
energies

Article

Analysis of Pseudo-Random Sequence Correlation
Identification Parameters and
Anti-Noise Performance

Xijin Song 1,*, Xuelong Wang 1, Zhao Dong 2, Xiaojiao Zhao 1 and Xudong Feng 1

1 Key Laboratory of Photoelectric Logging and Detecting of Oil and Gas, Ministry of Education, Xi’an Shiyou
University, Xi’an 710065, China; xlwang@xsyu.edu.cn (X.W.); zhaoxiaojiao@xsyu.edu.cn (X.Z.);
xdfeng@xsyu.edu.cn (X.F.)

2 The Oil Production Technology Research Institute of the First Oil Production Factory of the Chang Qing Oil
Field, Yan’an 716000, China; dz_cq@petrochina.com.cn

* Correspondence: sxj@xsyu.edu.cn; Tel.: +86-132-2770-9896

Received: 20 August 2018; Accepted: 24 September 2018; Published: 28 September 2018
����������
�������

Abstract: Using a pseudo-random sequence to encode the transmitted waveform can significantly
improve the working efficiency and depth of detection of electromagnetic exploration. The selection
of parameters of pseudo-random sequence plays an important role in correlation identification and
noise suppression. A discrete cycle correlation identification method for extracting the earth impulse
response is proposed. It can suppress the distortion in the early stage of the excitation field and the
glitches of the cross correlation function by traditional method. This effectively improves the accuracy
of correlation identification. The influence of the order and the cycles of m-series pseudo-random
coding on its autocorrelation properties is studied. The numerical results show that, with the
increase of the order of m-sequence, the maximum out-of-phase periodic autocorrelation function
decreases rapidly. Therefore, it is very beneficial to achieve synchronization. The limited-cycle
m-sequences have good autocorrelation properties. As the period of the m-sequence increases
and the width of the symbol decreases, the overall autocorrelation becomes closer to the impact
function. The discussion of the influence of symbol width and period of m-sequence on its frequency
bandwidth and power spectral density shows that the narrower the symbol width, the wider its
occupied band. The longer the period, the smaller the power spectral line spacing. The abilities of
m-sequence to suppress DC (Direct-current) interference, Schumann frequency noise, and sine-wave
noise are analyzed. Numerical results show that the m-sequence has excellent ability to suppress DC
interference and Schumann frequency noise. However, for high-order harmonic noise, the correlation
identification error appears severe oscillation in the middle and late stages of the impulse response.
It indicates that the ability of m-sequence to suppress high-frequency sinusoidal noise is deteriorated.
In practical applications, the parameters of the transmitted waveform should be reasonably selected
in combination with factors including transmitter performance, hardware noise, and ambient noise
level to achieve the best identification effect.

Keywords: pseudo random sequence; impulse response of the earth; correlation identification;
anti-noise performance

1. Introduction

The electromagnetic method is an important branch of geophysical exploration. With the features
of high resolution, large depth of detection, and low cost, it has become an indispensable method in
the field of resource detection. Based on the differences in conductivity, permeability, and dielectric
properties of underground media, this method uses electromagnetic induction principles to observe
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and study the distribution of magnetotelluric responses. It establishes an underground electrical
structure model to achieve underground target recognition [1–3]. However, there are some deficiencies
in traditional artificial source exploration. For example, the controllable source audio magnetotelluric
method (CSAMT) overcomes the shortcomings of magnetotelluric (MT) field source randomization
and weak signal, but it still calculates the apparent resistivity according to the Kanyana formula.
That is, it is necessary to measure a pair of orthogonal electrical and magnetic field components in
the far area, thereby limiting its scope of application [4,5]. The odd harmonic scheme can obtain
information of multiple frequencies at one time. However, the higher the harmonic order, the weaker
the signal, resulting in difficulty in observation and greater errors [6,7]. Transient electromagnetic
method (TEM) can be measured in the near area. However, due to the weak secondary field signal and
low anti-interference ability, it is difficult to increase the detection depth [8–10].

On the other hand, with the development of social economy, electromagnetic interference
has become stronger and stronger, which has brought a greater impact on electrical exploration.
Interference noise in electromagnetic detection systems mainly includes natural electromagnetic field
noise and human noise, such as noise from power line networks, mines or industrial electricity,
cable broadcast networks and radio stations, and so on. Traditional electrical surveying usually
uses methods such as increasing power supply, digital filters, and multiple stacking to suppress
interference. However, for strong interference signals, it is difficult to obtain high signal-to-noise ratio
electromagnetic signals using the above methods or instruments [11–14].

To further increase work efficiency and signal-to-noise ratio, geophysicists introduced
pseudo-random sequences (PRBS) into the field of electrical surveying. This method records the
emission current while observing the response, and uses the correlation operations of the two to
extract the earth impulse response [15]. The m-sequence (maximal length sequence) in the PRBS is
a positive–negative bipolar two-level signal that can be generated by a shift register with feedback.
For an n-stage feedback linear shift register, the maximum binary sequence length generated by
the appropriate tap feedback and modulo-2 adder is N = 2n − 1. In 1980, Duncan and Edwards of
the University of Toronto in Canada applied m-sequences to electrical prospecting. By selecting an
appropriate frequency bandwidth and transmitting-receiving distance, the detection of subsurface
objects in the shallow (500 m) and deep (40 km) layers was completed [16]. In 1979, Cunningham
applied pseudo-random sequence to the vibroseis control technology of seismic exploration, using
its autocorrelation properties to effectively weaken the side lobes of seismic response and improve
vertical resolution [17]. In 1982, He Jishan proposed ap

