidly. Long wave-
lengths travel farther, but require longer pulses and
range gates to ensure that their frequency characteris-
tics are well defined for spectral analysis.

Sound waves travel with very low velocity when com-
pared with electromagnetic waves, and it takes about 9 s
to reach an altitude of 1.5 km. Hence, some of the signal
processing techniques, such as coherent integration (time
domain averaging) to improve the signal quality, are not
possible to implement and that limits the performance
of single-frequency transmission of sodar systems. Multi-
frequency transmission with frequency coding also can
be used to get higher altitude coverage. This is possible
by sending a sequence of pulses that have the same
duration with different frequencies with same interpulse
period.

There are sodar systems (Scintec-MFAS series) that
are available commercially with multiple frequency trans-
mission with range of frequencies (generally 1500-5000
Hz). Since these systems are patented, decoding and
signal processing techniques being used are not avail-
able in the literature. This article presents the frequency
decoding technique implemented for sodar at National
Atmospheric Research Laboratory (NARL) and dem-
onstrates its capability compared to single frequency
transmission and reception.

2. System description

NARL phased array Doppler sodar system consists of
8 X 8 array of antenna elements made with piezoelectric
transducers. Three elements from each corner have
been removed to get the circular array pattern with a
maximum sidelobe suppression of 17 dB. The trans-
mission and reception are in reflected mode so the an-
tenna with 52 elements is placed at a 70° inclination and
the reflector at 35° with respect to the ground plane.
This orientation makes the transmit/receive beam ver-
tical to the horizontal plane when no beam tilting is
applied. The NARL sodar can be operated with a fre-
quency range of 1600 to 2500 Hz and is capable of
transmitting multiple frequencies. A maximum of 10 dif-
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ferent frequencies can be transmitted continuously. The
piezoelectric tweeters generate 100-W acoustic power.
The receiver is designed with a dynamic range of 70 dB.
The pulse width and interpulse period is programmed to
obtain a range resolution of 10 to 200 m for an altitude
coverage of 1500 m. Observations can be conducted in
three directions (east, north, vertical) with a tilt angle
up to 22°. Detailed system description, signal processing
techniques, and its performance may be obtained from
Anandan et al. (2008).

Normally NARL sodar operates in single-frequency
mode with a frequency of 1800 Hz. For this study, sodar
is operated in single- and multifrequency modes with
specifications shown in Table 1. Transmission starts with
single-frequency mode with a frequency of 1800 Hz,
after reception multifrequency transmission begins with
five different frequencies from 1700 to 2100 Hz with a
step of 100 Hz. This way, transmission continues in
three directions (zenith, north, and east). The selected
pulse width for transmission is 180 ms, which corre-
sponds to a range resolution of 30 m. The experiment
was conducted in a campaign mode for 20 days dur-
ing November-December 2007 in clear-air conditions.
During this period high-resolution GPS sonde balloons
also launched from NARL close to the sodar site (less
than 100 m). For validation of the multifrequency op-
eration, the wind profiles obtained from the sodar ob-
servations were compared with winds obtained from the
high-resolution GPS sonde balloons.

3. Analysis of multifrequency signals

In this section we present the method of retrieval of
data from multifrequency signals. This method involves
a sequence of steps applied on the time series data to
obtain the single Doppler spectrum from multifrequency
signals. For this analysis, five frequencies were consid-
ered for transmission from 1700 to 2100 Hz with a step of
100 Hz.

In multifrequency transmission the transmit pulse is
comprised of five different frequencies: fu, fu, fi3, fu,
and fis with a separation of “fy;;” between successive
frequencies. These frequencies were sent serially one
after the other. All transmitted frequencies have same
pulse width chosen at the time of experiment setup. The
transmit sequence starts from lowest frequency f;; (1700
Hz) and ends with highest frequency fis (2100 Hz). The
Doppler-shifted backscattered echoes from the atmos-
phere received at the receiver in each range gate are fq,
fi2> fi3, 14, and fis. Here, f;q is the backscattered echo
corresponding to the first transmitted frequency f,
fi> belongs to the second transmitted frequency fi,,
and so on. Therefore, received echoes comprised of

Unauthenticated | Downloaded 08/05/21 06:39 AM UTC



APRIL 2009

TABLE 1. Sodar parameters used for the experiment.

