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Effects of noise on geophone orientation azimuth determination 
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ABSTRACT 
Calibration of the orientation of borehole geophones has direct consequences on the 

accuracy of subsequent measurements taken by these tools. Using synthetic data 
generated from a simple layer-cake geological model, the effects of signal to noise ratio, 
source-receiver offset and receiver depth were determined to have an effect on this 
calibration. A signal to noise ratio of 1 or better was generally found to produce mean 
orientation angles within 0.5° of the true value; however, even a noise-free signal 
produced small errors in the calibrations. It was also found that increasing offset and 
decreasing receiver depth both improve the accuracy of azimuth calculations. Effects of 
the three examined variables were judged to be difficult to separate from one another, 
although a quantitative relationship of these to azimuth calibration would be useful to 
develop. 

INTRODUCTION 
Borehole geophones are a very important tool that geophysicists employ, having a 

distinct set of advantages over their surface counterparts. One of the more common uses 
of borehole geophones is in the field of microseismic monitoring; these receivers are used 
to estimate the position of subsurface seismic events. However, when placing these 
geophones into a well they have a tendency to rotate, resulting in an unknown orientation 
of their horizontal components. In order to determine the orientation of these borehole 
geophones, surface calibration surveys are generally performed; the accuracy of these 
calibrations will directly affect the accuracy of locating seismic events in the subsurface. 
The goal of this study will be to examine the combined effects of noise, receiver depth 
and source offset on the accuracy of a known geophone orientation. The main method 
that will be used to find geophone orientation is an analytic method developed by 
DiSiena et al. (1984); however, an inversion method developed by Ferguson (2009) will 
also be tested. 

SYNTHETIC MODEL 
In order to generate the synthetic data for this report, a 3-D anisotropic elastic finite-

difference program called TIGER was used (Hokstad et al., 2009). A simple 6 layer 
geological model was built; acquisition parameters can be seen in Table 1, model 
parameters can be seen numerically in Table 2, and a visual representation can be seen in 
Figure 1. While specification of anisotropic parameters and Q values are supported by 
TIGER (Hokstad et al., 2009), they were omitted for the purposes of this study.  
Additionally, a plan view of the survey geometry is shown in Figure 2. All receivers 
recorded 3-component data; due to limitations of the program, receiver components were 
all forced to be aligned perfectly with model coordinates. Finally, raw x-component data 
from Shot 1 can be seen in Figure 3. 
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Table 1. Numerical parameters used for acquisition in this study. 

 

Table 2. Numerical parameters used to create the geological model used in this study. 
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FIG. 1. 2-D slice of the geological model used in this study. Density is shown on the left, P-
velocity is shown in the middle, and S-velocity is shown on the right. 
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FIG. 2. Plan view of acquisition geometry used in this experiment. 

 

FIG. 3. Raw x-component data from Shot 1, prior to addition of noise. 
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ADDITIVE NOISE 
Noise Generation 

The noise used in this study was generated using the rnoise command in MATLAB, 
using trace 513 of the y-component as a reference. Signal to noise ratios used were 0.05, 
0.1, 0.2, 0.5, 1, 2, 5, 10, and 20; noise was generated separately for each receiver 
component (Figure 4). It would be interesting to examine different noise relationships 
between components; for example, adding noise to the y-component that is identical to 
the noise on the x-component, but phase shifted by 90°. However, this is beyond the 
scope of this study and will have to be left as a future exercise. Finally, in order to 
examine the effects of coherent noise, 60 Hz sine waves were generated with signal to 
noise ratios of 0.5, 1, 2 and 10. 

FIG. 4. Noise added to synthetic data; noise added to the x-component is shown in blue, and 
noise added to the y-component is shown in red. Signal to noise ratio is given at the top of each 
trace. 

Noise Addition 
After generating the noise, it was added to the synthetic traces in two specific patterns. 

In Noise Pattern 1, receivers 1-59 were separated into groups of 10; each receiver was 
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assigned a different signal to noise ratio, in order from noisiest to cleanest, with the 10th

5

receiver in each group being left clean. The next 4 receivers, 60-63, had the different sine 
waves added to each component, again in order from noisiest to cleanest. Finally 
geophone 64 sine waves of differing power added to each component; the signal to noise 
ratio on the x-component was 10, that on the y-component was 1, and that on the z-
component was 2. This pattern was repeated for all 20 shots; as an example, Shot 1 is 
shown after the addition of noise in Figure . 

 

FIG. 5. X-component data from Shot 1, after the addition of noise. 

