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Abstract: In vibroseis, the sweep is a signal sent into the ground by the vibrator. The fundamental sweep is generated by software
on the recorder. The ground force signal is a sweep that includes both the fundamental and its harmonics. The harmonics are
generated by the vibrator along with the fundamental sweep. Harmonics are considered noise and should be eliminated from
field recordings. As the harmonic noise level increases, the seismic quality decreases.

Over the years, various methods using sweep parameters and phases have been proposed to mitigate these effects. The pure
phase shift filter (PPSF) is one of these methods. As the number of sweeps increases, the number of eliminated and non-
eliminated harmonics changes. At the same time, as the number of sweeps increases, the number of harmonics eliminated also
increases. In this study, the pure phase shift filter is used to extract the relationship between eliminated and non- eliminated
harmonics and the sweep number. Our approach is tested on synthetic and real data and the results are discussed.

Keywords: Sweep, Harmonic, Harmonic Distortion Elimination, Sweep Number, Phase Shift Filter.

79


https://zenodo.org/records/14583824

1. Introduction

A vibrating machine is utilized to deliver a sweep signal into the ground (Fig. 1). This machine sends a sine wave with pre-
established frequencies into the ground.

Harmonics of seismic data acquired using a vibrator are a well-known event. These harmonics in the recorded data result in
a series of correlated noise, known as harmonic ghosts, in the correlated data (Wei et al., 2010). These harmonic distortions are
generated by non-linearities due to the coupling between the near surface and vibrator (Walker, 1995; Wie et al., 2007; Wei &
Hall, 2011; Lebedev & Beresnev, 2004).

Harrison et al. (2011) used the Gabor transform and least squares methodology to successfully decompose a sweep from the
first (H1: fundamental) to eight (H8) harmonics. The decomposition is succeeded by the use of the Gabor transform to produce
broadband estimates of the fundamentals and harmonics of the vibroseis sweep. Their method was tested on both raw data and
a synthetic sweep with time-varying amplitude and phase. Babaia et al. (2012) provided a new method for the removal of
harmonic noise in slip sweep data. The method consists of estimating each harmonic component of a seismic trace, by applying
an estimation operator of the considered harmonic.

Jianjun et al. (2012) provided a method that is based on singular value decomposition (SVD) in a time-frequency (TF) domain.
This method is implemented in the base-plate signal and the uncorrelated data, and harmonic interference can be depressed after
correlation.

Figure 1. A view of the vibrator machine

The pure phase-shift filter are widely used in harmonic distortion elimination. Each sweep is generated with a phase shift
equal to 360/n where n is the number of sweeps per vibrator point (Sorkin, 1972; Eisner, 1974; Rietsch, 1981; Schrodt, 1987,
Espey, 1988; Martin & White,1989; Okaya et al, 1992; Martin, 1993; Anderson, 1995; Li et al., 1995; Walker, 1995; Li, 1997;
Polom, 1997; Sercel, 1999; Dal Moro et al., 2007; Abd El-Aal, 2010; Wuxiang, 2010; Yongsheng et al., 2011).

Li et al. (1995) & Wuxiang (2010) suggested the use of the phase-shift filter to eliminate the distorted part of the base plate
signal and uncorrelated data based on the definition of the linear sweep signal, followed by correlation using the ground force
signal. This method has depressed the high-order harmonic interference but does not address the problem of low-order
harmonics.
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Sharma et al. (2009) suggested the use of an optimized filter to eliminate the harmonics. This generates a similar signal for a
vibroseis source using the optimized filter. Then this filter could be used to generate harmonics, which can be subtracted from
the main cross-correlated trace to get a better, undistorted image of the subsurface.

Iranpour (2010) presented a method to attenuate harmonics using multiple sweep rates. This technique includes generating
sweep sequences. Each of the sweep sequences has an associated sweep rate. The technique includes varying the sweep rates to
reduce harmonic distortion.

Martin & Munoz (2010) suggest a notch filter for elimination. This method eliminates harmonics without a ground force
signal and can be applied to correlated data (Meunier & Bianchi, 2002; Sicking et al., 2009; Baobin et al, 2012).

Anderson (1995), Moerig et al. (2004), and Benabentos et al. (2006) applied the pure phase shift filter technique, similar to
the combi-sweep technique.

Harrison et al.’s (2011, 2012, and 2013) new approach implies the decomposition of the vibroseis sweep into their respective
fundamental and harmonic components, using the Gabor transform constitutes an original approach to the inclusion of the
harmonics. It should be noticed that in their implementation the fundamental sweep is not removed from the harmonic
components.

Gureli (2021) preferred to use sweep harmonics as a signal instead of eliminating them. Two separate sweeps were recorded
in the field using two different (0 and 180 degrees) sweep input phases. After recording, these two sweeps were first summed
and then subtracted from each other in the time domain. After this process, cross-correlation was performed. Thus, two separate
recordings were obtained. One of these recordings is a normal recording with some harmonics eliminated, and the other is a new
recording with doubled frequency with the fundamental sweep and some harmonics eliminated. In other words, the sweep
harmonics were not eliminated but used as a signal.

In this study, the relationship between the number of sweeps and the number of preserved and eliminated harmonics are
investigated and a compact form for n sweeps case is formulated.

2. Harmonic Distortion Analysis

The theoretical harmonic analysis is based on the work of Seriff & Kim (1970) in this study (Fig. 2). We have extended their
theory by investigating the effect of the initial phase shift on the sweep data. We considered linear up-sweeps and their kth
harmonic to determine the signal relationships before correlation.

First Received Signal J Correlated Signal
Arrival G (Uncorrelated)
Distortion Tail
Sweep Reflect i)
eflection
/\J\N\/\/\ Signal\ +
Vibrator IV\A/\/\/\
Geophone
Distance =—=-= Surface -
Reflection
First
Arrival/
Reflector

Figure 2. Schematic presentation of the vibratory surface source technique (revised from Seriff & Kim, 1970)
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The typical sweep used with the correlation technique is a frequency-modulated sinusoid in which the “instantaneous
frequency” varies linearly with time increasing from f1 to 2, f1 < f2.

Seriff & Kim (1970) and Gureli (2021) examined the typical linear sweep-frequency sine wave H1 = S; (¢, 6) as defined by

H1 = S$,(t,0) = a,Sin[2n(f, + QO)t + 6], (1)
where a;and Q are constants. The constant Q is as follow

_L-h
Q="
The kth harmonic distortion of S; (t) will have

Hk = S, (t, k0) = a;Sin[2nk(f; + Q)t + kO]. (2)

Where «; is the signal amplitude, f1 is the sweep signal start frequency, f2 is the ending frequency, T is the sweep length, k
is the times of the harmonic, 6 is the initial phase shift, k6 phase shift on the order-k harmonic in the Ground Force (GF) and t
is time.

These harmonics will have the effect of adding to H1 = S;(t, 0) a signal Hk = Sy (¢t, k). Seriff & Kim (1970) assume that
the outgoing signal S(t, 8) from a harmonically distorted sweep consists of the sum of S, (¢, 8) and all of S, (t, k9).

GF(t,0) = S(t,0) = S1(t,0) + Sy (t, 20) + S3(t,30) + S,4(t, 40) + - +S,.(t, k6),

GF(t; e) = Zk:l Sk(t' ke) (3)
Where GF(t, 0) is a Ground Force signal. This is imparted into the earth by vibrators.

3. Method

The pure phase-shift filter is currently the most commonly used technique for eliminating harmonics from the ground force
signal (GF). The equation below shows the relationship between the initial phase angle and the number of sweeps.

0 = 360/n. 4)

The initial phase of the kth harmonic is k8, while the initial phase of the sweep is 0. Therefore, the phases of harmonics are
not equal to each other. Each harmonic has a different phase angle. Only when 6 = 0 are the phases of all harmonics equal and
ZEro.

