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Abstract

Sandia National Laboratories has tested and evaluated two seismometers, the STS-5A, 
manufactured by Kinemetrics.  These seismometers measure three axes of broadband ground 
velocity using a UVW configuration with feedback control in a mechanically levelled borehole 
package. The purpose of the seismometer evaluation was to determine a measured sensitivity, 
response, self-noise, dynamic range, and self-calibration ability.  The Kinemetrics STS-5A 
seismometers are being evaluated for the U.S. Air Force as part of their Next Generation 
Qualification effort.
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NOMENCLATURE

BB Broadband
dB Decibel
DOE Department of Energy 
DWR Digital Waveform Recorder
HNM High Noise Model 
LNM Low Noise Model
PSD Power Spectral Density
PSL Primary Standards Laboratory
SNL Sandia National Laboratories 
SP Short-period
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1  INTRODUCTION

The evaluation of the two Kinemetrics STS-5A seismometers, serial numbers 130877 and 
130880, was performed to determine the performance characteristics of the instruments including 
sensitivity, self-noise, dynamic range, frequency response, and passband.  In addition, a third 
STS-5A with serial number 139759, was borrowed from PASSCAL to assist in the measurement 
of self-noise.

Figure 1 Kinemetrics STS-5A (Kinemetrics STS-5A datasheet) 

The STS-5A seismometer measures 3-axes of ground motion across a customizable passband, in 
this case 0.00833 Hz (120 seconds) – 50 Hz, and a sensitivity of 1500 V/(m/s).  The seismometer 
is contained within a borehole package and typically installed with a hole-lock.  For the purpose 
of this evaluation, the seismometers were installed in a vault configuration alongside a reference 
sensor.
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Table 1 Seismometer Specifications (Kinemetrics STS-5A datasheet) 
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2 TEST PLAN

2.1 Test Facility

Testing of the seismometers was performed at Sandia National Laboratories’ Facility for 
Acceptance, Calibration and Testing (FACT) located near Albuquerque, New Mexico, USA.  
The FACT site is at approximately 1830 meters in elevation.  

Sandia National Laboratories (SNL), Ground-based Monitoring R&E Department has the 
capability of evaluating the performance of preamplifiers, digitizing waveform recorders and 
analog-to-digital converters/high-resolution digitizers for geophysical applications.

Tests are based on the Institute of Electrical and Electronics Engineers (IEEE) Standard 1057 for 
Digitizing Waveform Recorders and Standard 1241 for Analog to Digital Converters.  The 
analyses based on these standards were performed in the frequency domain or time domain as 
required.  When appropriate, instrumentation calibration was traceable to the National Institute 
for Standards Technology (NIST). 

Testing was performed within the FACT sites underground bunker due to the bunker’s stable 
temperature.  

Figure 2 FACT Site Bunker

The seismometers were configured on the FACT Seismometer Pier within the underground 
bunker.  They were covered in cardboard tubes which were filled with cellulose insulation in 
order to improve thermal stability.  The seismometers were operated alongside a reference STS-2 
seismometer from April – August, 2017.

The SNL reference seismometer, a Kinemetrics STS-2 #120651, is used to compare against the 
seismometers under test.  All results are made relative to this reference.  
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Figure 3 Picture of installed seismometers, before insulation

Figure 4 Picture of installed seismometers, overhead
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Figure 5 Picture of installed Seismometers

 

STS-2 
#120651

 

 
CMG-3V 
#V3J47

CMG-3V 
#V3J46

CMG-3V 
#V3J45

FACT Seismometer Pier

 STS 5A 
#130877

T120PH 
#1021

T120PH 
#1020

T120PH 
#1019

 STS 5A 
#130880 

 STS 5A 
#139759

Figure 6 Diagram of installed Seismometers
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Prior to performing the seismometer testing for the Next Generation Qualification project, SNL’s 
reference STS-2 was taken to the USGS Albuquerque Seismic Laboratory (ASL) for re-
calibration using their step-table, a Lennartz CT-E1 step calibration table.  The resulting 
sensitivities for the reference STS-2 #120651 are shown below:

Table 2 Reference STS-2 #120651 Sensitivity
Axis Sensitivity at 1 Hz

Z 1495.51 V/(m/s)
N 1488.72 V/(m/s)
E 1,492.25 V/(m/s)

The temperature was monitored continuously throughout the testing.  The temperature was 
maintained to be at least 23 Celsius with active heating by a radiant electric heater during the 
spring and early summer.  During the summer months, the temperature increased due to ambient 
conditions and was stable at 27.3 Celsius.

A GPS re-broadcaster operates within the bunker to provide the necessary timing source for the 
SMAD digitizers and other recording equipment present.

 
Figure 7 GPS Re-broadcaster

The digitizers and seismometers were powered off of a laboratory power supply providing 
approximately 13.5 Volts.
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Figure 8 Laboratory Power Supply

The Kinemetrics STS-5A seismometers were connected to a Quanterra Q330HR digitizer for 
recording of the time series data.  The seismometer and digitizer channel assignments are 
contained in the table below.

