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Abstract 

The RESCO 50 MHz coherent back-scatter radar has 
been operated since 1998 at the INPE/MCT’s São Luís 
Space Observatory (2.33° S, 44.2° W, DIP: -0.5°), Brazil, 
on the dip equator to study the equatorial electrojet 
dynamics. Spectral analysis of the received echo from 
equatorial electrojet irregularities allow us to identify the 
dominant type of plasma irregularities in the electrojet 
bulk observed by the radar. Using curve fitting methods 
on the resulting power spectra it is also possible to obtain 
other characteristics from the echoes, such as: center of 
frequency distribution, spectral width and power. The 
usual approach in this analysis is through a Gaussian 
fitting based on the method of Least Square Error to 
parameters estimation. Before fitting the power spectra it 
is usual to smooth it in order to reduce the noise level and 
define better the center of frequency distribution. From 
the center of frequency distribution, we are able to 
deduce the Doppler shift of the irregularities in relation to 
the radar, which is close related to the electric fields that 
drives the plasma instabilities. In this work, we have 
simulated echoes signals from 3-meter type 1 plasma 
instabilities, and analyzed it in order to recover the center 
of frequency distribution used to simulate the data 
generated. As a smoothing method we have used 
incoherent integration. We have applied three distinct 
levels of smoothing in order to evaluate the response of 
the fitting to this technique. The advantages and 
disadvantages of applying different levels of incoherent 
integration over power spectra of back-scatter echoes 
from type 1 irregularities in the parameter estimation are 
presented and discussed. 

Introduction 

Between about 90 and 120 km of altitude (at the E region 
heights) and covering a latitudinal range of ±3º around the 
dip equator flows an intense electric current, denominated 
equatorial electrojet, EEJ  (Forbes, 1981). It is driven by 
the E region dynamo (Fejer and Kelley, 1980) and it plays 
an important rule in the phenomenology control of the 
ionosphere-thermosphere system. The EEJ was initially 

detected in the first half of the twentieth century as 
geomagnetic large scale variations in magnetic 
observatories close to the equator. Egedal (1948) was the 
first one to conclude that this variation was due to an 
electric current flow under the magnetic dip equator; 
however, it was Chapman (1951) who first explained it, 
terming this phenomenon as equatorial electrojet. 

Studies of the equatorial ionosphere using VHF radars 
have shown echoes back-scattered from electron density 
irregularities in the EEJ. These studies showed distinct 
spectral signature for the two types of irregularities, called 
type 1 and type 2, also known as two-stream (Farley, 
1963; Buneman, 1963) and gradient drift, respectively. 
Several experiments have been done to investigate the 
EEJ irregularities in order to characterize its spectra and 
explain the phenomenology (Bowles et al., 1963; Bowles 
and Cohen, 1962; Cohen and Bowles, 1967; Balsley, 
1969; Gupta and Krishna Murthy, 1975; Hanuise et al., 
1979; Crochet et al., 1979). 

In 1998, the RESCO 50 MHz coherent back-scatter radar 
entered in operation at the INPE/MCT’s São Luís Space 
Observatory, Brazil, on the magnetic equator. Since then 
several studies have been conduced in the Brazilian 
sector (Abdu et al. 2002, 2003; Denardini et al., 2004). 
Through the constant monitoring of the EEJ irregularities, 
we can have a radiography of E region electric fields 
(Schieldge et al., 1973, Farley and Fejer, 1975; Reddy, 
1981; Reddy and Devasia, 1981; Viswanathan et al., 
1987; Reddy et al., 1987; Hysell et al., 1997; Hysell and 
Burcham, 2000; Denardini, 2003). In this context, the 
correct estimation of the Doppler shift from the 
irregularities echoes power spectra is a crucial point. And 
the curve fitting is presented as an efficient toll to 
determine the irregularities Doppler shift (Kudeki et al., 
1999; Denardini, 2004). The curve fitting as a parameter 
estimation technique is based on finding the parameters 
of a well known mathematic equation, trying to minimize 
the mean square errors between observational data and 
the fit curve (Levenberg, 1944; Marquardt, 1963). 