The cross-correlation operation subtracts the sweep’s initial phase from the fundamental sweep and all harmonics, as much
as the initial phase of the fundamental sweep. Thus, the phase of all Fundamental sweeps becomes 0 degrees. The phases of the
harmonics are shifted backward by the initial phase. If the sweep initial phase is calculated and applied using Eq. (4) according
to the number of sweeps (n), some or most of the harmonics are eliminated depending on the number of sweeps when summing
after correlation.

If the number of sweeps is n=2, the initial phase angle (8) becomes 180 degrees. In this case, the initial phase of the first
sweep will be 0 degrees, and the initial phase of the second sweep will be 180 degrees. During the first sweep, the initial phase
of all harmonics will always be 0 degrees. During the second sweep, the initial phase of the fundamental sweep will be 6=180
degrees and the angle of the harmonics will be k6, i.e. 360, 540, and 720 degrees respectively. The second harmonic will have a
phase of 0 degrees, the third harmonic will have a phase of 180 degrees, and the fourth harmonic will have a phase of 0 degrees.

Fig. 3(a) shows a fundamental sweep and the second harmonic. The initial phase angle of both is 0 degrees. Fig. 3(b) shows
a fundamental sweep shifted by 180 degrees and a second harmonic shifted by 2x180=360=0 degrees. While the fundamental
sweeps are in opposite directions, the harmonic angles of both are the same and 360=0 degrees.
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Figure 3. a) Reference signal and second harmonic without any phase shift, b) Reference signal and second harmonic with a 180 degrees

phase shift (revised from Sercel, 1999)

If the first and second sweeps are correlated with their fundamental sweeps, the results will be the same. When the input
phases are subtracted by the correlation process their phase will be the same phases. With the the cross-correlation process, since
the input phase of the first sweep is 0 degrees, it does not change. Since the input phase of the second sweep is 180 degrees, 180
degrees are subtracted from both fundamental sweep and its harmonics. Thus, the phases of the Fundamental sweeps become 0
degrees (Fig. 4). On the other hand, the phase of the harmonics changes. In the first and second sweep, the harmonic phases
were 0 degrees before correlation. When the input phases are subtracted by cross-correlation, the harmonic phase of the second
sweep becomes -180 degrees. Thus, it has the opposite sign compared to the harmonic of the first sweep. After cross-correlation,

the wavelets will be reversed (Fig. 5).

When the correlations of the fundamental sweeps given in Fig. 4 and the cross-correlation of the harmonics given in Fig. 5
are stacked, the correlation wavelet of the fundamental sweeps becomes stronger, while the correlation of the harmonics removes

each other. Thus, harmonic elimination is achieved by using the input initial phases (Fig. 6).
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Figure 4.a) Referance signal, a pilot signal of the first sweep without any phase shift, and their correlation, b) Shifted reference signal,

shifted pilot signal of the second sweep with a 180 degrees phase shift, and their correlation (revised from Sercel, 1999)
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Figure 5. a) Reference signal and harmonic of the first sweep without any phase shift, and their correlation, b) Shifted reference signal,

shifted harmonic of the second sweep with a 180 degrees phase shift, and their correlation (revised from Sercel, 1999)
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Figure 6. a) Summing of first and second correlation results, b) Summing of first and second harmonic correlation results,
Fig. 6(a) and Fig. 6(b) (revised by Sercel, 1999)
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Figure 7. a) A synthetic fundamental sweep and its eight harmonics, b) A cross-correlation of fundamental sweep and its eight harmonics

with fundamental sweep and their summing

Fig. 7(a) shows the fundamental sweep and its harmonics. The frequency of the harmonics is a multiple of the fundamental
sweep frequency (f1-f2). As the harmonic frequencies increase, their amplitudes decrease. As the harmonic order increases, the
start and end frequencies increase at the same rate, while the amplitudes decrease. Fig. 7(b) shows the correlations of the
fundamental sweep and the harmonics with the fundamental sweep separately. The sum of the cross-correlations of the
harmonics and the autocorrelation of the fundamental sweep is equal to the cross-correlation of the GF (Ground force) and the
fundamental sweep.

In conventional seismic data acquisition, the sweep initial phase is always 0 degrees. This ensures that all harmonics are
present in the recordings. After cross-correlation, the ratio of the amplitudes of the GF and fundamental sweep should be below
-40 dB. If the ratio is above -40 dB, the harmonics become too dominant and the recording is considered too noisy. To reduce
the amplitude level below -40 dB, it is necessary to eliminate the harmonics.

4. A Pure Phase Shift Filter (PPSF) for Harmonics Elimination
Li et al. (1995) suggested a pure phase shift filter (PPSF) to eliminate harmonics in vibroseis data. It is possible to eliminate
harmonics in the Ground force signal with this method. This method has been successfully applied to synthetic and real data.
The harmonics can be removed by adding two signals with opposite phases, but also by adding n sweeps shifted by 360 / n.
The initial phase angle is related to the number of sweeps. This relationship is given in Eq (4). According to this equation;
1 sweeps shifted by 6 = 360/1 = 0-degree,
2 sweeps shifted by 8 =360/2 = 180-degree,
3 sweeps shifted by 8 =360/3 = 120-degree,
4 sweeps shifted by 8 =360/4= 90-degree,
5 sweeps shifted by 8 =360/5= 72-degree,
6 sweeps shifted by 8 =360/6= 60-degree.

5. Relationships Between Sweep Number and Harmonics Elimination

The Pure Phase Shift Filter (PPSF) method is dependent on the number of sweeps. The input phase angle of the sweep
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changes by the number of sweeps. The number of eliminated harmonics is also related to the number of sweeps. As the number
of sweeps increases, so does the number of eliminated harmonics. If the number of sweeps is low, then the number of eliminated
harmonics will also be low. If a low sweep number is used, it cannot be expected that too many harmonics will be eliminated.
To eliminate more harmonics, the number of sweeps must be increased. The relationship of the harmonics eliminated according
to the number of sweeps is given below.

5.1. The Case of Data Acquisition with One Sweep

If the sweep number is 1, the initial phase angle will be 6 = 0 degrees, as calculated by Equation 4. In this case, the initial
phase of both fundamental sweep and harmonics will be 0 (zero) degrees. As there is no summation process, no harmonics will
be eliminated. Substituting this information into Eq. (5) yields the values in Table 1, which indicate that no harmonics are
eliminated. According to Table 1, no harmonics are eliminated. If the number of sweeps is 1 or if the sweep initial phase is 0
degrees even if more than one sweep is used, no harmonics are eliminated.

Table 1 shows that the phases of both the fundamental sweep and the harmonics before and after correlation are 0 degrees.
This is because the initial phase of the sweep is also 0 degrees. If the phase angle is consistently O degree or the same in all
sweeps, no harmonics will be eliminated, even if multiple sweeps are performed. Therefore, all harmonics are preserved.

Table 1. Status of fundamental sweep and harmonics for one sweep

. Phase of harmonic Phase of harmonic
Harmonic i . GF(t, 0) =
n k No before correlation after correlation Vector Sum Comment
Swp#1l Swp#1
1 1 Fundlin;ental 0 0 H1 Preserved
1 2 H2 0 0 H2 Preserved
1 3 H3 0 0 H3 Preserved
1 4 H4 0 0 H4 Preserved
1 5 H5 0 0 H5 Preserved
1 6 H6 0 0 H6 Preserved
1 7 H7 0 0 H7 Preserved
1 8 H8 0 0 H8 Preserved
1 9 H9 0 0 H9 Preserved
1 10 H10 0 0 H10 Preserved
1 11 H11 0 0 H11 Preserved
1 12 H12 0 0 H12 Preserved
According to Table 1, the GF is as follows;
GF(t,0) = H1+ H2 + H3 + - + Hk. (5)

Eqg. (5) gives the harmonics that are not eliminated according to 1 sweep and form the GF. For 1 sweep, no harmonics are
eliminated.