For Noise Pattern 2, 8 receivers were selected; these were at depths of 800 m, 920 m, 
1040 m, 1160 m, 1280 m, 1400 m, 1520 m and 1640 m. For each of these receivers, all 9 
different noisy traces were added, leaving a total 1440 traces to examine. Once noise was 
added, geophone orientation analysis was performed on the data. 

ROTATION METHODS
A simple analytic method for determining geophone orientation can be given by 

(DiSiena et al., 1984) 

tan 2� = ����
�������, (1)

where X and Y are the horizontal component data, � is the angle between the x-
component and the source, and � is a crosscorrelation operator. Additionally, an 
inversion method developed by Ferguson (2009) will be tested. This method views the 
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mapping of recorded multicomponent data (V) into a single trace aligned with the 
incoming P-wave (W), through a single rotation matrix �	
, expressed as 

 � = �	
� =  cos � sin � cos� sin � sin�� sin � cos � cos� cos � sin�0 � sin� cos� ��, (2) 

where � is the angle between the z-component and the incoming P-wave (Ferguson, 
2009). The inverse of �	
 is found through least squares inversion, under the assumption 
that all time samples of the recorded z-component data are the same sign as the ideal P-
wave source, within a specified window. The values for � and � can subsequently be 
extracted from the calculated inverse. A 100 ms window beginning at the first break was 
used for both the analytic method and the inversion. 

Once � is found, it can be converted into an azimuth relative to North using 

 �� = �� + �, (3) 

where �� is the source-receiver azimuth, relative to North, and �� is the receiver 
orientation azimuth. Conversion to the receiver orientation azimuth provides a standard 
reference frame for all potential source locations. Since the receiver components are 
aligned perfectly with the model coordinates, all receivers have an orientation azimuth of 
90°. 

RESULTS 
Analytic (DiSiena) Method 
Noise Pattern 1 

Once the receiver orientation azimuth was found for every receiver, the results were 
plotted against source-receiver horizontal offset; values calculated from the noise-free 
synthetic data are also shown for comparison (Figures 6 - 8). Additionally, Figures 9 - 11 
show receivers with similar noise content. There is a clear relationship between noise and 
angle scatter; once the signal to noise ratio reaches approximately 1, the angle seems to 
be much better constrained. Quantitative analysis (Table 3) reveals that the standard 
deviation at a signal to noise ratio of 1 ranges from 1.24°-7.69°, whereas a signal to noise 
ratio of 0.5 produces standard deviations as high as 22.2°. Furthermore, Table 3 and 
Figure 12 demonstrate that increasing receiver depth is well correlated with higher angle 
scatter; this is to be expected, as a deeper geophone will receive a weaker signal from the 
source. 
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FIG. 6. Orientation azimuth vs. horizontal offset for receivers 1-8. Noisy data is shown in red, 
noise-free data is shown in green. 
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FIG. 7. Orientation azimuth vs. horizontal offset for receivers 49-56. Noisy data is shown in red, 
noise-free data is shown in green. 
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FIG. 8. Orientation azimuth vs. horizontal offset for receivers 57-64. Noisy data is shown in red, 
noise-free data is shown in green. 
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FIG. 9. Orientation azimuth vs. horizontal offset for receivers with signal to noise ratios of 0.1 
(top) and 0.5 (bottom), calculated analytically. Darker colours correspond to larger depths. 
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FIG. 10. Orientation azimuth vs. horizontal offset for receivers with signal to noise ratios of 2 (top) 
and 5 (bottom), calculated analytically. Darker colours correspond to larger depths. 
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FIG. 11. Orientation azimuth vs. horizontal offset for receivers with a signal to noise ratio of 10, 
calculated analytically. Darker colours correspond to larger depths. 

 

FIG. 12. Mean geophone orientation azimuth (top) and standard deviation (bottom) vs. receiver 
depth. 
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Table 3. Geophone orientation statistics of angles calculated analytically using Noise Pattern 1. 
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Noise Pattern 2 
Noise Pattern 2 allowed for a more distinct separation between effects of noise and 

geophone depth. Figures 13 and 14 show how receiver depth affects the mean and 
standard deviation of calculated orientation azimuth, and Figures 15 and 16 show how 
noise affects these two parameters. The analysis of Noise Pattern 2 confirms what was 
seen in Noise Pattern 1, though perhaps more definable trends are evident. For example, 
Figure 16 shows an almost hyperbolic relationship between the natural logs of standard 
deviation and signal to noise ratio; however, the methods used to generate the noise most 
likely have an impact on this relationship. Table 4 summarizes the statistics of this 
analysis; generally, angle scatter appears to increase dramatically when the signal to 
noise ratio is less than 1, which is consistent with the results from Noise Pattern 1. 