It is known that the incoherent integration reduces the 
signal variance (Fukao, 1989). In order to improve the 
techniques of RESCO radar data analysis, we have study 
the incoherent integration technique applied to power 
spectra of simulated back-scatter signals from type 1 
irregularities from EEJ. This statistical study aimed to 
quantify the advantages and disadvantages of applying 
such technique. The methodology of this work as well as 
the results is discussed in details. 
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Theory and Method 

The RESCO coherent back-scatter radar is operated 
routinely during two weeks per month. It is usually set for 
EEJ sounding transmitting one pulse each 1-2 ms with 
pulse width of 20 µs and time delay of 600 µs. Therefore, 
the power spectra within the Doppler frequencies, related 
to the Doppler shift, obtained from Fast Fourier Transform 
(FFT), have an aliasing frequency of 250-500 Hz. The 
frequency resolution is determined by the number of 
subsequent pulses taken for the FFT analysis and by the 
aliasing frequency. 

From each spectrum, seven parameters are estimated 
through curve fitting. We usually fit the sum of two 
Gaussian curves to the spectrum, each one related to one 
type of irregularity.  

Once the focus of the work is the study of type 1 
irregularity spectra, the Gaussian covariance model of 
Zrnic (1979) was used to simulate power spectra of 3-
meters plasma irregularities containing only the 
characteristics of the Farley-Buneman instability. Type 1 
power spectra were simulated having 256 points each 
one. All these spectra were chosen to have fd = 120 Hz, 

�=20 Hz, PN=0.5 W and signal-to-noise ratio (SNR) 
equals to 3 dB. The white noise was added to the data in 
time domain in order to assure a more realistic variance in 
the power spectra. So, each spectrum simulated is 
described by a noise level added to a Gaussian curve 
(Takeda et al., 2001), i.e., our data set was described by 
one function S in relation to the frequency f, given by: 
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where P, fd, � and PN are, respectively, the spectral 
power, the center of frequency distribution (corresponding 
to Doppler shift), spectral width and noise level. An 
example of a spectrum simulated is presented in Figure 1 
where the quantities mentioned above are indicated in 
different colors. The green dashed line represents the 
noise power density (PN), the vertical red line shows the 
center of frequency distribution (fd), the difference 
between the vertical orange and red lines determines the 
standard deviation of the curve fitted to the power 
spectrum and the area between the blue dashed line and 
the green dashed line defines the power of the signal (P). 

 

 
 

Figure 1 – Power spectrum simulated (black line) superimposed by a Gaussian curve (blue line) fitted to the spectrum using 
Least Square Error Method. The green dashed line represents the noise power density (PN), the vertical red line 
shows the center of frequency distribution (fd), the difference between the vertical orange and red lines 
determines the standard deviation of the Gaussian curve fitted to the spectrum and the area between the blue 
dashed line and the green dashed line defines the power of the signal (P). 
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We started step two analyzing the simulated power 
spectra after having a proper data set with a priori type 1 
characteristics from which we could establish comparison 
with the parameters estimated by the method. To reduce 
our data set of 256 points to 4 parameters, we have used 
the Maximum Likelihood Estimation with the purpose of 
minimize the square sum of residual error as given by 
(Woodman, 1985): 
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where N is the number of frequency points and yi is the 
observed spectral amplitude for one given frequency. 

Curve fitting algorithms usually give not good result when 
the data variance is high. To attempt reducing the 
variance, we usually integrate incoherently consecutive 
spectra, i.e., we smooth the spectra. Once the noise is a 
random component, the resultant spectrum will tend to 
have minor variance. An illustration of incoherent 
integration applied to hundred consecutive spectra like 
the first on the left side, with the resulting mean spectra 
aside is presented in Figure 2. In this illustration we see a 
noise bunch of spectra (represented by the first one) on 
the left side transformed into a smoothed one on the right 
side. 

 

Figure 2 – Illustration of incoherent integration applied to 
hundred consecutive spectra like the first on 
the left side. 

The detectability of a Doppler spectrum can be defined as 
per (Gage and Balsley, 1978): 

N

S

�

P
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where PS is the peak spectral density of the power 
spectrum and �N is the standard deviation of noise. The 
noise power density has a chi-squared distribution with 2 
degrees of freedom, since PN results from the squared 
sum of real and imaginary components of the amplitude 
spectrum. The application of incoherent integration, by 
averaging the Ni consecutive spectra, does not changes 
the mean values of spectral densities of signal and noise. 
The effect of incoherent integration is just increasing the 
degrees of freedom of the chi-squared distribution, 
instead of 2 degrees with no integration, it would have 
2xNi degrees of freedom, increasing too the detectability 

by ��  (Fukao, 1989). For this reason the Gaussian 

curve becomes more visible in Figure 2. 