Parameter Value
Operating frequency 1.7-2.1 kHz
Pulse width 180 ms
Number of frequencies transmitted 5
Frequency increment 100 Hz
Beamwidth 5°
Acoustic power 100 W
Receiver gain 100 dB
Number of range gates 50
Range resolution 30 m
Number of FFT points 4098

Beam selection Zenith, north 16°, east 16°

transmitted frequencies with Doppler shift (6 f) corre-
sponding to the transmitted frequencies

Jo=Ffu £ of.

a. Step 1

The first step involved in this process is to convert
the digitized backscattered time series signal into its
equivalent power spectrum. This is done by applying
fast Fourier transform on all the data points in each
range gate so that power spectrum can be obtained for
the entire range gates. A sample power spectrum ob-
served in this analysis is shown in Fig. 1a. It consists of
all the frequencies from 5 to 11 kHz, and this upper
limit is determined by the sampling rate being used.
But for better clarity, Fig. 1a is limited to the range of
frequencies transmitted. From Fig. 1a one can see that
there are five strong echoes related to transmitted
frequencies. Because all the frequencies are transmit-
ted sequentially and reception starts only after trans-
mission of all frequencies, the multiple echoes at same
range gate represent returns from different altitudes.
That is, the echo f;; corresponds to fifth range gate, f;»
corresponds to fourth range gate, f;3 corresponds to
third range gate, f;4 corresponds to second range gate,
and f;5 corresponds to first range gate. Because of this,
in multifrequency transmission, the backscattered
echoes fi1, fi2, fi3, and fi4 correspond to the fourth,
third, second, and first range gates, which are not
present in the first few range gates. Therefore we lose
the first four range gates data for f;1, the first three
range gates data for f;,,, the first two range gates data
for f,3, the first range gate data for fi4, and f;5 is the only
received signal having all range gates information. This
is shown in Fig. 2. Time series data from different al-
titudes are stored for the complete observation window
for further processing.
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b. Step 2

Segment the data with a band of =80 Hz with respect
to each transmitted frequency and store each segment in
a separate buffer for further processing. With this
bandwidth, we can measure radial velocities maximum
up to 6.08 m s~ ' and horizontal velocities up to22.1ms ™
for all transmitted frequencies. This is because we can
measure radial velocities maximum up to 7.76 m s~ ! for
first transmitted frequency f;; and up to 6.08 m s~ ! for
last transmitted frequency fis. Here the first segment
belongs to data of fiy; that is, the 1700-Hz transmission,
the second segment belongs to the 1800-Hz transmis-
sion, and so on. As explained in step 1, the last trans-
mitted frequency will have data points from all the
range gates, whereas for the other frequencies, it is one
range gate less and it goes on increasing till reaches fi;.
Therefore we have now five segments corresponding to
the five transmitted frequencies. Each segment consists
of 50 range gates with altitude coverage of 1500 m.
Unrepresented range gates of each frequency segments
are filled with zeros.

c. Step 3

To identify the Doppler shift, the central or trans-
mitted frequency is to be subtracted from the received
frequency; that is,

8fl :frl _fll'

For the first segment, 1700 Hz is subtracted from 1700
+68f; for all range gates. Similarly for the remaining
four segments, corresponding transmitted frequencies
are subtracted. Now we have Doppler shift in terms of
frequency (Hz). It is important to note that Doppler
shifts obtained in all segments corresponding to one
particular range gate are not same, since these are the
backscattered echoes of five different frequencies. We
know that, as frequency changes, wavelength changes
and therefore velocity resolution will differ from one
frequency to the other. The velocity resolution for the
first transmitted frequency is 0.44 m s~ and the last
transmitted frequency is 0.55 m s~ '. Thus a Doppler
shift of 1 Hz in the first segment corresponds to a radial
velocity of 0.44 m s~ ', and the same Doppler shift of
1 Hz in the last segment corresponds to a radial ve-
locity of 0.55 m s~ '. At this point, integrating the data
of all segments will make no sense. Therefore to in-
tegrate the data in all segments, Doppler frequencies
are to be converted into their equivalent radial ve-
locities by multiplying it by half of its transmitted
wavelength.
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FIG. 1. (a) Sample power spectrum of multifrequency transmitted signal with five different
frequencies. (b) Power spectrum of multifrequency output with five frequencies corresponding
to different range gates, where numbers on the plot represent the range gate values.