Fig. 8(a) shows that as the frequency of the harmonics increases, their amplitudes decrease. The second harmonic (H2) has
twice the frequency of the fundamental sweep (H1), the third harmonic (H3) has three times the frequency, and the kth harmonic
(HK) has k times the frequency of H1.
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Figure 8. a) The part of synthetic fundamental sweep (H1), its harmonics (H2 to H8), and GF signal, b) the part of real fundamental sweep
(H1) and GF signal

Fig. 8(a) displays the synthetic fundamental sweep, along with its eight harmonics and their sum (GF). The synthetic sweep
ranges from 6 to 32 Hz and has a length of 4 seconds. The same parameters were used when applying the synthetic sweep to
real data in the field, as shown in Fig. 8(b). Fig. 8(b) illustrates the actual GF and Fundamental sweep (H1). Both Fig. 8(a) and
Fig. 8(b) depict 1.1 seconds of the 4 seconds sweep. For the analyses in Fig. 9, all 4 seconds of data were used.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (H2, H3,...Hk). In this synthetic study, harmonics
up to H8 are taken for analysis (Fig. 8(a)).
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Figure 9. a) Analysis of synthetic GF signal in Fig. 8(a), b) Analysis of real GF signal in Fig. 8(b)
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Fig. 9 presents an analysis of the synthetic and real GF signals displayed in Fig. 8(a) and Fig. 8(b). In Fig. 9(a), the synthetic
GF signal is shown at the top, followed by the normalized correlation wavelet (in time), normalized correlation wavelet (in dB),
the power spectrum in the middle, and the Gabor transform at the bottom. Fig. 9(b) displays the real GF signal at the top, followed
by the normalized correlation wavelet (in time), normalized correlation wavelet (in dB), the power spectrum, and the Gabor
transform at the bottom. When analyzing both synthetic and real data using the Gabor transform, all harmonics remain
unchanged. None of the harmonics could be eliminated and all of them are present in the recordings. The high level of harmonics
is visible in the normalized correlation wavelet (dB), with a level above -40 dB. This indicates that the harmonics are strong and
have not been eliminated.
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Figure 10. a) View of a 1-sweep shot with an initial phase angle of 0 degrees, b) The power spectrum of this shot

Fig. 10 shows a real shot recording obtained in the field. The recording parameters are 6-32 Hz, 1 sweep, 8 s, linear sweep.
As can be seen in the shot recording, the harmonics remain as they are in the recording.

5.2 The Case of Data Acquisition with Two Sweeps

If the number of sweeps is 2, the initial phase angle will be 6 = 360/2 = 180 degrees, as calculated by Eq. (4). This will result
in the elimination of some harmonics while others will remain. Substituting this information into Eq. (5) will yield the values
presented in Table 2, which displays the eliminated and non-eliminated harmonics. If the number of sweeps is 2 and the sweep
initial phase angle is 180 degrees, the harmonics that are preserved include H1 (Fundamental), H3, H5, H7, H9, are eliminated
include H2, H4, H6, H8, H10.

In the case of seismic data acquisition with 2 sweeps, the initial phase angle of the first sweep will be 0 degrees and the initial
phase angle of the second sweep will be 180 degrees. In the first sweep, the initial phase angle of the harmonics will not change,
while in the second sweep, the initial phase angle of the harmonics will be in multiples of 180 degrees. If the initial input phase
angles of these 2 sweeps are subtracted from their fundamental sweeps and harmonics and then these 2 sweeps are vertically
stacked with each other, some harmonics will cancel each other and the sum of the remaining ones will give the following GF
signal.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (H3, H5,...H11). In this synthetic case study,
harmonics up to H8 are taken for analysis (Fig. 11(a)).

As seen in Eq. (7), certain harmonics are eliminated while the non-eliminated harmonics form the GF. The GF signal is twice
the sum of the non-eliminated fundamental and harmonics. The data in Eq. (7) and Table 2 are obtained from Eq. (5) according
to 2 sweeps.
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Table 2. Status of fundamental sweep and harmonics for two sweeps

Phase of harmonic Phase of harmonic after
n k Harmonic No before correlation correlation GF(t, 6) = Comment
Swp#l Swp#2 Swp#l Swp#2 ~ Vector Sum
2 g Fundamental 0 180 0 0 2*H1 Preserved
2 2 H2 0 0 0 -180 0 Removed
2 3 H3 0 180 0] 0 2*H3 Preserved
2 4 H4 0 0 0 -180 0 Removed
2 5 H5 0 180 0] 0 2*H5 Preserved
2 6 H6 0 0 0 -180 0 Removed
2 7 H7 0 180 0 0 2*H7 Preserved
2 8 H8 0 0 0 -180 0 Removed
2 9 H9 0 180 0 0 2*H9 Preserved
2 10 H10 0 0 0 -180 0 Removed
2 11 H11 0 180 0 0 2*H11 Preserved
2 12 H12 0 0 0 -180 0 Removed
According to Table 2, the GF is as follows;
GF(t,G)=2(Hl+H3+H5+H7+H9+H11+---). (6)

Eqg. (6) gives the harmonics that are not eliminated according to 2 sweeps and form the GF. For 2 sweeps, the even-numbered
harmonics are eliminated and odd-numbered harmonics are not eliminated.

As seen in Table 2, since the initial phase angle of the first sweep is 0 degrees, the phases of the fundamental sweep and its
harmonics after correlation are equal to 0 degrees. Since the initial phase of the 2nd sweep is 180 degrees, 180 degrees are
subtracted from the fundamental sweep and harmonics by the cross-correlation. After correlation, harmonics with opposite signs
are eliminated, while harmonics with the same sign or same phase are summed on top of each other. Thus, some harmonics are
eliminated (colored white) and some harmonics are not eliminated (colored yellow). The amplitudes of the non-eliminated
harmonics and the fundamental sweep are doubled after summing (vector sum).

Fig. 11(a) shows the elimination of certain harmonics while doubling the amplitudes of the remaining harmonics and the
fundamental sweep. The non-eliminated harmonics have higher frequencies but lower amplitudes compared to the previous
harmonic. The H3 harmonic has a frequency three times that of the H1 fundamental sweep, H5 has a frequency five times that
of the H1, and H7 has a frequency seven times that of the H1.

Fig. 11(a) shows the synthetic fundamental sweep, its three harmonics, and their sum (GF). The synthetic sweep is 6-32 Hz
with a sweep length of 4 s. It was also applied to real data in the field with the same parameters (Fig. 11(b)). Fig. 11(b) shows
the actual GF and Fundamental sweep (H1). These data were used for the analyses in Fig. 12. Fig. 11(a) and Fig. 11(b) show 1.1
s of the 4 s sweep. For the analyses in Fig. 12, all of this 4 s data was used.
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Figure 11. a) The part of synthetic fundamental sweep (H1), its harmonics (H3, H5, H7), and GF signal, b) the part of real fundamental

sweep (H1) and GF signal
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Figure 12. a) Analysis of synthetic fundamental sweep signal in Fig.11(a), b) Analysis of real fundamental sweep signal in Fig.11(b)

Fig.12 shows the analysis of the synthetic and real GF signals given in Fig. 11(a) and Fig. 11(b). Fig. 12(a) shows the synthetic
GF signal at the top, the normalized correlation wavelet (in time), the normalized correlation wavelet (in dB), the power spectrum
and the Gabor transform at the bottom. Fig. 12(b) shows the real GF signal at the top, the normalized correlation wavelet (in
time), the normalized correlation wavelet (in dB), the power spectrum and the Gabor transform at the bottom. When both
synthetic and real data are analyzed in the Gabor transform, it is seen that some harmonics are eliminated. As in Table 2, it is
also seen here that harmonics such as H2, H4, H6, and H8 are eliminated. It is also seen in both the synthetic and real data
analyses in Fig. 12. The reduction in the harmonic level is seen in the normalized correlation wavelet (dB). Above the -40 dB
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level, the harmonic level decreases by a certain amount. This shows that some of the harmonics are eliminated.

