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Abstract When noise in the field is very strong, we can not get data with proper signal to noise ratio (SNR) even
if combination vibroseis is used. To solve this problem we proposed to apply a phased-array vibrator, which can
form a directional seismic wave. We have made numerical simulation of multi-track seismograms and computed
reflected waves’ SNR for combination and phased-array sources on a given horizontal stratified model. The result
shows that the average SNR of reflected waves increases by 1.54∼9.90dB with respect to the combination source
when 4,8,15 and 20-unit phased-array vibrator are used. We conclude that phased-array source is competent to
improve seismic signal SNR. Moreover, the phased-array source can boost SNR obviously when more vibrators
are applied but there is no similar result for the combination source.
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1 INTRODUCTION
Since it is a nondestructive source, electrodynamic vibroseis[1∼3] is widely used in reflection seismic
prospecting. Because of its low power, it is sometimes difficult to get high SNR (signal to noise ratio) seismic data, especially when noise in the fields is strong. Some techniques to improve SNR of data have been
studied[4∼7] . Here, we propose a new PAVS (phased-array vibrator system) technique for acquisition of high
SNR seismic signals.
The combination vibroseis[8] , is a special vibrator array that vibrates simultaneously. It is often used to
get high SNR seismic signals. Generally, the number of vibrators used in the combination source is less than 3
or 4. It cannot reach obvious improvement of SNR of seismic signals, even though more vibrators are used. The
reason is that combination sources direct the seismic wave to a fixed direction (generally the vertical direction),
whereas the reflected seismic waves received from seismometer groups are not close to that direction. Therefore,
we have developed a PAVS, which can form different directional seismic waves and improve SNR of seismic
signals.
In PAVS, more concerns are focused on control parameters of PAVS, layout of the observation system and
complex underground structure. Here, based on basic phased-array seismic theory and the principle of seismic
wave propagation, we synthesize seismic records on a horizontal layered strata model by PAVS and combination
source, and calculate seismic signal SNR. According to the results, we conclude that PAVS is feasible and
superior for seismic prospecting.
2 THEORY
The phased-array technique originated from phased-array radar[9∼11] , which can make electromagnetic
waves concentrate in any direction. Now, the idea of beam forming is widely used in other wave areas, such
as microwave[12] , ultrasonic[13] and light-wave[14] . Vibrator array[4] with solo frequency signals was used to
testify the existence of directional seismic wave. Based on above research, we propose a method to make sweep
frequency seismic waves concentrate in certain direction.
E-mail: jiangtao13@126.com
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PAVS[15] is composed of multi-vibrators and a phased-array control system. All units of the source and
geophones are kept in the line. Vibrators are labeled in ascending order. Distances between adjacent units
are same. Because all units have different locations, reflected seismic waves from different units arrive at each
geophone asynchronously. In order to eliminate wave path difference, we let vibrators vibrate one by one with
the regular interval τ . Therefore, reflected seismic signals at geophones are stacked in phase, and SNR is
improved.
In order to describe direction of seismic wave, the phased-array direction coefficient Fa (ϕ) is defined as:
Fa (ϕ) =

sin n[(kd cos ϕ + β)/2]
, ϕ ∈ [0◦ , 180◦ ],
n sin[(kd cos ϕ + β)/2]

(1)

2π
where ϕ is horizontal angel of any underground observation spot, n is number of vibrators, k =
, d is distance
λ
between vibrators, and β = 2πf τ is phase-difference due to the delay time τ . Extreme angle ϕ = ϕM is called
seismic wave direction, in which the strongest seismic wave is. According to the theory of phased array[9] , we
have
τv 
.
(2)
ϕM = arccos
d
According to the direction characteristic of seismic wave, the amplitude of seismic wave of PAVS is Ap =
n|F (ϕ)| times that of the single source.
3 METHOD
It is necessary to determine proper control signals[1,16] of PAVS, noise level and underground structure in
the field before seismic synthetic records are made.
First, let d=2m, τ =0.89ms, and PAVS have 4,8,15 and 20 units respectively in the experiment.
Second, let sweep control signal s(t) in the first unit be