d. Step 4 tectability by a factor of \/m by reducing the noise

After converting Doppler frequencies into their equiva-
lent radial velocities, an important step in this analysis is
the spectral averaging; that is, integrating all the data
segments corresponding to each range gate (incoherent
integration)

m
12, i=0.1.2,... .N—1,

3 |

where P is the power spectral value, m is number of
spectra integrated, and N is number of data points in
each spectrum. The advantage of spectral averaging is
that it improves the detectability of the Doppler spec-
trum. Incoherent integration increases the signal de-

variation (Farley 1985). The sample power spectrum
after spectral averaging is shown in Fig. 2b. This com-
pletes the frequency decoding of the received back-
scattered echoes.

e. Step 5

The last step in this process is the estimation of lower
order three moments, which represents power, mean
Doppler velocity, and Doppler velocity width. Before
extracting the moments, noise level is computed using
the method followed by Hilderband and Sekhon (1974)
and subtracted from each power spectral points. An
adaptive moments estimation algorithm developed by
Anandan et al. (2005) is used for the extraction of three
moments with the expressions given by Woodman (1985).
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FIG. 2. Power spectrum plot derived from multifrequency coded signal for (a) single-frequency
output and (b) multifrequency output for zenith beam.

Radial velocity is computed for three different directions
(north 16°, east 16°, and zenith) to derive the horizontal
wind velocity.

4. Results and discussion

As described above, after extracting the Doppler in-
formation, the three-dimensional zonal, meridional, and
vertical wind velocities were derived for both single-
frequency and multifrequency outputs. For validation
of the data as well as the technique, the results have
been compared with the simultaneous observations of
high-resolution GPS sonde balloons. Figures 2a and 3a
represents power spectrum of single-frequency (1800
Hz) transmission and Figs. 2b and 3b represent power
spectrum of multifrequency transmission in the zenith,
north, and east directions, respectively. From the figures
it is observed that signal is well defined in multifre-

quency output in all beam directions and also that the
height coverage is increased compared to single-frequency
transmission and reception. Similar kinds of plots were
obtained in the north. Most of our analysis consistently
shows that 30% more height coverage is observed in
multifrequency output than with single-frequency out-
put. It is also observed that the power spectrum of mul-
tifrequency output has less noise when compared with
single-frequency output and also backscattered echoes
are easily traced in multifrequency output. This is caused
by the reduction in noise variance in the velocity spec-
tral averaging. Even though spectral averaging increases
detectability, there is one more reason that might con-
tribute to the height coverage. Generally backscattered
signal is heavily weighted toward the scale size of the
atmospheric targets, which varies in space and time. The
scale size that matches the transmitted wavelength will
contribute more to the backscattered signal. Even though
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FIG. 3. Power spectrum plot derived from multifrequency coded signal for (a) single-frequency
transmission and (b) multifrequency transmission for east beam.

atmospheric attenuation increases with increasing fre-
quency, it is observed that signal strength is more for
higher frequency transmission at some higher altitudes
compared to low-frequency transmission. So in the case
of multifrequency transmission, varied intensities are
observed for the returned signal from the same range
gate.

Figure 4 shows sample profile of horizontal wind
measured by sodar and GPS sonde balloons on 21 No-
vember 2007. Similarly we have made wind profiles for
twenty days of observations and presented them in
terms of statistical parameters, such as standard devia-
tion and correlation coefficient. Figure 4a corresponds
to zonal velocity and Fig. 4b corresponds to meridional
velocity obtained from single-frequency and multifre-
quency transmission along with GPS sonde balloon
observations, which are considered by default to be
standard reference. It is observed from the figure that
the wind profile of single-frequency transmission com-