Fig. 13 and Fig. 14 show a real shot obtained in the field. In Fig. 13, the recording parameters are 6-32 Hz, 2 sweeps, 8 s, and
linear sweep. The initial phase angle of both sweeps is 0 degrees. In Fig. 14, the input phase angle of the first sweep is 0 degrees
and the second sweep is 180 degrees. After each sweep was recorded in the field, they were cross-correlated with their
fundamental sweep and then stacked vertically in the time domain. As can be seen in the shot in Fig. 13, all harmonics remain.
In Fig. 14, some harmonics are eliminated and some harmonics are not eliminated in accordance with Table 2. Fig. 15 shows
that this difference can be seen both in the shots and in the difference spectra.
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Figure 13. a) View of a 2-sweep shot with an initial phase angle of 0 degree, b) the power spectrum of this shot
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Figure 14. a) View of a 2-sweep shot with the initial phase angles of 0 and 180 degrees, b) The power spectrum of this shot

Fig. 15 shows the difference between these two shots and the spectrum of the difference. Analysis of the shot difference
shows that harmonic elimination is greater at receivers closer to the source. Harmonic elimination is higher at low frequencies
and lower at high frequencies. Because this is the amplitude of the eliminated harmonic (H2) is larger than the others. Therefore,

it is more dominant in the frequency domain.

91



Tine (ns)

o

bt s st bbb bbdd sty

Figure 15. a) Difference between Fig. 13 and Fig. 14, b) The power spectrum of difference

5.3 The Case of Data Acquisition with Three Sweeps

If the number of sweeps is 3, the initial phase angle will be 6= 360/3=120 degrees as calculated by Eq. (4). This will result
in the elimination of some harmonics while others will be preserved. Substituting this information into Eq. (5) will yield the
values presented in Table 3, which displays the eliminated and non-eliminated harmonics. As a result of the number of sweeps
being 3 and the sweep initial phase angle being 120 degrees, H1 (fundamental), H4, H7, H10, ... harmonics are preserved, while
H2, H3, H5, H6, H8, H9 harmonics are eliminated.

In the case of seismic data acquisition with 3 sweeps, the initial phase angle of the first sweep will be 0 degrees, the initial
phase angle of the second sweep will be 120 degrees and the initial phase angle of the third sweep will be 240 degrees. In the
first sweep, the initial phase angle of the harmonics will not change, while in the second sweep, the initial phase angle of the
harmonics will be in multiples of 120 degrees, and in the third sweep, the initial phase angle of the harmonics will be in multiples
of 240 degrees. If the initial phase angles of these 3 sweeps are subtracted from their fundamental sweeps and harmonics and
then these 3 sweeps are vertically stacked with each other, some harmonics will remove each other and the sum of the remaining
ones will give the following GF signal.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (H4, H7,...H10). In this synthetic case study,
harmonics up to H8 are taken for analysis (Fig.16(a)).

As seen in Eq. (8), certain harmonics are eliminated while the non-eliminated harmonics form the GF. The GF signal is three
times the sum of the non-eliminated fundamental and harmonics. The data in Eq. (8) and Table 3 are obtained from Eq. 5
according to 3 sweeps.

Table 3. Status of fundamental sweep and harmonics for three sweeps

Phase of harmonic before Phase of harmonic after

correlation correlation GF(t, 6) =
n k HarmonicNo  Swp#  Swp#  Swp#  Swp#  Swp#  Swp# Vecto,r sum Comment
1 2 3 1 2 3
3 1 F“”“’&Te”ta' 0 120 240 0 0 0 3*H1 Preserved
3 2 H2 0 240 120 0 120 -120 0 Removed
3 3 H3 0 0 0 0 -120 -240 0 Removed
3 4 H4 0 120 240 0 0 0 3*H4 Preserved
3 5 H5 0 240 120 0 120 -120 0 Removed
3 6 H6 0 0 0 0 -120 -240 0 Removed
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3 7 H7 0 120 240 0 0 0 3*H7 Preserved
3 8 H8 0 240 120 0 120 -120 0 Removed
3 9 H9 0 0 0 0 -120 -240 0 Removed
3 10 H10 0 120 240 0 0 0 3*H10 Preserved
3 11 Hi11 0 240 120 0 120 -120 0 Removed
3 12 H12 0 0 0 0 -120 -240 0 Removed
According to Table 3, the GF is as follows;
GF(t,0) =3 (H1+ H4+ H7 + H10 + --). @)

Eq. (7) gives the harmonics that are not eliminated according to 3 sweeps and form the GF. Although the fundamental sweep
and harmonics such as H4, H7, H10, etc. are not eliminated, other harmonics are removed during three sweeps. The amplitude
of the remaining fundametal sweeps and harmonics increased as the number of sweeps.

As seen in Table 3, since the initial phase angle of the first sweep is 0 degrees, the phases of the fundamental sweep and its
harmonics after correlation are equal to 0 degrees. Since the initial phase of the 2nd sweep is 120 degrees, 120 degrees are
subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 3nd sweep is 240
degrees, 240 degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. After correlation,
harmonics with opposite signs are eliminated, while harmonics with the same sign or same phase are summed on top of each
other. Thus, some harmonics are eliminated (colored white) and some harmonics are not eliminated (colored yellow). The
amplitudes of the non-eliminated harmonics and the fundamental sweep become three times (vector sum).

Fig. 16(a) shows that certain harmonics are eliminated, while the remaining harmonics and fundamental sweep amplitudes
are tripled. The non-eliminated harmonics have higher frequencies but lower amplitudes compared to the previous harmonic.
The H4 harmonic has a frequency four times that of the H1 fundamental sweep, H7 has a frequency seven times that of the H1,
and H10 has a frequency ten times that of the H1.

Fig. 16(a) shows the synthetic fundamental sweep, its two harmonics, and their sum (GF). The synthetic sweep is 6-32 Hz
with a sweep length of 4 s. It was also applied to real data in the field with the same parameters (Fig. 16(b)). Fig. 16(b) shows
the actual GF and Fundamental sweep (H1). These data were used for the analyses in Fig. 17. Fig.16(a) and Fig. 16(b) show 1.1
s of the 4 s sweep. For the analyses in Fig. 17, all of this 4 s data was used.
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Figure 16. a) the part of synthetic fundamental sweep (H1), its harmonics (H4, H7), and GF signal, b) the part of real fundamental sweep
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Figure 17. a) Analysis of synthetic fundamental sweep signal in Fig. 16(a), b) Analysis of real fundamental sweep signal in Fig. 16(b)

Fig. 17 shows the analysis of the synthetic and real GF signals given in Fig. 16(a) and Fig. 16(b). Fig. 17(a) shows the
synthetic GF signal at the top, the normalized correlation wavelet (in time), the normalized correlation wavelet (in dB), the
power spectrum and the Gabor transform at the bottom. Fig. 17(b) shows the real GF signal at the top, the normalized correlation
wavelet (in time), the normalized correlation wavelet (in dB), the power spectrum and the Gabor transform at the bottom. When
both synthetic and real data are analyzed in the Gabor transform, it is seen that some harmonics are eliminated. As in Table 3,
it is also seen here that harmonics such as H2, H3, H5, H6 and H8 are eliminated. It is also seen in both synthetic and real data
analyses in Fig. 17. The reduction in the harmonic level is seen in the normalized correlation wavelet (dB). Above the -40 dB
level, the harmonic level decreases by a certain amount. This shows that some of the harmonics are eliminated.