f2 − f1
s(t) = A cos 2π f1 +
t t[1] ,
(3)
2T
where A is signal amplitude, starting frequency f1 =50Hz, ending frequency f2 =200Hz, T =4s, and t is a time
variate.
Because driving signals between adjacent vibrators are delayed successively τ , the driving signal of each
unit can be expressed as
si (t) = s[t − (i − 1)τ ], (i = 1, 2, · · · , n).
(4)
We assume that noise in the field is random, and variance of noise is σ 2 =1. SNR can be adjusted by
changing amplitude A of driving signals when noise is constant. Here, we take A=0.003, which means SNR at
the source position is –28.23dB in a single source case.
Finally, we design a multi-layer model. The depth is 100m and velocity is 1000m·s−1 in the first layer, the
depth is 250m and velocity is 1700m·s−1 in the second layer, the depth is 180m and velocity is 1900m·s−1 in
the third layer, and velocity is 2200m·s−1 in the fourth layer.
Let seismic synthetic records for single source be rsi (t), (i = 1, 2, · · ·, number of track), where i is trace
number. When noise is neglected, rsi (t) is composed of a direct wave ri,0 (t) and three reflected waves ri,1 (t),
ri,2 (t), and rsi,3 (t), that means
3
X
rsi (t) =
ri,j (t).
j=0

Thus, seismic waves in the track i can be written as
rpi (t) =

3
X
j=0

n|Fa (ϕi,j )|ri,j (t),

(5)
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where ϕi,0 is the direction of direct wave, ϕi,1 , ϕi,2 , and ϕi,3 are directions of reflected waves, and Fa (ϕi,j ) is
function of frequency f which can be seen from Eq.(1). Because f is linearly related to t for chirp driving
signals, naturally, Fa (ϕi,j ) can be written as Fa (ϕi,j , t) and Eq.(5) can be expressed as:
rpi (t) =

3
X

n|Fa (ϕi,j , t)|ri,j (t).

(6)

j=0

Considering noise, real seismic signals for PAVS are
rmixpi (t) = rpi (t) + rN (t).

(7)

After cross-correlation processing[17] , seismic waves in pulse form are made. To PAVS, reference signal


n−1
τ
ref(t) = s t −
2
is chosen[15∼17] . Seismogram of track i is cross-correlation between ref(t) and rmixpi (t)
ri (t) = ref(t) ⊗ rmixpi (t).
So the seismic synthetic records for PAVS can be expressed as
[r1 (t), r2 (t), · · · , ri (t), · · · , rNUM (t)],
where NUM is the number of tracks.

Fig. 1 Direction graphs for combination and phased-array vibrator system
(a) Direction graph for combination source at f =125Hz; (b) Direction graph for combination source at f =200Hz;
(c) Direction graph for phased-array source at f =125Hz; (d) Direction graph for phased-array source at f =200Hz.

(8)
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Combination synthetic records can be got similarly to PAVS records. In fact, the combination source is
a special case of PAVS, when τ =0. Direction graphs of the combination source and PAVS are shown in Fig. 1,
where n=8, d=2m. From Fig. 1, we can see that the directions of seismic waves become much narrower when
the frequency of driving signals increases.
4 RESULTS
4.1 Synthetic Records for Combination and PAVS Sources
For given experiment conditions and the numerical simulation method above, we synthesized seismograms
for combination and phased-array sources as shown in Fig. 2. The corresponding seismic wave direction graphs
are shown in Fig. 1a and 1b with n=8.
Figure 3 shows a synthetic seismogram for PAVS, where the maximum radiation direction of seismic wave
ϕM = 54.53◦ and direction graphs are shown in Fig. 1a and 1b with n=8.