pares well with sonde profile up to 630 m, whereas in the
case of multifrequency transmission, the profiles were in
good match up to 960 m. Because of this, the statistics
presented here are limited to 600 m for single-frequency
transmission and up to 900 m for multifrequency trans-
mission. Correlation analysis of horizontal winds de-
rived from GPS sonde balloons and single-frequency
sodar measurements during the campaign period is shown
as a scatterplot in Fig. 5. There are 400 points plotted,
and the correlation coefficient of 0.78 for zonal and 0.77
for meridional velocities is obtained. In general, small
differences are expected between sodar and GPS sonde
wind measurements because of temporal and spatial
separation between two instruments and inherent biases
and inaccuracies in the respective observational sys-
tems. So it is very important to note that any systematic
bias introduced by the two systems and the general dif-
ferences due to spatial separation will have similar affect
on single-frequency and multifrequency transmission and
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FIG. 4. Vertical profiles of (a) zonal and (b) meridional wind components measured by GPS sonde and sodar for
single-frequency and multifrequency transmissions.

reception of the sodar system. It is also expected that in
the multifrequency transmission and reception when
the beam is tilted, different volumes of atmosphere are
observed. If the frequency range being used is large (say
1500-5000Hz), the beam can appear as much as 10° away
from tilt angle for the furthest frequency of transmission
(Kouznetsov 2008). In this case, the transmission fre-
quency is in the range of 1700 to 2100 Hz, and the ex-
pected deviation from beam tilt angle is about *=1.5°.
The 8 X 8 array has a beamwidth of 10.28° one way and
7.27° in two ways, so an additional tilt of 1.5° at the min-
imum and maximum frequency of transmission from the
center frequency (say 1900 Hz) essentially looks like the
same volume of information (within the beamwidth). Our
results also show the signal returns are well comparable
in all frequency in comparison with GPS sonde obser-

(a) Zonal
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vation of wind velocity. One of the reasons for small
discrepancy may be attributed to the small observation
volume change in different frequency of transmission.
Scatterplots of sodar wind velocity derived in multi-
frequency transmission mode with GPS sonde wind
velocity are shown in Fig. 6. Here, data is plotted up to a
height of 900 m, corresponding to a total number of 600
points. The multifrequency sodar output has better
correlation than single-frequency sodar output when
compared with GPS sonde winds. The correlation co-
efficient found to be 0.82 for zonal and 0.80 for merid-
ional velocity. Tables 2a and 2b show height statistics of
correlation coefficient values for both single-frequency
and multifrequency transmission. From the tables it is
clear that in single-frequency transmission mode, sodar
data is well-correlated with GPS sonde data up to a

(b) Meridional
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FIG. 5. Scatterplots of sodar wind velocity vs GPS sonde wind velocity for (a) zonal and (b) meridional components
up to a height of 600 m in single-frequency output mode.
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FIG. 6. Scatterplots of sodar wind velocity vs GPS sonde wind velocity for (a) zonal and (b) meridional components
up to a height of 900 m in multifrequency output mode.

height of 600 m, whereas in the case of multifrequency
transmission mode, it is up to 900 m. This demonstrates
the advantage of using multifrequency transmission and
reception for obtaining higher altitude coverage.

We have calculated another statistical parameter that
is a standard deviation (o p) for better understanding of
the results obtained. Here, standard deviation is calcu-
lated for overall observations by taking the difference of
mean values of GPS sonde and sodar wind velocities.
The statistics has been independently carried out for
single-frequency and multifrequency transmission. For
a single-frequency transmission, the standard deviation
values are 1.54 m s~ ! for zonal velocity and 1.63 m s ™!
for meridional velocity. These are the averaged values
over a height of 600 m; whereas in multifrequency
output, the range is considered up to 900 m and the
corresponding standard deviation values for zonal and
meridional velocities are 1.34 and 1.35 m s™*, respec-
tively. More details of this statistics in different height

TABLE 2. Correlation coefficients of zonal and meridional
velocities for (a) GPS vs single frequency output and (b) GPS
vs multifrequency output.