Figs.18 and 19 show a real shots obtained in the field. In Fig. 18, the recording parameters are 6-32 Hz, 3 sweeps, 8 s, and
linear sweep. The initial phase angle of three sweeps are 0 degrees. In Fig. 19, the initial phase angle of the first sweep is 0
degrees, the second sweep is 120 degrees and the third sweep is 240 degrees. After each sweep was recorded in the field, they
were cross-correlated with their fundamental sweep and then stacked vertically in the time domain. As can be seen in the shot
in Fig. 18, all harmonics remain. In Fig. 19, some harmonics are eliminated and some harmonics are not eliminated in accordance
with Table 3. Fig. 20 shows that this difference can be seen both in the shots and in the difference spectra.
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Figure 19. a) View of a 3-sweep shot with the initial phase angles of 0, 120 and 240 degrees, b) The power spectrum of this shot

Fig. 20 shows the difference between these two shots and the spectrum of the difference. Analysis of the shot difference
shows that harmonic elimination is greater at receivers closer to the source. Harmonic elimination is higher at low frequencies
and lower at high frequencies. Because this is the amplitude of the eliminated harmonic (H2) is larger than the others. Therefore,
it is more dominant in the frequency domain.

95



il
L i
il ! o
i . _
‘ i
b » i

Tine tna)

’ Hit
A

i ‘ nggllmiﬁifﬁﬁﬂﬁiﬂﬂ
T

ii;ﬂﬂﬂi‘

o
il

i

===

e

= S

e e
oy

Figure 20. a) Difference between Fig. 18 and Fig. 19, b) The power spectrum of difference

5.4 The Case of Data Acquisition with Four Sweeps

If the number of sweeps is 4, the initial phase angle will be 8= 360/4=90 degrees as calculated by Eq. (4). This will result in
the elimination of some harmonics while others will be preserved. Substituting this information into Eqg. (5) will yield the values
presented in Table 4, which displays the eliminated and non-eliminated harmonics. As a result of the number of sweeps being 4
and the sweep initial phase angle being 90 degrees, H1 (fundamental), H5, H9, ... harmonics are preserved, while H2, H3, H4,
H6, H7, H8 harmonics are eliminated.

In the case of seismic data acquisition with 4 sweeps, the initial phase angle of the first sweep will be 0 degrees, the initial
phase angle of the second sweep will be 90 degrees, the initial phase angle of the third sweep will be 180 degrees and the initial
phase angle of the fourth sweep will be 270 degrees. In the first sweep, the initial phase angle of the harmonics will not change,
while in the second sweep, the initial phase angle of the harmonics will be in multiples of 90 degrees, in the third sweep, the
initial phase angle of the harmonics will be in multiples of 180 degrees and in the fourth sweep, the initial phase angle of the
harmonics will be in multiples of 270 degrees. If the initial phase angles of these 4 sweeps are subtracted from their fundamental
sweeps and harmonics and then these 4 sweeps are vertically stacked with each other, some harmonics will remove each other
and the sum of the remaining ones will give the following GF signal.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (HS, H9...). In this synthetic case study, harmonics
up to H8 are taken for analysis (Fig. 21(a)).

As seen in Eq. (9), certain harmonics are eliminated while the non-eliminated harmonics form the GF. The GF signal is four
times the sum of the non-eliminated fundamental and harmonics. The data in Eq. (9) and Table 4 are obtained from Eq. (5)
according to 4 sweeps.

Table 4. Status of fundamental sweep and harmonics for four sweeps

Phase of harmonic before Phase of harmonic after
correlation correlation GF(t, 0) = c X
i ommen
n k Harmonic No Swp Swp Swp Swp Swp Swp Swp Swp Vector Sum

#1 #2 #3 #4 #1 #2 #3  #4

Fundamental

4 1 H1 0 90 180 270 0 0 0 0 4*H1 Preserved
4 2 H2 0 180 0 180 0 90 -180  -90 0 Removed
4 3 H3 0 270 180 90 0 180 0 -180 0 Removed
4 4 H4 0 0 0 0 0 -90 -180 -270 0 Removed
4 5 H5 0 90 180 270 0 0 0 0 4*H5 Preserved
4 6 H6 0 180 0 180 0 90 -180  -90 0 Removed
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4 7 H7 0 270 180 90 0 180 0 -180 0 Removed
4 8 H8 0 0 0 0 0 90 -180 -270 0 Removed
4 9 H9 0 90 180 270 0 0 0] 0] 4*H9 Preserved
4 10 H10 0 180 0 180 0 90 -180 -90 0 Removed
4 11 H11 0 270 180 90 0 180 0 -180 0 Removed
4 12 H12 0 0 0 0 0 90 -180 -270 0 Removed
According to Table 4, the GF is as follows;
GF(t,0) =4 (H14+ H54 H9 + ---). (8)

Eqg. (8) gives the harmonics that are not eliminated according to 4 sweeps and form the GF. Although the fundamental sweep
(H1) and harmonics such as H5, H9, etc. are not eliminated, other harmonics are removed with four sweeps. The amplitude of
the remaining fundamental sweeps and harmonics increased as the number of sweeps.

As seen in Table 4, since the initial phase angle of the first sweep is 0 degrees, the phases of the fundamental sweep and its
harmonics after correlation are equal to 0 degrees. Since the initial phase of the 2nd sweep is 90 degrees, 90 degrees are subtracted
from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 3th sweep is 180 degrees, 180
degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 4th
sweep is 270 degrees, 270 degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. After
correlation, harmonics with opposite signs are eliminated, while harmonics with the same sign or same phase are vertically
stacked on top of each other. Thus, some harmonics are eliminated (colored white) and some harmonics are not eliminated
(colored yellow). The amplitudes of the non-eliminated harmonics and the fundamental sweep become four times (vector sum).

Fig. 21(a) shows that certain harmonics are eliminated, while the remaining harmonics and fundamental sweep amplitudes
are quadrupled. The non-eliminated harmonics have higher frequencies but lower amplitudes compared to the previous
harmonic. The H5 harmonic has a frequency five times that of the H1 fundamental sweep and H9 has a frequency nine times
that of the H1.

Fig. 21(a) shows the synthetic fundamental sweep, its one harmonic, and their sum (GF). The synthetic sweep is 6-32 Hz
with a sweep length of 4 s. It was also applied to real data in the field with the same parameters (Fig. 21(b)). Fig. 21(b) shows
the actual GF and Fundamental sweep (H1). These data were used for the analyses in Fig. 22. Fig. 21(a) and Fig. 21(b) show 1.1
s of the 4 s sweep. For the analyses in Fig. 22, all of this 4 s data was used.

TRCIDX 1 4 ] [ 7 ] TACIDA T

H1 + H2 + H3 + HA + H5+ H6 + H7 + H8 = GF 4 GF  H1

of

2004 200

400

400

600 600

800 800

1000 1000

Yy Y

[
—_
v |4

b)

ey

K1l

Figure 21. a) the part of synthetic fundamental sweep (H1), its harmonics (H5), and GF signal, b) the part of real fundamental sweep (H1)
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Figure 22. a) Analysis of synthetic fundamental sweep signal in Fig. 21(a), b) Analysis of real fundamental sweep signal in Fig. 21(b)

Fig. 22 shows the analysis of the synthetic and real GF signals given in Fig. 21(a) and Fig. 21(b). Fig. 22(a) shows the
synthetic GF signal at the top, the normalized correlation wavelet (in time), the normalized correlation wavelet (in dB), the
power spectrum and the Gabor transform at the bottom. Fig. 22(b) shows the real GF signal at the top, the normalized correlation
wavelet (in time), the normalized correlation wavelet (in dB), the power spectrum and the Gabor transform at the bottom. When
both synthetic and real data are analyzed in the Gabor transform, it is seen that some harmonics are eliminated. As in Table 4,
it is also seen here that harmonics such as H2, H3, H4, H6, H7 and H8 are eliminated. It is also seen in both synthetic and real
data analyses in Fig. 22. The reduction in the harmonic level is seen in the normalized correlation wavelet (dB). Above the -40
dB level, the harmonic level decreases by a certain amount. This shows that some of the harmonics are eliminated.