Figure 9 Quanterra Q330HR Digitizer

Before setting up the seismometer for testing, the digitizer bit-weights were calibrated against a 
reference meter with an active calibration from Sandia’s PSL.  The SNL reference digitizer, 
Kinemetrics Q330 #1551, was calibrated using the Agilent 3458A meter # MY45048371.  The 
remaining digitizer bit-weights were obtained from the Next Generation Qualification digitizer 
evaluation reports.  The bit-weights and digitizer channel assignments used are shown in the 
table below.

Table 3 Testbed Digitizer Channel Assignment and Bitweights
Manufacturer Digitizer Port Seismometer Channel Z Channel N Channel E
Kinemetrics Q330 #1551 B STS-2 #120651 2.38368 uV/count 2.38473 uV/count 2.38406 uV/count

Kinemetrics Q330 #6164 B STS-5A #139759 0.11872 uV/count 0.11881 uV/count 0.11873 uV/count
Kinemetrics Q330 #6162 A STS-5A #130877 29.72408 

nV/count
29.73126 
nV/count

29.73929 
nV/count

Kinemetrics Q330 #6162 B STS-5A #1030880 0.11879 uV/count 0.11876 uV/count 0.11877 uV/count

Guralp Affinity #559A A CMG-3V #V3J45 0.99943 uV/count N/A N/A
Guralp Affinity #55A1 A CMG-3V #V3J46 0.99949 uV/count N/A N/A
Guralp Affinity #559B A CMG-3V #V3J47 0.99936 uV/count N/A N/A

Nanometrics Centaur #1776 A T120PH #1020 0.12499 uV/count 0.12498 uV/count 0.12498 uV/count
Nanometrics Centaur #1787 A T120PH #1021 0.12495 uV/count 0.12499 uV/count 0.12494 uV/count
Nanometrics Centaur #1797 A T120PH #1019 0.12498 uV/count 0.125 uV/count 0.12498 uV/count
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2.2 Scope

The following table lists the tests and resulting evaluations that were performed.

Table 4 Tests performed
Test

Sensitivity
Self-Noise

Dynamic Range
Frequency Response

Passband
Calibrator Sensitivity

Calibrator Frequency Response

2.3 Timeline

Testing of the seismometers was performed at Sandia National Laboratories between April 1 – 
August 31, 2017.   

2.4 Evaluation Frequencies

The frequency range of the measurements is from 0.001 Hz to 80 Hz. Specifically, the frequencies from 
the function below which generates standardized octave-band values in Hz (ANSI S1.6-1984) with  = 1 𝐹0

Hz:

𝐹(𝑛) = 𝐹0 × 10(𝑛 10)

For measurements taken using either broadband or tonal signals, the following frequency values shall be 
used for n = -30, -29, …, 16, 17.  The nominal center frequency values, in Hz, are:

0.001, 0.00125, 0.0016, 0.0020, 0.0025, 0.00315, 0.0040, 0.0050, 0.0063, 0.008,

0.01, 0.0125, 0.016, 0.020, 0.025, 0.0315, 0.040, 0.050, 0.063, 0.08,

0.10, 0.125, 0.16, 0.20, 0.25, 0.315, 0.40, 0.50, 0.63, 0.8,
1.0, 1.25, 1.6, 2.0, 2.5, 3.15, 4.0, 5.0, 6.3, 8.0,

10.0, 12.5, 16.0, 20.0, 25.0, 31.5, 40.0, 50.0, 63.0, 80.0
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3 TEST EVALUATION

3.1 Sensitivity
The sensitivity of a sensor is defined to be the “quotient of the change in an indication of a 
measuring system and the corresponding change in a value of a quantity being measured” 
(JCGM 200:2012).  For a seismometer measuring velocity, the sensitivity value is expressed at a 
given frequency in units of V/(m/s), depending upon whether the sensor is measuring pressure or 
pressure rate. 

This sensitivity value is to be measured at a 1 Hz calibration frequency, temperature, static 
pressure, and input pressure quantity that shall be specified.

3.1.1 Measurand
The quantity being measured is the sensor’s sensitivity at 1 Hz in V/(m/s).
 
3.1.2 Configuration

The sensor under test and a reference sensor with known response characteristics are co-located 
so that they are both measuring a common earth motion.

Digitizer 

Channel 2
+
 
―

Channel 1
+
 
―

+

Ref 
Sensor 

     − +

Sensor 
under 
test

     −

Figure 10 Sensitivity Configuration Diagram

The sensors are allowed to stabilize and then are operated until suitable ground-motion from an 
earthquake is recorded to provide high coherence between the sensors at the calibration 
frequency of 1 Hz.

Table 5 Sensitivity Testbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Reference Sensor Kinemetrics STS-2 # 120651 1500 V/(m/s)
Reference Digitizer Kinemetrics Q330 # 1551 200 Hz, 40 Vpp
Sensor under test Kinemetrics STS-5A # 130877, 130880, 139759 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162, #6164 200 Hz, 40 Vpp
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The digitizer records the output of the reference sensor and the sensor under test simultaneously.  
The reference sensor recording is used for comparison against the sensor under test recording.