k pseudo-random electrical method based on
the dual-frequency induced polarization method [18,19]. In about 2000, Ziolkowski, Hobbs, and
Wright et al. of the University of Edinburgh established a multi-channel transient electromagnetic
method (MTEM) based on correlation detection. It uses the extracted impulse response peak time
or the late response of the multi-transmission step response to estimate the resistivity distribution
of the earth and has achieved good results. Zhang W. et al. conducted a single-line MTEM survey
in Baertaolegai-Fuxingmen silver-lead-zinc polymetallic ore investigation zone [20]. Xue G.Q. et al.
summarized the research progress of MTEM and gave the field examples the MTEM method in the
environment of land and sea [21,22]. Xie X. et al. confirm that time-lapse LOWTEM (long offset
& window transient electromagnetic) will have bright prospects in remaining oil monitoring [23].
The results of Zhao G.Z. et al. show wavelet analysis is capable of detecting possible correlation
between EM (electromagnetic) anomalies and seismic events [24]. He Jishan, Tang Jingtian, and Luo
Weibin et al. have done a lot of research on theoretical analysis of pseudo-random sequence signals of
controllable source electromagnetic methods and data interpretation of multi-channel electromagnetic
pulses [25]. The success of the development of a pseudo-random electrical apparatus has greatly
improved the research of the method.

Hyichev and Bobrovsky (2015) studied the anti-noise capability of m-sequence pseudo-random
signals. The results show that the anti-noise performance of pseudo-random coding is about 100
times better than that of traditional methods [26]. In 2015, Wu Xin et al. proposed a mathematical
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method for extracting the earth impulse response with high accuracy through the receiver–transmitter
cross correlation, and analyzed the parameters of the m-sequence launch waveform [27]. In 2016,
Wang Xianxiang and his colleagues studied how to improve the anti-noise ability of pseudo-random
sequences by analyzing two commonly used methods for extracting the earth impulse response [28].
Aiming at the problem that the traditional method uses linear correlation identification to extract the
earth impulse response and produce large errors in the middle and late stages of the impulse response,
this paper proposes a discrete cycle correlation identification method to extract the earth impulse
response, which can effectively improve the identification accuracy. The anti-noise performances of
this method to sine-wave noise, Schumann frequency noise, and DC interference are also analyzed,
which provide a theoretical basis for the selection of the parameters of pseudo-random sequence
electrical survey emission waveforms.

2. Earth Impulse Response Correlation Identification

2.1. Pseudo-Random Sequence Electromagnetic Detection Working Equipment

Compared with the conventional transient electromagnetic step source, the frequency spectrum of
pseudo-random-coded signal source is relatively flat and has a wider frequency range. The observation
device for pseudo-random sequence electromagnetic detection is shown in Figure 1. This method uses
an electromagnetic signal encoded by a binary pseudo-random sequence as an excitation source, and
the multi-component receiver is arranged in a line or parallel array with a transmitting dipole according
to a certain transmission and reception distance. The profile measurement is completed by multiple
superpositions by simultaneously recording the emission current signal and the electromagnetic field
response of each transceiving distance. Where, the transceiving distance r and the target body depth
d should generally satisfy: 3d ≤ r ≤ 5d. The application of pseudo-random sequence signal sources
and simultaneous measurement of multiple offsets enable high-density data acquisition, which helps
to improve the resolution of electromagnetic detection. Through the deconvolution operation, we
can separate the earth impulse response from the observed data and obtain geoelectrical section
information. The related detection not only has strong anti-interference ability, but also can realize fine
detection of small volume and large depth, and can work in marine, land, and other areas.

Energies 2018, 11, x FOR PEER REVIEW  3 of 18 

 

method for extracting the earth impulse response with high accuracy through the 
receiver–transmitter cross correlation, and analyzed the parameters of the m-sequence launch 
waveform [27]. In 2016, Wang Xianxiang and his colleagues studied how to improve the anti-noise 
ability of pseudo-random sequences by analyzing two commonly used methods for extracting the 
earth impulse response [28]. Aiming at the problem that the traditional method uses linear 
correlation identification to extract the earth impulse response and produce large errors in the 
middle and late stages of the impulse response, this paper proposes a discrete cycle correlation 
identification method to extract the earth impulse response, which can effectively improve the 
identification accuracy. The anti-noise performances of this method to sine-wave noise, Schumann 
frequency noise, and DC interference are also analyzed, which provide a theoretical basis for the 
selection of the parameters of pseudo-random sequence electrical survey emission waveforms. 

2. Earth Impulse Response Correlation Identification 

2.1. Pseudo-Random Sequence Electromagnetic Detection Working Equipment 

Compared with the conventional transient electromagnetic step source, the frequency 
spectrum of pseudo-random-coded signal source is relatively flat and has a wider frequency range. 
The observation device for pseudo-random sequence electromagnetic detection is shown in Figure 
1. This method uses an electromagnetic signal encoded by a binary pseudo-random sequence as an 
excitation source, and the multi-component receiver is arranged in a line or parallel array with a 
transmitting dipole according to a certain transmission and reception distance. The profile 
measurement is completed by multiple superpositions by simultaneously recording the emission 
current signal and the electromagnetic field response of each transceiving distance. Where, the 
transceiving distance r and the target body depth d should generally satisfy: 3 5d r d≤ ≤ . The 
application of pseudo-random sequence signal sources and simultaneous measurement of multiple 
offsets enable high-density data acquisition, which helps to improve the resolution of 
electromagnetic detection. Through the deconvolution operation, we can separate the earth impulse 
response from the observed data and obtain geoelectrical section information. The related detection 
not only has strong anti-interference ability, but also can realize fine detection of small volume and 
large depth, and can work in marine, land, and other areas. 

Α

Β

Μ

Μ

Μ
Ν

Ν

Ν

Μ

Ν

Ν

Μ

Μ

Ν
min 3r d>

y

x
 

Figure 1. Observation system of pseudo-random sequence electromagnetic detection. 

Based on the Wiener–Hopf equation, the derivation process for extracting the ground impulse 
response from the m-sequence pseudo-random response (Ziolkowski in 2013) is detailed in 

Figure 1. Observation system of pseudo-random sequence electromagnetic detection.