Figs. 23 and 24 show a real shots obtained in the field. In Fig. 23, the recording parameters are 6-32 Hz, 4 sweeps, 8 s, and
linear sweep. The initial phase angle of four sweeps are 0 degrees. In Fig. 24, the initial phase angle of the first sweep is 0
degrees, the second sweep is 90 degrees, the third sweep is 180 degrees and the fourth sweep is 270 degrees. After each sweep
was recorded in the field, they were cross-correlated with their fundamental sweep and then stacked vertically in the time domain.
As can be seen in the shot in Fig. 23, all harmonics remain. In Fig. 24, some harmonics are eliminated and some harmonics are
not eliminated in accordance with Table 4. Fig. 25 shows that this difference can be seen both in the shots and in the difference
spectra.
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Figure 23. a) View of a 4-sweep shot with an initial phase angle of 0 degree, b) The power spectrum of this shot
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Figure 24. a) View of a 4-sweep shot with the initial phase angles of 0, 90, 180 and 270 degrees, b) The power spectrum of this shot

Fig. 25 shows the difference between these two shots and the spectrum of the difference. Analysis of the shot difference
shows that harmonic elimination is greater at receivers closer to the source. Harmonic elimination is higher at low frequencies
and lower at high frequencies. Because this is the amplitude of the eliminated harmonic (H2) is larger than the others. Therefore,
it is more dominant in the frequency domain.
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Figure 25. a) Difference between Fig. 23 and Fig. 24, b) The power spectrum of difference

5.5 The Case of Data Acquisition with Five Sweeps

If the number of sweeps is 5, the initial phase angle will be 6= 360/5=72 degrees as calculated by Eq. (4). This will result in
the elimination of some harmonics while others will be preserved. Substituting this information into Eg. (5) will yield the values
presented in Table 5, which displays the eliminated and non-eliminated harmonics. As a result of the number of sweeps being 5
and the sweep initial phase angle being 72 degrees, H1 (fundamental), H6, H11, ... harmonics are preserved, while H2, H3,
H4,H5, H7, H8, H9 and H10 harmonics are eliminated.

In the case of seismic data acquisition with 5 sweeps, the initial phase angle of the first sweep will be 0 degrees, the initial
phase angle of the second sweep will be 72 degrees, the initial phase angle of the third sweep will be 144 degrees, the initial
phase angle of the fourth sweep will be 216 degrees and the initial phase angle of the fifth sweep will be 288 degrees. In the first
sweep, the initial phase angle of the harmonics will not change, while in the second sweep, the initial phase angle of the
harmonics will be in multiples of 72 degrees, in the third sweep, the initial phase angle of the harmonics will be in multiples of
144 degrees, in the fourth sweep, the initial phase angle of the harmonics will be in multiples of 216 degrees and in the fifth
sweep, the initial phase angle of the harmonics will be in multiples of 288 degrees. If the initial phase angles of these 5 sweeps
are subtracted from their fundamental sweeps and harmonics and then these 5 sweeps are vertically stacked with each other,
some harmonics will remove each other and the sum of the remaining ones will give the following GF signal.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (H6, H11...). In this synthetic case study, harmonics
up to H8 are taken for analysis (Fig. 26(a)).

As seen in Eq. 10, certain harmonics are eliminated while the non-eliminated harmonics form the GF. The GF signal is five
times the sum of the non-eliminated fundamental and harmonics. The data in Eq. 10 and Table 5 are obtained from Eq. (5)
according to 5 sweeps.
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Table 5. Status of fundamental sweep and harmonics for five sweeps

2 Phase of harmonic before

. Phase of harmonic after correlation
correlation

S
=
Harmonic
GF(t, 6)
Vector Sum
Comment

Swp Swp Swp Swp Swp Swp Swp Swp Swp Swp
#1 #2 #3 #4 #5 #1 #2 #3 #4 #5

Funda-
5 1 mental 0 72 144 216 288 0 0 0 0 0 5*H1  preserved
H1
5 2 H2 0 144 288 72 216 0 72 144  -144 -T2 0 removed
5 3 H3 0 216 72 288 144 0 144 -72 72 -144 0 removed
5 4 H4 0 288 216 144 72 0 216 72 -72  -216 0 removed
5 5 H5 0 0 0 0 0 0 -72  -144 -216 -288 0 removed
5 6 H6 0 72 144 216 288 0 0 0 0 0 5*H6  preserved
5 7 H7 0 144 288 72 216 0 72 144  -144 -T2 0 removed
5 8 H8 0 216 72 288 144 0 144 -72 72 -144 0 removed
5 9 H9 0 288 216 144 72 0 216 72 -72  -216 0 removed
5 10 H10 0 0 0 0 0 0 -72  -144 -216 -288 0 removed
5 11 H11l 0 72 144 216 288 0 0 0] 0 0] 5%H11  preserved
5 12 H12 0 144 288 72 216 0 72 144 144 -T2 0 removed
According to Table 5, the GF is as follows;
GF(t,0) =5(H1+ H6+ H11 + ---). 9

Eqg. (9) gives the harmonics that are not eliminated according to 5 sweeps and form the GF. Although the fundamental sweep
(H1) and harmonics such as H6, H11, etc. are not eliminated, other harmonics are removed with five sweeps. The amplitude of
the remaining fundamental sweeps and harmonics increased as the number of sweeps.

As seen in Table 5, since the initial phase angle of the first sweep is 0 degrees, the phases of the fundamental sweep and its
harmonics after correlation are equal to 0 degrees. Since the initial phase of the 2nd sweep is 72 degrees, 72 degrees are subtracted
from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 3th sweep is 144 degrees, 144
degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 4th
sweep is 216 degrees, 216 degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the
initial phase of the 5th sweep is 288 degrees, 288 degrees are subtracted from the fundamental sweep and harmonics by the
cross-correlation. After correlation, harmonics with opposite signs are eliminated, while harmonics with the same sign or same
phase are vertically stacked on top of each other. Thus, some harmonics are eliminated (colored white) and some harmonics are
not eliminated (colored yellow). The amplitudes of the non-eliminated harmonics and the fundamental sweep become five times
(vector sum).

Fig. 26(a) shows that certain harmonics are eliminated, while the remaining harmonics and fundamental sweep amplitudes
are fivefold. The non-eliminated harmonics have higher frequencies but lower amplitudes compared to the previous harmonic.
The H6 harmonic has a frequency six times that of the H1 fundamental sweep and H11 has a frequency eleven times that of the
H1.
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Figure 26. a) the part of synthetic fundamental sweep (H1), its harmonics (H6), and GF signal, b) the part of real fundamental sweep (H1)
and GF signal

Fig. 26(a) shows the synthetic fundamental sweep, its one harmonic, and their sum (GF). The synthetic sweep is 6-32 Hz
with a sweep length of 4 s. It was also applied to real data in the field with the same parameters (Fig. 26(b)). Fig. 26(b) shows
the actual GF and Fundamental sweep (H1). These data were used for the analyses in Fig. 27. Fig. 26(a) and Fig. 26(b) show 1.1
s of the 4 s sweep. For the analyses in Fig. 27, all of this 4 s data was used.
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Figure 27. a) Analysis of synthetic fundamental sweep signal in Fig. 26(a), b) Analysis of real fundamental sweep signal in Fig. 26(b)

Fig. 27 shows the analysis of the synthetic and real GF signals given in Fig. 26(a) and Fig. 26(b). Fig. 27(a) shows the
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synthetic GF signal at the top, the normalized correlation wavelet (in time), the normalized correlation wavelet (in dB), the
power spectrum and the Gabor transform at the bottom. Fig. 27(b) shows the real GF signal at the top, the normalized correlation
wavelet (in time), the normalized correlation wavelet (in dB), the power spectrum and the Gabor transform at the bottom. When
both synthetic and real data are analyzed in the Gabor transform, it is seen that some harmonics are eliminated. As in Table 5,
it is also seen here that harmonics such as H2, H3, H4, H5, H7 and H8 are eliminated. It is also seen in both synthetic and real
data analyses in Fig. 27. The reduction in the harmonic level is seen in the normalized correlation wavelet (dB). Above the -40
dB level, the harmonic level decreases by a certain amount. This shows that some of the harmonics are eliminated.