Table 4. Geophone orientation statistics of angles calculated analytically using Noise Pattern 2. 
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FIG. 13. Mean orientation azimuth error vs. receiver depth for Noise Pattern 2. Darker colours 
correspond to lower signal to noise ratios. 

 

FIG. 14. Standard deviation of orientation azimuth vs. receiver depth for Noise Pattern 2. Darker 
colours correspond to lower signal to noise ratios. 
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FIG. 15. Error in mean orientation azimuth vs. natural log of signal to noise ratio for Noise Pattern 
2. Darker colours correspond to larger depths. 

 

FIG. 16. Natural log of standard deviation of orientation azimuth vs. natural log of signal to noise 
ratio for Noise Pattern 2. Darker colours correspond to larger depths. 
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Inversion (Ferguson) Method 
The inversion method was tested on Noise Pattern 1, allowing a qualitative 

comparison to the analytic method; a full comparison, however, is beyond the scope of 
this study. Figures 17 - 20 can be directly compared to Figures 9 - 11; the inversion 
method appears to work much better in noisy situations, while the analytic method 
becomes more constrained once the signal to noise ratio reaches 1. 

 

 

FIG. 17. Orientation azimuth vs. horizontal offset for receivers with a signal to noise ratio of 0.1, 
calculated using inversion method. Darker colours correspond to larger depths. 



Effects of noise on geophone azimuth determination 

 CREWES Research Report — Volume 23 (2011) 19 

  

 

FIG. 18. Orientation azimuth vs. horizontal offset for receivers with signal to noise ratios of 0.1 
(top) and 0.5 (bottom), calculated using inversion method. Darker colours correspond to larger 
depths. 
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FIG. 19. Orientation azimuth vs. horizontal offset for receivers with signal to noise ratios of 2 (top) 
and 5 (bottom), calculated using inversion method. Darker colours correspond to larger depths. 
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FIG. 20. Orientation azimuth vs. horizontal offset for receivers with a signal to noise ratio of 10, 
calculated using inversion method. Darker colours correspond to larger depths. 

DISCUSSION 
The results of this study show a definite dependence of geophone orientation azimuth 

calculations on noise content, offset and depth. In reality, the effects of these three things 
are most likely related to each other. For example, a nearer source offset results in less 
energy from P-wave first arrivals being recorded on horizontal receiver components; this 
would skew the signal to noise ratio to be more heavily weighted towards noise, simply 
due to lower signal. Similarly, deeper receivers will generally have lower signal content 
due to effects such as geometrical spreading and Q-related attenuation. Studies such as 
Gagliardi and Lawton (2010) show that field data have these same relationships to noise, 
offset and depth though it is harder to separate the effects in a real data example. It may 
be useful to quantify these effects, but there are still certain obstacles to achieving a 
complete understanding; future work is needed in this regard.  

The comparisons between the analytic (DiSiena) and inversion (Ferguson) methods 
showed potential strengths and weaknesses of each method. The inversion method seems 
to be superior when there is high noise content, but when the noise is weaker the analytic 
method seems to be stronger. Interestingly, effects of geophone depth are much less 
prominent in the inversion method. Examining the trends of the inversion results (Figures 
17 - 20) suggests that this method is much more sensitive to source-receiver offset than it 
is to noise content; perhaps this is related to a need for a stability factor, but further 
testing is needed to understand this effect. 
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CONCLUSIONS 

� The calculation of geophone orientation azimuths is dependent on signal to 
noise ratio, source-receiver offset and receiver depth. 

� Using the analytic (DiSiena) method, a signal to noise ratio of 1-2 seems to be 
the minimum required for statistically reliable azimuth calculations; these 
calculations generally produced a mean within 0.5° of the receiver’s true 
orientation. 

� Even using noise-free data, the analytic method produces standard deviations 
in orientation azimuth of about 0.11°. 

� Larger source-receiver offsets produce more accurate azimuth calculations 
using both methods used in this study. 

� Deeper receivers result in less accurate azimuth calculations for the analytic 
(DiSiena) method, but seem to have little effect on calculations using the 
inversion (Ferguson) method.  

� The above parameters are difficult to separate since they are related to each 
other; however, deeper investigation might have some success in quantifying 
their effects. 

FUTURE WORK 
A full statistical analysis of the inversion method is needed in order to fully 

understand its strengths and weaknesses. Additionally, tests of this method on real data 
should be performed, and the data window used should be examined. For both methods, 
it would be useful to develop some sort of quantitative relation of the effects of noise, 
offset and depth with orientation angle accuracy and precision. Finally, the relationship of 
the x-component noise and y-component noise should be considered more carefully, 
through both theory and field data. 
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