Based on the Wiener–Hopf equation, the derivation process for extracting the ground impulse
response from the m-sequence pseudo-random response (Ziolkowski in 2013) is detailed in Appendix A.
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In order to better simulate real observations, the observation sequence is generated by convolution
of the ideal earth step response ES(t) and derivative of actual emission current ∂IS(t)/∂t. The field
excited by pseudo-random sequence can be obtained by:

E(t) = IS(t) ∗ g(t) = −∂IS(t)
∂t
∗ ES(t) (1)

where g(t) is the earth impulse response and ES(t) is the ideal earth step response. In a uniform half
space, the fields excited by the pulse wave and the upper step wave are [29]:

Eimpulse =
Irdl
2r3t

u3√
2p

e−(
u2
2 ) (2)

Estep(t) =
Idlρ
4πr3 [1− 2er f (

u√
2
) + 2

√
2
π

ue−u2/2 + 3 cos 2θ] (3)

where u =
√

µ0r2

2ρt . I represents the current intensity, dl is the length of the electrical source, ρ is the
resistivity, r is the transceiver distance, and erf is the error function.

2.2. Comparison of Identification Methods

In order to compare the effects of different methods for extracting the impulse response of earth,
we use m-sequence to encode the electrical source emission waveform. The earth impulse response
of a uniform half-space detection model is extracted by discrete linear correlation identification and
discrete cyclic correlation identification methods, and compared with the theoretical calculation results.
In the calculation, we take the uniform half-space resistivity ρ = 150 (Ω ·m), the length of emitted
electric dipole dl = 1 (m), transceiver distance r = 1000 (m), the emission current amplitude I = 1 (A),
the symbol width ∆t = 1/6000 (s), the order of the m-series n = 8, the number of cycles Ncyc = 3, and
the number of sampling points after the end of emission is 100. The pseudo random emission current
is shown in Figure 2a. The upper step response of the uniform half space obtained by Equation (11) is
shown in Figure 2b.
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Figure 2. Numerical calculation model. (a) Emission waveform; (b) uniform half-space step 
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It is worth noting that in the use of Equation (1) to calculate the field excited by pseudo-random
sequence, we need to complete the discrete convolution calculation. Similarly, when the Equation
(A8) is used to identify the earth impulse response, it is necessary to complete the discrete correlation
calculation. Firstly, the impulse response of the earth is extracted by discrete linear convolution
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and discrete linear correlation. The identification results are shown in Figure 3. Figure 3a shows
the field excited by a pseudo-random sequence calculated using discrete linear convolution, and
Figure 3b is the cross-correlation function of the transmitted signal and the response signal. It can
be seen that the excitation field calculated by the linear convolution has distortion at the early stage,
which affects the further calculation of the cross-correlation function of the transmitted signal and its
excitation field. Figure 3c shows the uniform earth impulse response extracted by the linear correlation
identification method, which is compared with the ideal earth impulse response. Figure 3d represents
the identification error of the discrete linear correlation identification. Here, we define the error ratio as:

Rerror =
gident(t)− gth(t)

gth(t)
(4)

Among them, gident(t) represents the earth impulse response extracted by correlation
identification, and gth(t) is the theoretical earth impulse response. It can be seen from Figure 3d
that in the early stage of impulse response, the identification results agree well with the theoretical
impulse response, and the error is small. However, with the passage of time, the identification error
has increased dramatically. The identification error at peak time (t = 1 s) is−0.1918%. At about 10 times
the peak response time, it has reached 127.62%, which seriously affects the identification accuracy of
the earth impulse response.
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Figure 3. Identification results of linear convolution and linear correlation. (a) The field excited by 
pseudo-random sequences; (b) cross correlation of emission signals and response signals; (c) the 
earth impulse response extraction result; (d) the identification error. 

Figure 3. Identification results of linear convolution and linear correlation. (a) The field excited by
pseudo-random sequences; (b) cross correlation of emission signals and response signals; (c) the earth
impulse response extraction result; (d) the identification error.
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In view of the influence of the above method on the identification of the ground impulse response,
and considering the periodicity of m-sequence, the discrete cyclic convolution method is used to
calculate the excitation field of the pseudo-random sequence. The definition of the N points cyclic
convolution for x(n) and h(n) is:

yN(n) = x(n)⊗ h(n) =
N−1

∑
i=0

x(i)h(< n− i >N) · rN(n) (5)

In Equation (5), rN(n) represents the main value interval of periodic sequences. The calculation
process of discrete cyclic convolution is shown in Figure 4. In the calculation, x(n) is arranged in a
counterclockwise direction on an N equally divided circle, and h(n) is clockwise aligned on another N
circled circle concentric with it (Figure 4a). We turn h(n) counterclockwise through n points, that is,
shift h(−i) as a circle of n points (Figure 4b), multiply the corresponding points of x and h, and then
superimpose them to obtain y(n) [30].

Energies 2018, 11, x FOR PEER REVIEW  6 of 18 

 

In view of the influence of the above method on the identification of the ground impulse 
response, and considering the periodicity of m-sequence, the discrete cyclic convolution method is 
used to calculate the excitation field of the pseudo-random sequence. The definition of the N points 
cyclic convolution for ( )x n  and ( )h n  is: 

1

0
( ) ( ) ( ) ( ) ( ) ( )

N

N N N
i

y n x n h n x i h n i r n
−

=

= ⊗ = < − > ⋅  (5) 

In Equation (5), ( )Nr n  represents the main value interval of periodic sequences. The 
calculation process of discrete cyclic convolution is shown in Figure 4. In the calculation, ( )x n  is 
arranged in a counterclockwise direction on an N  equally divided circle, and ( )h n  is clockwise 
aligned on another N  circled circle concentric with it (Figure 4a). We turn ( )h n  
counterclockwise through n points, that is, shift ( )h i−  as a circle of n points (Figure 4b), multiply 
the corresponding points of x and h, and then superimpose them to obtain ( )y n  [30]. 