Figs. 28 and 29 show a real shots obtained in the field. In Fig. 28, the recording parameters are 6-32 Hz, 5 sweeps, 8 s, and
linear sweep. The initial phase angle of five sweeps are 0 degrees. In Fig. 29, the initial phase angle of the first sweep is 0
degrees, the second sweep is 72 degrees, the third sweep is 144 degrees, the fourth sweep is 216 degrees and the fifth sweep is
288 degrees. After each sweep was recorded in the field, they were cross-correlated with their fundamental sweep and then
stacked vertically in the time domain. As can be seen in the shot in Fig. 28, all harmonics remain. In Fig. 29, some harmonics
are eliminated and some harmonics are not eliminated in accordance with Table 5. Fig. 29 shows that this difference can be seen
both in the shots and in the difference spectra.
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Fig. 30 shows the difference between these two shots and the spectrum of the difference. Analysis of the shot difference
shows that harmonic elimination is greater at receivers closer to the source. Harmonic elimination is higher at low frequencies
and lower at high frequencies. Because this is the amplitude of the eliminated harmonic (H2) is larger than the others. Therefore,
it is more dominant in the frequency domain.
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Figure 30. a) Difference between Fig. 28 and Fig. 29, b) The power spectrum of difference

5.6 The Case of Data Acquisition with Six Sweeps

If the number of sweeps is 6, the initial phase angle will be 6= 360/6=60 degrees as calculated by Eq. (4). This will result in
the elimination of some harmonics while others will be preserved. Substituting this information into Eq. (5) will yield the values
presented in Table 6, which displays the eliminated and non-eliminated harmonics. As a result of the number of sweeps being 6
and the sweep initial phase angle being 60 degrees, H1 (fundamental), H7, H13, ... harmonics are preserved, while H2, H3,
H4,H5, H6, H8, H9, H10, H11 and H12 harmonics are eliminated.

In the case of seismic data acquisition with 6 sweeps, the initial phase angle of the first sweep will be 0 degrees, the initial
phase angle of the second sweep will be 60 degrees, the initial phase angle of the third sweep will be 120 degrees, the initial
phase angle of the fourth sweep will be 180 degrees, the initial phase angle of the fifth sweep will be 240 degrees and the initial
phase angle of the sixth sweep will be 300 degrees. In the first sweep, the initial phase angle of the harmonics will not change,
while in the second sweep, the initial phase angle of the harmonics will be in multiples of 60 degrees, in the third sweep, the
initial phase angle of the harmonics will be in multiples of 120 degrees, in the fourth sweep, the initial phase angle of the
harmonics will be in multiples of 180 degrees, in the fifth sweep, the initial phase angle of the harmonics will be in multiples of
240 degrees and in the sixth sweep, the initial phase angle of the harmonics will be in multiples of 300 degrees. If the initial
phase angles of these 6 sweeps are subtracted from their fundamental sweeps and harmonics and then these 6 sweeps are
vertically stacked with each other, some harmonics will remove each other and the sum of the remaining ones will give the
following GF signal.

GF is equal to the sum of the Fundamental sweep (H1) and the harmonics (H7, H13...). In this synthetic case study, harmonics
up to H8 are taken for analysis (Fig. 31(a)).

As seen in Eq. (11), certain harmonics are eliminated while the non-eliminated harmonics form the GF. The GF signal is six
times the sum of the non-eliminated fundamental and harmonics. The data in Eq. (11) and Table 6 are obtained from Eg. (5)
according to 6 sweeps.
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Table 6. Status of fundamental sweep and harmonics for six sweeps

S 1l g %

z Phase of harmonic before correlation Phase of harmonic after correlation =2 E
n k 5 = g S

£ 6>

3]

* Swp  Swp Swp Swp Swp Swp Swp Swp Swp Swp Swp Swp

#1 #2 #3 #4 #5 #6 #1 #2 #3 #4 #5 #6
Funda-

6 1 mental 0 60 120 180 240 300 0 0 0 0 0 0 6*H1  preserved

H1
6 2 H2 0 120 240 0 120 240 0 60 120 -180 -120 -60 0 removed
6 3 H3 0 180 0 180 0 180 0 120  -120 0 -240  -120 0 removed
6 4 H4 0 240 120 0 240 120 0 180 0 -180 0 -180 0 removed
6 5 H5 0 300 240 180 120 60 0 240 120 0 -120  -240 0 removed
6 6 H6 0 0 0 0 0 0 0 -60 -120  -180 -240 -300 0 removed
6 7 H7 0 60 120 180 240 300 0 0 0 0 0 0 6*H7  preserved
6 8 H8 0 120 240 0 120 240 0 60 120 -180 -120 -60 0 removed
6 9 H9 0 180 0 180 0 180 0 120 -120 0 -240  -120 0 removed
6 10 H10 0 240 120 0 240 120 0 180 0 -180 0 -180 0 removed
6 11 H11 0 300 240 180 120 60 0 240 120 0 -120  -240 0 removed
6 12 H12 0 0 0 0 0 0 0 -60 -120  -180 -240  -300 0 removed

According to Table 6, the GF is as follows;
GF(t,0) =6 (H1+H7 + ). (10)

Eqg. (10) gives the harmonics that are not eliminated according to 6 sweeps and form the GF. Although the fundamental sweep
(H1) and harmonics such as H7, etc. are not eliminated, other harmonics are removed with six sweeps. The amplitude of the
remaining fundamental sweeps and harmonics increased as the number of sweeps.

As seen in Table 6, since the initial phase angle of the first sweep is 0 degrees, the phases of the fundamental sweep and its
harmonics after correlation are equal to 0 degrees. Since the initial phase of the 2nd sweep is 60 degrees, 60 degrees are subtracted
from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 3th sweep is 120 degrees, 120
degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the initial phase of the 4th
sweep is 180 degrees, 180 degrees are subtracted from the fundamental sweep and harmonics by the cross-correlation. Since the
initial phase of the 5th sweep is 240 degrees, 240 degrees are subtracted from the fundamental sweep and harmonics by the
cross-correlation. Since the initial phase of the 6th sweep is 300 degrees, 300 degrees are subtracted from the fundamental sweep
and harmonics by the cross-correlation . After correlation, harmonics with opposite signs are eliminated, while harmonics with
the same sign or same phase are vertically stacked on top of each other. Thus, some harmonics are eliminated (colored white)
and some harmonics are not eliminated (colored yellow). The amplitudes of the non-eliminated harmonics and the fundamental
sweep become six times (vector sum).

Fig. 31(a) shows that certain harmonics are eliminated, while the remaining harmonics and fundamental sweep amplitudes
are by a factor of six. The non-eliminated harmonics have higher frequencies but lower amplitudes compared to the previous
harmonic. The H7 harmonic has a frequency seven times that of the H1 fundamental sweep.