Correlation coefficient

(a) Height (m) Zonal Meridional
30-300 0.79 0.77
300-600 0.77 0.75
30-600 0.78 0.77

Correlation coefficient

(b) Height (m) Zonal Meridional
30-300 0.81 0.80
300-600 0.84 0.79
30-600 0.82 0.77
30-900 0.82 0.80

segments are presented in Table 3. We have also com-
pared the single-frequency and multifrequency trans-
mission. For this study data is considered up to the
range of 600 m. Figure 7 shows the scatterplot between
single-frequency and multifrequency transmission. A
good correlation with a correlation coefficient of 0.91
for zonal winds and 0.90 for meridional winds is ob-
served. This shows the self-consistency in the data
produced with different frequencies and also the ad-
vantage of multifrequency transmission to get better
altitude coverage.

5. Conclusions

Multifrequency decoding of phased array Doppler
sodar has been successfully implemented. It is observed
that multifrequency transmission has improved altitude
coverage by 30% in wind profiling when compared to

TABLE 3. Standard deviation of zonal and meridional velocities
for (a) GPS vs single-frequency output and (b) GPS vs multifre-
quency output.

Standard deviation (m s~ ")

(a) Height (m) Zonal Meridional
30-300 1.42 1.57
300-600 1.51 1.70
30-600 1.54 1.63
30-900 2.44 2.50
Standard deviation (m s )

(b) Height (m) Zonal Meridional
30-300 1.21 1.29
300-600 1.30 1.36
30-600 1.46 1.48
30-900 1.34 1.35
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FI1G. 7. Scatterplot wind velocity measured by sodar single-frequency output vs multifrequency output for (a) zonal
and (b) meridional components up to a height of 600 m.

single-frequency transmission. The results are com-
pared with GPS sonde measured winds. A very good
comparison is obtained up to 600 m for single-frequency
transmission and up to 900 m for multifrequency trans-
mission and reception. Correlation analysis between
GPS sonde and sodar measurement shows very good
agreement in the observation window. Self-consistency
between single-frequency and multifrequency is also
carried out and shows excellent correlation. This dem-
onstrates the advantage of using multifrequency trans-
mission and reception for obtaining higher altitude
coverage in wind profiling using sodar system.

APPENDIX A

Noise Level Estimation

There are many methods adapted to find out the noise
level estimation. Basically all methods are statistical
approximation to the near values. The method imple-
mented here,

Variance(S)

= 1 over number of spectra averaged,
mean(S) p &

is based on the variance decided by a threshold criterion
(Hildebrand et al. 1974). The noise level threshold shall
be estimated to the maximum level L, such that the set
of spectral points below the level S, nearly satisfies the
criterion,

a. Step 1

Reorder the spectrum {P; i = 0,..., N—1} in as-
cending order to form. Let this sequence be written as
{A;,i=0,.. ,N—1}and A; < A, for i <j.

b. Step 2

Compute

andif Q,>0, R,=—", for n=1,...,N,

Q.M
where M is the number of spectra that were averaged
for obtaining the data.

c. Step 3

Noise level (L) = Py

where

nsuch that R, >1

k = min 1 if no n meets the above criterion”

APPENDIX B

Moments Estimation

The extraction of the zeroth, first, and second mo-
ments is the key problem on doing all the signal pro-
cessing and thereby finding out the various atmospheric
and turbulence parameters in the region of radar
sounding. The basic steps involved in the estimation of
moments are given below.
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a. Step 1

Reorder the spectrum to its correct index of fre-
quency (i'e~, _fmaximum to +fmaximum) in the following
manner:

N2
f=0

N-1

+f maximum

Spectral 0 1

index ambiguous f —fmaximum

b. Step 2
Subtract noise level L from spectrum.
c. Step 3
1) Find the index of the peak value in the spectrum,
Py =P forall i=0,...,N—L

2) Find m, the lower Doppler point of index from the
peak point,
P;=0 foral m=i=<I

3) Find n the upper Doppler point of index from the
peak point,

l=i=n.

P; =0 for all

d. Step 4

The moments computed as

)Mo= 2B,

represents the zeroth moment or total power in the
Doppler spectrum;

1% - [i — (N2)]
2) My = — 2, Pif; wh =
) My Mog’n i Where fi= ipp i x V)
represents the first moment or mean Doppler in Hz
[interpulse period (IPP)];

1% -
3) M, = MZPI‘(]C[—MI)Z

represents the second moment or variance, a measure of
dispersion from central frequency.
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