0x

1x

2x

1Nx −5x

4x

3x

0h

1h
2h

3h

1Mh −

0x

1x

2x

1Nx −5x

4x

3x
0h

1h

2h

3h1Mh −

(a) (b) 

Figure 4. Discrete cyclic convolution calculation. (a) Circular offset; (b) circular convolution. 

The discrete cyclic convolution method is used to calculate the excitation field of the 
pseudo-random sequence, and the parameters of the transmitted signal are the same as before. The 
result is shown in Figure 5a. It can be seen that compared with Figure 3a, the discrete cyclic 
convolution method obviously eliminates the distortion phenomenon at the early stage of the 
excitation field. The cross correlation function between the emission signal and the excitation field 
is also calculated, as shown in Figure 5b. It can be seen that compared with Figure 3b, the burr 
phenomenon of the left half branch of the cross correlation function has been significantly 
suppressed. Thus, it lays a good foundation for further identifying the impulse response of the 
earth. 

According to Equation (A8), it is necessary to complete cross correlation calculation of 
m-sequence and its response signal when extracting the impulse response of the earth. Based on the 
calculation of the pseudo random sequence excitation field by cyclic convolution, the discrete cyclic 
cross correlation calculation of the transmitted signal and its excitation field is also completed. If 

( )x n  and ( )y n  are all N  point finite sequences, then the cyclic correlation between ( )x n  and 
( )y n  is defined as: 

1

0
( ) ( ) ( ) ( ) ( ) ( ) ( )

N

xy N N
i

t n x n y n x i y i n r n n
−

∗

=

= Θ = < − > ⋅ −∞ < < +∞  (6) 

Here, cyclic correlation sequence ( )xyt n  is also N  point finite sequence. Usually, only the 
value of the principal value interval is considered. Then the Equation (6) can be simplified to: 

Figure 4. Discrete cyclic convolution calculation. (a) Circular offset; (b) circular convolution.

The discrete cyclic convolution method is used to calculate the excitation field of the
pseudo-random sequence, and the parameters of the transmitted signal are the same as before.
The result is shown in Figure 5a. It can be seen that compared with Figure 3a, the discrete cyclic
convolution method obviously eliminates the distortion phenomenon at the early stage of the excitation
field. The cross correlation function between the emission signal and the excitation field is also
calculated, as shown in Figure 5b. It can be seen that compared with Figure 3b, the burr phenomenon
of the left half branch of the cross correlation function has been significantly suppressed. Thus, it lays
a good foundation for further identifying the impulse response of the earth.

According to Equation (A8), it is necessary to complete cross correlation calculation of m-sequence
and its response signal when extracting the impulse response of the earth. Based on the calculation of
the pseudo random sequence excitation field by cyclic convolution, the discrete cyclic cross correlation
calculation of the transmitted signal and its excitation field is also completed. If x(n) and y(n) are all
N point finite sequences, then the cyclic correlation between x(n) and y(n) is defined as:

txy(n) = x(n)Θy(n) =
N−1
∑

i=0
x(i)y∗(< i− n >N) · rN(n) (−∞ < n < +∞) (6)

Here, cyclic correlation sequence txy(n) is also N point finite sequence. Usually, only the value of
the principal value interval is considered. Then the Equation (6) can be simplified to:

x(n)Θy(n) =
N−1
∑

i=0
x(i)y∗(< i− n >N) (0 ≤ n ≤ N − 1) (7)
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The positive integer N in Equation (7) is called cyclic correlation length, and N can be selected as
any integer with a maximum length of less than two sequences. In fact, the discrete cyclic correlation
computation process is similar to the discrete cyclic convolution. In comparison Equations (5) and
(6), it is easy to see that if the conjugate symbols in the correlation operation are removed and the
relative positions of i and n are changed in the i− n, the correlation calculation becomes a convolution
operation. In order to compare the effect of different convolution and correlation methods for the
identification of earth impulse response, we use discrete cyclic convolution to calculate the excitation
field of pseudo random sequence and identify the impulse response of the earth with discrete cyclic
correlation. The results are shown in Figure 6. It can be seen that the identification results coincide well
with the theoretical impulse response in the whole impulse response time. Although the identification
error fluctuated in the late stage of impulse response, it did not exceed 0.3922%.
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Under quasi-static conditions, the propagation of electromagnetic waves in the earth satisfies the
diffusion equation. The velocity of electromagnetic signals at different frequencies is very different in
the medium with different conductivity. Therefore, the peak time of the earth impulse response can
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reflect the change of the resistivity. Ziolkowski (2007) et al. introduced the method of determining the
earth resistivity by the peak time of impulse response:

ρ =
µr2

10tpeak
(8)

In Equation (8), µ is the permeability of the medium, and tpeak indicates the peak time of the
impulse response. For the calculation model shown in Figure 1, the uniform earth resistivity is known
as 150 Ω ·m. The pseudorandom response of m-sequence is obtained by discrete cyclic convolution
(Figure 5a), and the earth impulse response is obtained by using discrete cyclic correlation identification
(Figure 6a). We calculate the peak time tpeak = 8.33 ms, and then use Equation (8) to invert the earth
resistivity of 150.7964 Ω ·m. In this way, the correctness and effectiveness of the discrete cycle
correlation and discrete cycle correlation identification methods are proved.

3. Correlation Identification Parameters Analysis

In geophysical exploration, it is important to select suitable m-sequence parameters for
high-precision identification of earth impulse response. The m-sequence is a wideband signal with
good randomness and cross-correlation characteristics. The autocorrelation function of m-sequence is
a triangular wave similar to Dirichlet function. Its expression is as:

Rx,x(τ) =

{
[1− |τ|∆t (

N+1
N )], 0 ≤ |τ|∆t ≤ 1

− 1
N , 0 ≤ |τ|∆t ≤

N
2

(9)

Here, N is the period of m-sequence and ∆t is the sampling interval. Table 1 show the
autocorrelation characteristics of m-sequences with different orders (different lengths). It can be
seen that as the order n increases, the length of m-sequence increases obviously. The maximum
heterogenous periodic autocorrelation function Ram decreases rapidly, while the maximum periodic
cross-correlation function Rcm is relatively large. It indicates that the m-sequence is very suitable
for synchronization. We use m-sequence as the excitation signal for electromagnetic surveying.
Simultaneously record the transmitted signal and the MT response at the receiver. By using correlation
identification, accurate earth impulse response can be obtained.