Fig. 31(a) shows the synthetic fundamental sweep, its harmonic, and their sum (GF). The synthetic sweep is 6-32 Hz with a
sweep length of 4 s. It was also applied to real data in the field with the same parameters (Fig. 31(b)). Fig. 31(b) shows the
actual GF and Fundamental sweep (H1). These data were used for the analyses in Fig. 32. Fig. 31(a) and Fig. 31(b) show 1.1 s
of the 4 s sweep. For the analyses in Fig. 32, all of this 4 s data was used.
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Figure 32. a) Analysis of synthetic fundamental sweep signal in Fig. 31(a), b) Analysis of real fundamental sweep signal in Fig. 31(b)

Fig. 32 shows the analysis of the synthetic and real GF signals given in Fig. 31(a) and Fig. 31(b). Fig. 32(a) shows the
synthetic GF signal at the top, the normalized correlation wavelet (in time), the normalized correlation wavelet (in dB), the
power spectrum and the Gabor transform at the bottom. Fig. 32(b) shows the real GF signal at the top, the normalized correlation
wavelet (in time), the normalized correlation wavelet (in dB), the power spectrum and the Gabor transform at the bottom. When
both synthetic and real data are analyzed in the Gabor transform, it is seen that some harmonics are eliminated. As in Table 6,
it is also seen here that harmonics such as H2, H3, H4, H5 and H8 are eliminated. It is also seen in both synthetic and real data

106



analyses in Fig. 32. The reduction in the harmonic level is seen in the normalized correlation wavelet (dB). Above the -40 dB
level, the harmonic level decreases by a certain amount. This shows that some of the harmonics are eliminated.

Figs. 33 and 34 show a real shots obtained in the field. In Fig. 33, the recording parameters are 6-32 Hz, 6 sweeps, 8 s, and
linear sweep. The initial phase angle of six sweeps are 0 degrees. In Fig. 34, the initial phase angle of the first sweep is 0 degrees,
the second sweep is 60 degrees, the third sweep is 120 degrees, the fourth sweep is 180 degrees, the fifth sweep is 240 degrees
and the sixth sweep is 300 degrees. After each sweep was recorded in the field, they were cross-correlated with their fundamental
sweep and then stacked vertically in the time domain. As can be seen in the shot in Fig. 33, all harmonics remain. In Fig. 34,
some harmonics are eliminated and some harmonics are not eliminated in accordance with Table 6. Fig. 34 shows that this
difference can be seen both in the shots and in the difference spectra.
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Figure 33. a) View of a 6-sweep shot with an initial phase angle of 0 degree, b) The power spectrum of this shot
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Figure 34. a) View of a 6-sweep shot with the initial phase angles of 0, 60, 120, 180, 240 and 300 degrees, b) The power spectrum of this
shot

Fig. 35 shows the difference between these two shots and the spectrum of the difference. Analysis of the shot difference
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shows that harmonic elimination is greater at receivers closer to the source. Harmonic elimination is higher at low frequencies
and lower at high frequencies. Because this is the amplitude of the eliminated harmonic (H2) is larger than the others. Therefore,
it is more dominant in the frequency domain.

FFID L}
11525 2 £ L B 100 120 140 160 1 20 2 24
o . N N I . . . .
1o

1 IIIII\IHHH\IHI(IH(\I\IHI\

I'ilmlliiﬂlliﬁ'lll\II!IIIIIHIIIH!IIHI ‘

B
B 1
il I!
Al
|
I
il
|

A

i.J| ‘ R i i[. I
lliﬁmﬁ'liui ; 7 M
IIIHIIIﬂihﬂl :
Il

Tine tna)

Figure 35. a) Difference between Fig. 33 and Fig. 34, b) The power spectrum of difference

6. Generalization of the Harmonic Elimination Relationship with Sweep Numbers

When Eq. (5), Eq. (6), Eq. (7), Eq. (8), Eqg. (9) and Eq. (10) are rewritten;

GF(t,0) =1(H1+H2+ H3+ -+ Hk) ; In case of n=1 sweep,
GF(t,0) =2(H1+H3+ H5+ H7 +H9+ H11 + --+) ; In case of n=2 sweeps,
GF(t,0) =3 (H1+H4+ H7 + H10+ ---) ; In case of n=3 sweeps,
GF(t,0) =4 (H1+H5+ H9 + ) ; In case of n=4 sweeps,
GF(t,0) =5(H1+H6 + H11 +--+) ; In case of n=5 sweeps,
GF(t,0) =6 (H1L+H7 + ) ; In case of n=6 sweeps.

The generalized formulation of the above formulas in compact form is as follows.

GF(t,0) = n=x Z ZSk[t,(i—l)*k*B] 1y

k=nx(m-1)+1 i=1
where,

n: number of sweep

m: 1,2, 3,4,

k: the preserved harmonic number

6= 360/n, the sweep initial phase angle.

Eq. (11) is the most general equation that gives the relationship between the number of sweeps and the number of non-
eliminated harmonics.
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Figure 36. Graphic for harmonics elimination by sweep number

Fig. 36 shows harmonics elimination in relation to sweep number. The graph illustrates that elimination is more effective at
lower frequencies, with a decrease in harmonic elimination as frequency increases. As the harmonic order increases, its
frequency also increases. On the other hand, harmonic amplitudes decrease.

7. Field Data Application

Acquisition flow:

In 2023, Arar Petrol AS/RR Sismik Miihendislik AS had seismic data acquired in the field for harmonic analysis. The survey
consisted of 200 shot points and 500 receiver groups spaced every 20 meters. A linear 8-second long sweep signal of 8-48 Hz
was recorded every 20 meters in the Eastern Adana region of Turkey.

Harmonic elimination was tested on the processed sections using data acquired with 4 sweeps. Fig. 37(a) shows the results
of the 4 sweeps with zero phases. Fig. 37(b) also shows the results of 4 sweeps but with the initial phases of 0, 90, 180, and 270
degrees. Some harmonics (H2, H3, H4, H6, H7, H8, ...) were eliminated, while the fundamental and some harmonics (H1, H5,
H9) were not removed. Fig. 37(c) illustrates the difference between these two sections. As can be observed in the difference
section, the harmonics have been significantly reduced (yellow box). After the elimination of harmonics, the seismic section is
clearer in Fig. 37(b) (yellow box).
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Figure 37. a) View of a 4-sweep stack with an initial phase angle of 0 degree, b) View of a 4 sweeps stack with the initial
phase angles of 0, 90, 180 and 270 degrees, c¢) Difference between Fig. 37(a) and Fig. 37(b)

8. Conclusions

Harmonics generated by the vibrator are conventionally considered as noise to be removed from the sweeps and data/field
records during the seismic data acquisition and processing phases.

In this paper, we established the relationship between the number of sweeps and the non-eliminated harmonics as a function
of the sweep numbers, in compact form for the general cases. When fewer sweeps are used, fewer harmonics are eliminated. To
eliminate more harmonics, it is necessary to produce more sweeps at different angles.

A hardware similarity test is performed in the field initially. The number of sweeps is then selected to eliminate strong
harmonics based on the test results.

As the number of sweeps increases, more harmonics are eliminated, resulting in a GF signal that approaches an ideal signal.

If the initial phase angles are consistently O degrees or the same angle, the signal-to-noise (S/N) ratio increases as the number
of sweeps increases. However, all harmonics remain in the recordings (see Figs. 10, 13, 18, 23, 28, and 33).

When analyzing the amplitudes of non-eliminated harmonics, it is observed that there are greater amplitude losses in the
high-frequency parts of these harmonics.

For high-resolution seismic, high frequencies are used, resulting in a low number of harmonics and a very high-frequency
content. Therefore, a low sweep number is sufficient for harmonic elimination.
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