Results 

It was generated 10,000 simulated power spectra within 
type 1 irregularity characteristics, such as fd = 120 Hz. 
Afterwards, we have integrated incoherently every group 

of 10 and 100 spectra, in order to created two other data 
set. So, we have three groups of spectra were the first 
one have 10,000 spectra not smoothed, the second one 
have 1,000 spectra smoothed by 10 incoherent 
integrations, and the third one having 100 spectra 
smoothed by 100 incoherent integrations. 

Every spectrum of the three groups was fitted by a single 
Gaussian to analyze the result of the fitting using Least 
Square Error. After estimating the spectral moments of 
the individual curves, we analyze the answer of the 
method in the determination of fd in relation to the a priori 
fd values used to generate the power spectra with type 1 
characteristics. As a result of our analysis, we present in 
Figure 3 the histograms of the Doppler frequencies 
estimated from the simulated data. Each bar is centered 
in the integer frequency defined in the Y axis with ± 0.5 
Hz of resolution. The red bar shows the locus of fd = 120 
± 0.5 Hz used to simulate the spectra, and, hence, the 
expected answer. The histogram of Figure 3-a shows the 
distribution of the answer of fitting method to the case 
with no incoherent integration applied to the spectra. The 
histogram of the Figure 3-b shows the distribution of the 
answer of fitting method to the case were incoherent 
integration of 10 spectra was applied. And the histogram 
of 3-c shows the distribution of the answer of fitting 
method to the case were incoherent integration of 100 
spectra was applied. One should remember, however, 
that the number of answer is different for the different 
histograms in Figure 3. For the histogram 3-a, we have 
10,000 answers while for 3-b we have 1,000 and 100 for 
the 3-c. Nevertheless, the number of samples used do not 
imply in drastic changes in the results. We expect the 
same confidence limit in results with different number of 
samples. 

The Figure 3 reveals the higher the number of incoherent 
integration the higher the number of answers close to the 
right value. A clear interpretation of this result is to 
assume that, as we increase the number of spectra in the 
incoherent integration, we improve the number of success 
in estimating the test parameter (fd). However, the 
application of the technique implies in increasing time 
resolution. In the case of incoherent integration of 10 
spectra, the time resolution is increased by 10, i.e., our 
resolution suffers an increase directly proportional to the 
number of spectra used in the integration. 

Quantitatively, using no incoherent integration, 9.25% of 
the answer where close to the a priori fd value. Using 
incoherent integration of 10 spectra, 54.40% of the 
answer where close to the a priori fd value. And, using 
incoherent integration of 100 spectra, 99.00% of the 
answer where close to the a priori fd value. This indicated 
that the efficiency of the method was increased from 9.5% 
to 99.0%, with a statistical error of 0.42% (± 0.5 Hz), 
when we go from no use of incoherent integration to the 
use of incoherent integration of 100 spectra. In this case, 
the degrees of freedom of PN were increased from 2 to 
200 and the detectability of the Doppler spectrum was 
increased by 10. In the same way, using 10 spectra, the 
degrees of freedom of PN were increased from 2 to 20 
and the detectability of the Doppler spectrum was 
increased by 3.16. 

 



STATISTICAL ANALYSIS OF INCOHERENT INTEGRATION APPLIED TO EEJ COHERENT RADAR DATA 
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Ninth International Congress of the Brazilian Geophysical Society 

4 

 

Conclusions 

The technique of incoherent integration showed itself a 
valuable tool with significant improvement in the 
determination of the test parameter, the center of the 
frequency distribution (fd) of the EEJ irregularities power 
spectra. Increasing the number of incoherently integrated 
spectra, we can improve the parameters estimation; 
however, we have depreciation of the time resolution. In 
the case of the RESCO radar, where we normally have 
one spectrum per 6 seconds, integrate incoherently 10 
spectra would mean to increase the resolution to one 
spectrum per minute. For EEJ dynamics studies this 
number of integrations would not compromise the 
analysis. However, despite a high number of integrated 
spectra would improve considerably the estimation of the 
center of frequency distribution, as we have shown in the 
present study, it could lead to an undesirable time 
resolution. This could compromise future analyses of 
correlation, as between the RESCO radar data and 
auroral indices, for example. 
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