Table 1. The autocorrelation of m-sequence.

n N Ram Rcm

3 7 1.42 × 10−1 0.71
4 15 6.66 × 10−2 0.60
5 31 3.22 × 10−2 0.35
6 63 1.58 × 10−2 0.36
7 127 7.78 × 10−3 0.32
8 255 3.92 × 10−3 0.37
9 511 1.95 × 10−3 0.22

10 1023 9.77 × 10−4 0.37
11 2047 4.88 × 10−4 0.14

Figure 7 gives the global autocorrelation function of m-sequence with period N = 255, order
n = 8, and cycle number Ncyc = 3. It can be seen that the global autocorrelation of the m-sequences of
the finite number of cycles is aperiodic function, which contains several similar δ(t) function peaks
with different amplitudes, indicating that the pseudo-random sequence coded signal has a good
autocorrelation property. The bigger the N, the smaller the ∆t, the closer it is to the δ(t) function.



Energies 2018, 11, 2586 9 of 18

Energies 2018, 11, x FOR PEER REVIEW  9 of 18 

 

of the finite number of cycles is aperiodic function, which contains several similar ( )tδ  function 
peaks with different amplitudes, indicating that the pseudo-random sequence coded signal has a 
good autocorrelation property. The bigger the N , the smaller the tΔ , the closer it is to the ( )tδ  
function. 

-1000 -500 0 500 1000
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Number of samples

A
m

pl
itu

de

 
Figure 7. Global autocorrelation function of finite order cyclic m-sequence. 

We perform the Fourier transform of Equation (9) to obtain the power spectral density of the 
periodic m sequence: 

, 0( ) ( )x x i
i

S f p f ifδ
∞

=−∞

= −  (10) 

where 

2

2
2

1 , 0

1sin ( ) 1, 2,
i

i
Np

N ic i
NN

 ==  + π = ± ±



, 0

1f
N t

=
Δ

 (11) 

It can be seen that the power spectral density of the periodic m-sequence has a linear spectrum, 
and the interval of each spectral line is determined by the fundamental frequency 0f . The clock 
frequency 1f tΔ = Δ  affects the bandwidth occupied by this periodic signal. Figure 8 shows the 
influence of the period N  of m-sequence and the sampling interval tΔ  on the power spectral 
density spectral line spacing and frequency bandwidth. 

To facilitate the comparison of the changes in spectral line spacing, we chose the same 
normalized frequency 1 1fN tΔ . Figure 8a,b is power spectral densities of m-sequences with periods 

4
1 2 1 15N = − = , 5

2 2 1 31N = − = , and symbol width 
1 0 .0 2 5t =Δ , respectively. As can be seen from the 

figures, when the period of the m-sequence is approximately doubled, the density of the spectral 
line is also doubled. Although the power is reduced to about half as the cycle is doubled, the basic 
shape of the power spectral density remains unchanged. Moreover, the two zero-component lines 
with respect to the normalized frequency are in the same place, indicating that the two sequences 
occupy the same bandwidth. Figure 8c,d is the power spectrum densities of m-sequence of periods 

1 15N =  and 2 31N = , respectively, but the sampling interval is 2 1 2t tΔ = Δ . It can be seen that 
compared with Figure 8a,b, the zero component spectral lines of Figure 8c,d are at two times the 
frequency, indicating that their occupied bandwidth has doubled. 

We use the m-sequence of period 82 1N = −  and cycle number 2cycN =  as the transmitting 

signal. Under the condition of different symbol width, the earth impulse response is extracted by 
correlation identification. According to the peak time of the impulse response, the information of 
the formation resistivity obtained by inversion is shown in Table 2. It can be seen that as the symbol 

Figure 7. Global autocorrelation function of finite order cyclic m-sequence.

We perform the Fourier transform of Equation (9) to obtain the power spectral density of the
periodic m sequence:

Sx,x( f ) =
∞

∑
i=−∞

piδ( f − i f0) (10)

where

pi =

{
1

N2 , i = 0
N+1
N2 sin c2( i

Nπ) i = ±1,±2, · · ·
, f0 =

1
N∆t

(11)

It can be seen that the power spectral density of the periodic m-sequence has a linear spectrum,
and the interval of each spectral line is determined by the fundamental frequency f0. The clock
frequency ∆ f = 1/∆t affects the bandwidth occupied by this periodic signal. Figure 8 shows the
influence of the period N of m-sequence and the sampling interval ∆t on the power spectral density
spectral line spacing and frequency bandwidth.

To facilitate the comparison of the changes in spectral line spacing, we chose the same normalized
frequency f N1∆t1. Figure 8a,b is power spectral densities of m-sequences with periods N1 = 24 −
1 = 15, N2 = 25 − 1 = 31, and symbol width ∆t1 = 0.025, respectively. As can be seen from the
figures, when the period of the m-sequence is approximately doubled, the density of the spectral
line is also doubled. Although the power is reduced to about half as the cycle is doubled, the basic
shape of the power spectral density remains unchanged. Moreover, the two zero-component lines with
respect to the normalized frequency are in the same place, indicating that the two sequences occupy
the same bandwidth. Figure 8c,d is the power spectrum densities of m-sequence of periods N1 = 15
and N2 = 31, respectively, but the sampling interval is ∆t2 = ∆t1/2. It can be seen that compared with
Figure 8a,b, the zero component spectral lines of Figure 8c,d are at two times the frequency, indicating
that their occupied bandwidth has doubled.