Fig. 2 Synthetic seismograms for combination vibroseis system
(a) n=4; (b) n=8; (c) n=15; (d) n=20.
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Fig. 3 Synthetic seismograms for phased-array vibrator system
(a) n=4; (b) n=8; (c) n=15; (d) n=20.

4.2 Comparison of Synthetic Record SNR Between Combination and PAVS Sources
Using known signal and noise, we calculate SNR of seismic signals from different tracks and reflectors in
Figs. 1 and 2. Results are shown in Tables 1 and 2. Furthermore, we can work out how many PAVS can improve
SNR with respect to the combination case, which are shown in Table 3. As SNR values in different tracks are
not same, we use average SNR, which means arithmetic mean of SNR in all tracks.
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Table 1 Average SNR in synthetic seismograms for combination vibroseis system (dB)
Source

Direct

Reflected

Reflected

Reflected

Mean of three

Mean of direct wave and

position

wave

wave I

wave II

wave III

reflected waves

three reflected waves

n=4

–16.19

–35.27

–34.94

–32.73

–34.75

–33.81

–34.10

n=8

–10.17

–40.33

–39.28

–29.52

–30.10

–31.14

–32.20

n = 15

–4.71

–37.12

–36.52

–31.88

–29.06

–31.35

–32.21

n = 20

–2.21

–37.85

–38.02

–31.27

–30.59

–32.00

–32.86

Table 2 Average SNR in synthetic seismograms for phased–array vibrator system (dB)
Source

Direct

Reflected

Reflected

Reflected

Mean of three

Mean of direct wave and

position

wave

wave I

wave II

wave III

reflected waves

three reflected waves

n=4

–16.19

–31.71

–31.86

–31.92

–34.51

–32.27

–32.05

n=8

–10.17

–30.52

–29.09

–26.29

–29.08

–27.36

–27.93

n = 15

–4.71

–35.57

–32.76

–22.00

–25.49

–23.62

–24.74

n = 20

–2.21

–32.31

–31.63

–20.64

–24.86

–22.10

–23.15

Table 3 Average SNR improvement in synthetic seismograms using phased-array vibrator system
(Comparing with the situation of combination source) (dB)
Direct

Reflected

Reflected

Reflected

Mean of three

Mean of direct wave and

wave

wave I

wave II

wave III

reflected waves

three reflected waves

n=4

3.56

3.08

0.81

0.24

1.54

2.05

n=8

9.81

10.19

3.23

1.02

3.78

4.27

n = 15

1.55

3.76

9.88

3.57

7.73

7.47

n = 20

5.54

6.39

10.63

5.73

9.90

9.71

5 CONCLUSIONS
From the above seismic synthetic records, we can get following conclusions:
Firstly, SNR of combination source is lower than that of PAVS.
Secondly, the SNR of reflected waves from near-source-geophones increases and that from far-sourcegeophones decreases with the increasing number of vibrators, which is accordant with the previous conclusion
that the number of vibrators in the combination source should be limited. In PAVS, the SNR values of reflected
waves in all geophones are increased. Furthermore, more vibrators in PAVS can bring higher SNR, PAVS is
helpful for higher SNR and there is no limitation in unit number for PAVS.
Based on the quantitative results of SNR improvements in Tables 1,2, and 3, SNR values of all reflected
wave signals for PAVS are higher than those for the combination source case when the same number of vibrators
is used. For the combination system, there is little influence on SNR when vibrators are more than 4, and it
goes worse when 20 elements are used. For PAVS, there is great improvement to SNR when more vibrators are
used. Moreover, there is a significant SNR improvement for the reflected wave from the second reflector. The
reason is that we controll the direction of the main beam to make reflected wave II strongest.
In general, PAVS is feasible to seismic survey; and it is more helpful for high SNR seismic signals than the
combination source. When SNR in the field is low, PAVS is a good choice.
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