We use the m-sequence of period N = 28 − 1 and cycle number Ncyc = 2 as the transmitting
signal. Under the condition of different symbol width, the earth impulse response is extracted by
correlation identification. According to the peak time of the impulse response, the information of the
formation resistivity obtained by inversion is shown in Table 2. It can be seen that as the symbol width
decreases, the identification error tends to decrease as a whole. In the condition of ∆t > 1/3000 (s),
the identification error exceeds 25%, and the system has lost the ability to recognize the earth pulse
response. When ∆t = 1/6000 (s), the identification error reaches a minimum, only 0.531%. With the
further decrease of the symbol width, the identification error is fluctuating. Therefore, in practical
work, we need to combine the parameters such as period N (order n) and cycle number Ncyc to decide
the symbol width of m-sequence.
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Figure 8. Power spectral density (PSD) of periodic m-sequences with different periods and symbol
widths. (a) PSD of m-sequences with N1 = 15 and ∆t1; (b) PSD of m-sequences with N2 = 31 and ∆t1;
(c) PSD of m-sequences with N1 = 15 and ∆t1/2; (d) PSD of m-sequences with N2 = 31 and ∆t1/2.

Table 2. Effect of m-sequence symbol width.

∆t(s) tpeak(s) ρ(Ω ·m) Error

1/1000 1.000 × 10−3 125.6637 16.22%
1/2000 5.000 × 10−4 251.3274 67.55%
1/3000 6.667 × 10−4 188.4956 25.66%
1/4000 7.500 × 10−4 167.5516 11.70%
1/5000 8.000 × 10−4 157.0796 4.720%
1/6000 8.333 × 10−4 150.7964 0.531%
1/7000 7.143 × 10−4 175.9292 17.29%
1/9000 7.778 × 10−4 161.5676 7.712%

In summary, different symbol widths mean that the bandwidth of m-sequence is different. In order
to realize the earth impulse response identification more completely, the narrower symbol width
should be selected as much as possible while satisfying the transmission capability of the launcher and
considering the storage capacity of the observation system. The selection of the period N (or order n) of
m-sequence should also take into account various factors. In theory, the longer the period N, the better
the signal-to-noise ratio of the system is improved by using m-sequence. However, the larger the period
N, the longer the observation time. Therefore, the observation process is not economical. In addition,
when N is too large, the ability of m-sequence to improve the signal to noise ratio also decreases.
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4. Anti-Noise Performance Analysis of Correlation Identification

To study the anti-noise performance of discrete cyclic correlation identification method, we added
different types of noise to the pseudo-random response. The earth impulse response is extracted in the
presence of interference and compared to the theoretical impulse response. In China, the frequency
of industrial electricity is 50 Hz. Interference noise is the level of 50 Hz and its harmonics. Although
this interference level is greatly reduced as the receiver coil is far from the power line, it has regional
characteristics. Some people have observed earth current fields with the frequency of 50 Hz and
their harmonics in the Antarctic continent and the Tibet Plateau. This may be the surface circulation
formed by electricity penetration into the earth. In view of this, we use the 8-order m-sequence
with cycle number Ncyc = 2 as the excitation signal, and add a noise signal 10−8 cos(2π× 50t) in the
pseudo-random excitation field. The amplitude of the noise signal and the amplitude of the excitation
field of the pseudo-random signal are kept in the same level. The identification result is shown in
Figure 9. Among them, Figure 9a is the noise signal added, Figure 9b is the cross-correlation function
of m-sequence and the noise signal. Figure 9c is the earth impulse response extracted by the correlation
identification method and it is overlapped with the theoretical impulse response. Figure 9d gives the
identification error ratio. It can be seen that the pseudo-random signal has a strong ability to suppress
sine-wave noise. The identification error of the whole impulse response is −6.99% to 3.898%.
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Figure 9. The earth impulse response extracted with sine-wave noise. (a) Sinusoidal noise signal; (b) 
cross-correlation of m-sequence and noise signal; (c) earth impulse response extraction result; (d) 
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Figure 9. The earth impulse response extracted with sine-wave noise. (a) Sinusoidal noise signal;
(b) cross-correlation of m-sequence and noise signal; (c) earth impulse response extraction result;
(d) identification error.

In order to study the ability of the pseudo-random transmit signal to suppress the sine wave
noise, the effects of different parameters such as wave noise amplitude, initial phase, and frequency
on the identification error are discussed below. Firstly, we examine the ability of m-sequence to
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suppress the sine-wave noise of different amplitudes. The frequency of the sine-wave noise is taken
as 50 Hz and the range of amplitude variation is 10−7–10−9. Figure 10a shows the superposition
of the excitation field of m-sequence and the sine-wave noise. We take the period of m-sequence
N = 255, the symbol width ∆t = 1/6000 (s). The amplitude of sine-wave noise is 10−7, 10−8 and 10−9,
respectively. The identification errors obtained by the correlation identification method are shown
in Figure 10b. It can be seen that when the sine wave noise amplitude is equal to or lower than that
of the pseudo-random response, such as when the noise is 10−8 cos(2π× 50t) or 10−9 cos(2π× 50t),
the m-sequence has a strong suppression ability. The identification error ranges are −6.99–3.898%
and −0.343–0.7427%. When the noise amplitude is amplified 10 times, that is, 10−7 cos(2π× 50t), the
maximum value of the identification error reaches −73.12–35.45%. It is shown that when the noise
signal amplitude is larger than the excitation field amplitude of the pseudo-random sequence, the
m-sequence gradually weakens its noise immunity.

Secondly, the ability of m-sequence to suppress the sinusoidal noise of different initial phases is
analyzed. Figure 10c is the superposition of the m-sequence excitation field and the sine-wave noise
10−8 cos(2π× 50t + 5π/12). When the initial phase of sine-wave noise is π/12,π/6,π/3,π/4 and
5π/12, respectively, the correlation identification errors are shown in Figure 10d. The identification
results show that for the sinusoidal noise with initial phase π/12, the identification error is −6.99% to
3.650%. For the sine wave noise whose initial phase is 5π/12, the identification error range is −5.053%
to 8.597%. It indicates that m-sequences have similar noise immunity to sine waves with different
initial phases, and the identification error remains in the same order of magnitude.

Afterwards, we study the suppression ability of m-sequence to different harmonic components
of 50 Hz sine wave noise. Figure 10e is the superposition of the m-sequence excited field and odd
harmonic noise 10−8 cos(2π× 150t). Figure 10f gives the correlation identification errors when the
noise source frequencies are 150, 250, 350, and 450 Hz, that is, the main odd harmonic components
of 50 Hz frequency. The calculation results show that the recognition error of m-sequence for 150 Hz
and 250 Hz harmonic noise is not much different, they are: −2.088–2.717% and −2.291–2.530%.
However, with the increase of harmonic frequency, the anti-noise ability of m-sequence becomes worse.
The identification errors for 350 Hz and 450 Hz harmonic noise are −8.147–9.951% and −6.820–6.921%
respectively. It must be noted that with the increase of harmonic noise frequency, the identification
error appeared severe oscillation in the middle and late stages of the impulse response. Obviously, the
suppression ability of m-sequence to high frequency sine wave noise is worse in the middle and late
stage of impulse response.

Natural electromagnetic field noise mainly comes from lightning activity, especially lightning
related to thunderstorms. Due to the occurrence of thunderstorms in some parts of the earth, the
electromagnetic fields generated propagate back and forth in the waveguide cavity and spread all over
the world. The electromagnetic field caused by such lightning has a particularly high energy density
in the frequency range of 1 to 1000 Hz. Due to the fast decay of high frequency components in the
propagation process, low frequency components predominate in the field observed away from the
lightning zone.

Because the waveguide cavity resonates at some frequencies, its electromagnetic field at
frequencies of 8, 14, 20, 26 and 32 Hz is relatively weak, commonly referred to as the Schumann
frequency. Obviously, the frequency range of the sky electric field falls within the operating frequency
range of the electromagnetic system, and will exist in any area on the earth with a fairly high average
value. For this reason, the ability of m-sequences to suppress Schumann frequency noise was studied.
Figure 11a is the superposition of the m-sequence excitation field and the Schumann frequency noise
with the frequency of 14 Hz. When the noise frequencies are taken at the frequency points of 8, 14,
20, 26 and 32 Hz, the correlation errors are shown in Figure 11b. As can be seen from the figure, the
suppression ability of m-sequences for different Schumann frequency noises is not much different.
The overall range of the identification error for the five frequency noises is within 7.110% to 3.495%.
It indicates that m-sequence has strong anti-noise ability for Schumann frequency noise.



Energies 2018, 11, 2586 13 of 18

Energies 2018, 11, x FOR PEER REVIEW  13 of 18 

 

noises is not much different. The overall range of the identification error for the five frequency 
noises is within 7.110% to 3.495%. It indicates that m-sequence has strong anti-noise ability for 
Schumann frequency noise. 

0 0.02 0.04 0.06 0.08 0.1
-1.5

-1

-0.5

0

0.5

1

1.5
x 10-7

Time(s)

A
m

pl
itu

de

0 0.01 0.02 0.03 0.04 0.05
-80

-60

-40

-20

0

20

40

Time(s)

E
rro

r R
at

e(
%

)

 

 

AN=10-7

AN=10-8

AN=10-9

(a) (b) 

0 0.02 0.04 0.06 0.08 0.1
-6

-4

-2

0

2

4

6
x 10-8

Time(s)

A
m

pl
itu

de

0 0.01 0.02 0.03 0.04 0.05
-10

-5

0

5

10

Time(s)

E
rro

r R
at

e(
%

)

 

 

φ=π/12
φ=π/3
φ=π/4
φ=π/5
φ=5π/12

 
(c) (d) 

0 0.02 0.04 0.06 0.08 0.1
-6

-4

-2

0

2

4

6
x 10-8

Time(s)

A
m

pl
itu

de

0 0.01 0.02 0.03 0.04 0.05
-10

-5

0

5

10

Time(s)

E
rro

r R
at

e(
%

)

 

 

150Hz
250Hz
350Hz
450Hz

 
(e) (f) 

Figure 10. Suppression of sinusoidal noise by m-sequence. (a) Superposition of excitation field and 
noise signal 710 cos(2 50 )t− π× ; (b) identification error of different amplitude noise; (c) superposition 
of excitation field and noise signal 810 cos(2 50 5 12)t− π× + π ; (d) identification error of different phase 
noise; (e) superposition of excitation field and noise signal 810 cos(2 150 )t− π× ; (f) identification error of 
different frequency noise. 

Figure 10. Suppression of sinusoidal noise by m-sequence. (a) Superposition of excitation field and
noise signal 10−7 cos(2π× 50t); (b) identification error of different amplitude noise; (c) superposition
of excitation field and noise signal 10−8 cos(2π× 50t + 5π/12); (d) identification error of different
phase noise; (e) superposition of excitation field and noise signal 10−8 cos(2π× 150t); (f) identification
error of different frequency noise.
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Figure 11. Suppression of Schumann frequency noise by m-sequence. (a) Superposition of
excitation field and Schumann frequency noise signal; (b) identification error of different Schuhmann
frequency noise.

The following discusses the anti-noise ability of the correlation identification algorithm when
there are natural potentials and constant current interference caused by electrode polarization in a
pseudo-random response. Figure 12a shows the result of superimposing DC noise of amplitude 10−7

into the excitation field of the pseudo-random sequence. When the DC noise amplitude is taken as
10−7, 10−8 and 10−9, respectively, the correlation errors are shown in Figure 12b. The calculation
results show that when the DC noise amplitude is higher than that of pseudo-random response by
one order (noise amplitude is taken as 10−7), the maximum identification error in the entire impulse
response period is −5.296%. When the DC noise amplitude is equivalent to the pseudo-random
response amplitude (noise amplitude is 10−8), the maximum identification error is −0.1766%. When
the DC noise amplitude is less than that of pseudo-random response by one order (noise amplitude
is taken as 10−9), the maximum identification error is only 0.3353%. Therefore, when the DC noise
amplitude is equal to or lower than the pseudo-random excitation field amplitude, the presence of DC
interference hardly affects the identification result.
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5. Conclusions

Compared with the traditional step-wave emitters, the use of pseudo-random sequences to
encode the electrical source can significantly increase the depth and resolution of electromagnetic
detection. The earth impulse response extracted by the correlation identification method is rich in
geoelectric information, so that the fine detection of the geoelectrical section can be realized. However,
the accuracy of extracting the earth impulse response from different identification methods is not the
same. Aiming at the problem that discrete linear correlation identification has a large error in the late
stage of extracting impulse response, this paper proposes a method of extracting the earth impulse
response by using discrete cyclic correlation identification. Using the discrete cyclic convolution to
calculate the excitation field of m-sequence, the distortion of the early stage of the excitation field in
the linear convolution calculation is effectively eliminated. The earth impulse response is extracted by
discrete cyclic correlation identification. The numerical results show that the extraction results are in
good agreement with the theoretical impulse response. The identification error is less than 0.3922%
during the whole earth impulse response stage.

The autocorrelation function characteristics of different length m-sequences are analyzed.
The results show that with the increase of the order n, the length of m-sequence increases obviously.
The maximum out-of-phase periodic autocorrelation function Ram decreases rapidly, but the maximum
periodic cross-correlation function Rcm is relatively large. Therefore, it is very beneficial to achieve
synchronization. The autocorrelation function and its power spectral density of a finite-cycle
m-sequence are calculated. The influence of the order n, the period N, and the symbol width ∆t
of m-sequence on its spectral bandwidth and the power spectral density are also analyzed. Numerical
results show that the narrower the symbol width, the greater the bandwidth of the m-sequence, and
the longer the period, the denser the power spectral density of it. However, the longer observation
time will affect the observation efficiency.

The anti-noise performance of the discrete cyclic correlation identification method is studied in
the case of sinusoidal noise, Schumann frequency noise, and DC interference. The results show that
m-sequence has a strong ability to suppress the Schumann frequency noise, and the identification
error of the five frequency noises is generally within the range of −7.110% to 3.495%. When the
DC noise amplitude is equal to or less than that of the pseudo-random sequence excited field, the
presence of DC interference hardly affects the identification result. The effects of parameters such as
amplitude, initial phase, and frequency of sine-wave noise on the identification error are also discussed.
When the amplitude of sinusoidal noise is equal to or less than that of the pseudo-random response,
the m-sequence has a strong ability to suppress it, and the identification error is −6.959–3.898%.
For sinusoidal noise with different initial phases or different frequencies, the m-sequence has little
change in its suppression ability, and the identification error remains in the same order of magnitude.
However, for the high order harmonic noise, the identification error creates serious oscillation in the
middle and late stages of the impulse response, which should be paid attention to in the correlation
identification. Therefore, in practical work, the parameters of m-sequence should be selected and
optimized according to the noise of the hardware system and the influence of the environmental noise,
so as to achieve the best identification.
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Appendix A

Based on the Wiener–Hopf equation, the basic principle of extracting the earth impulse response
method from the m-series pseudo-random response is shown in Figure A1. Among them, I(t) is the
emission current, g(t) is the impulse response of the earth, hs(t) is the response of the launcher, hr(t)
is the response of the receiver, n(t) is the noise, and y(t) is the observed system response.
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The observed signal takes into account the effects of the instrument response of launcher,
instrument response of receiver, the impulse response of the earth and noise interference. It can
be expressed as:

y(t) = I(t) ∗ hS(t) ∗ g(t) ∗ hr(t) + n(t) (A1)

where the actual emission current waveform is IS(t) = I(t) ∗ hS(t). At the signal launcher, it is common
to measure the voltage with the same instrument as the receiver system, i.e.,

vS(t) = I(t) ∗ hS(t) ∗ hr(t) (A2)

Based on the Wiener–Hopf equation, we correlate the measured voltage at the launcher with the
signal measured at the receiver, i.e.,

Ryv(t) = Rvv(t) ∗ g(t) + Rnv(t) (A3)

In the above equation, Ryv(t), Rvv(t), Rnv(t) represent the cross-correlation function of the
transmitting voltage and the receiving voltage, the autocorrelation function of the transmitting voltage,
and the cross-correlation function of the transmitting voltage and the noise, respectively. Since the
transmit waveform uses m-series pseudo-random signals, it has a low correlation with the noise
sequence. The autocorrelation function Rvv(t) approximates the function δ(t), such that Rvv(t) ∗ g(t)
is approximately equal to Ryv(t). Equation (A3) is a continuous equation. For ease of calculation, it
should be discretized. We take the sampling interval as ∆t, the total number of sampling points is N1,
and the number of earth impulse response points is N2, then the above equation can be discretized as:

Ryv(n) =
N2

∑
m=1

g(m)Rvv(n−m) + Rnv(n) (A4)

where

Ryv(n) =
N1

∑
i=1

y(i)vS(n + i) (A5)

Rvv(n−m) =
N1

∑
i=1

vS(i)vS(n−m + i) (A6)

Rnv(n) =
N1

∑
i=1

n(i)vS(n + i) (A7)

The above equation can be converted to a matrix, that is:

Ryv = G ·Rvv + Rnv (A8)
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where

Ryv =

 Ryv(n0)

Ryv(n0 + 1)
Ryv(n0 + N2)

, G =

 g(1)
g(2)

g(N2 + 1)

,

Rvv =

 Rvv(n0) Rvv(n0 − 1) Rvv(n0 − N2)

Rvv(n0 + 1) Rvv(n0) Rvv(n0 − N2 − 1)
Rvv(n0 + N2) Rvv(n0 + N2 − 1) Rvv(n0)

.

The impulse response of the earth can be obtained by solving Equation (A8). In fact, Rnv still
represent noise. It reflects the ability of m-sequence to suppress noise, or the identification bias due
to interference.
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