3.1.3 Analysis 

The data recorded using the reference sensor and digitizer has the calibrated bit-weight and 
sensitivity applied to convert the data to ground motion.

The data recorded using the sensor under test and digitizer has just the calibrated bit-weight 
applied to convert the data to voltage.

The relative transfer function, both amplitude and phase, is computed between the two channels 
(Merchant, 2011) from the power spectral density:

𝐻[𝑘],  0 ≤ 𝑘 ≤ 𝑁 ‒ 1

The amplitude response at 1 Hz is evaluated to compute the sensitivity of the sensor under test.

3.1.4 Result

The earthquake that was identified for use in determining sensitivity was a combination of two 
earthquakes that occurred in western Montana on July 6, 2017 as reported by the USGS.  The 
first earthquake was a magnitude 5.8 located at 46.881 N, 112.575 W, a depth of 12.2 km, and at 
06:30:17 (UTC).  The second earthquake, approximately 5 minutes later, was a magnitude 5.0 
located at 46.482 N, 112.658 W, a depth of 15.7 km, and at 06:35:35 (UTC).

 
Figure 11 Sensitivity Earthquake Location

These earthquakes were approximately 860 (1384 km) miles from the Sandia FACT site and 
resulted in an observable waveform signal that lasted over 1 hour in duration.
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The figure below shows the waveform time series for the vertical axis only.  The horizontal N 
and E axes are very similar.  The window regions bounded by the red lines indicate the segment 
of data used for analysis.

Figure 12 Sensitivity Time Series

The figures below show the power spectra, coherence, and amplitude response that were 
computed from the waveform time series for the vertical axis only.  Again, the horizontal N and 
E axes are very similar.  
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Figure 13 Sensitivity Power Spectra

 
Figure 14 Sensitivity Coherence

 
Figure 15 Sensitivity Amplitude Response

Note that the amplitude response curves shown above are consistent with the nominal amplitude 
response model for a Kinemetrics STS-5A, shown in purple, with a sensitivity of 1500 V/(m/s) 
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and applied poles and zeros.  However, there is a slight shift in each of the amplitude responses, 
indicating that each seismometer has a unique sensitivity.

The measured sensitivity results, relative to the calibrated reference STS-2 seismometer, are 
shown in the table below:

Table 6 Sensor Sensitivity
Z N E

Seismometer Nominal Sensitivity % Sensitivity % Sensitivity %
STS5A #130877 1500 V/(m/s) 1508 V/(m/s) 0.53% 1505 V/(m/s) 0.33% 1506 V/(m/s) 0.40%
STS5A #130880 1500 V/(m/s) 1510 V/(m/s) 0.67% 1507 V/(m/s) 0.47% 1508 V/(m/s) 0.53%

The measured sensitivities were between 1505 and 1510 V/(m/s).  These values differ from the 
nominal 1500 V/(m/s) by between 0.33 and 0.67 %.  The specification from Kinemetrics state 
that they trim the seismometers to match the sensitivity to within +/- 1% of nominal.  These 
measured sensitivities are consistent with that specification.

Applying the measured sensitivities to the waveform data results in the amplitude response plot 
shown below:

 
Figure 16 Sensitivity Corrected Amplitude Response

The amplitude response curves are now corrected for the measured sensitivities and show greater 
agreement with the nominal Kinemetrics STS-5A response model.
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3.2 Self-Noise
The Self-Noise test measures the amount of noise present on a seismometer by collecting 
waveform data simultaneously from multiple seismometers during a long duration quiet time 
period.  Data is collected from multiple sensors so that coherence analysis may be applied to 
remove any coherent signal, leaving only incoherence signal, which should approximate the self-
noise of the seismometer. 

3.2.1 Measurand
The quantity being measured is the digitizer input channels self-noise power spectral density in 
dB relative to 1 (m/s)2/Hz versus frequency and the total noise in m/s RMS over an application 
pass-band.

3.2.2 Configuration
The sensors under test are co-located so that they are both measuring a common earth motion.

Digitizer Channel 2
+
 
―

Channel 1
+
 
―

+

Sensor 
1

     − +

Sensor 
2

     − +

Sensor 
3

     −

Channel 3
+
 
 
 
―

Figure 17 Self-Noise Configuration Diagram

The sensors are allowed to stabilize and then are operated until a suitably quiet long-duration 
period is observed, typically over-night or over a weekend.

Table 7 Self-NoiseTestbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Sensor under test Kinemetrics STS-5A # 130877, 130880, 139759 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162, #6164 200 Hz, 40 Vpp

The digitizer records the output of the reference sensors.
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3.2.3 Analysis 
The data recorded using the sensor under test and digitizer has just the calibrated bit-weight, 
sensitivity, and poles and zeros applied to convert the data to ground motion.

𝑥[𝑛],  0 ≤ 𝑛 ≤ 𝑁 ‒ 1

The PSD is computed from the time series (Merchant, 2011) from the time series using a 32k-
sample Hann window.  The window length and data duration were chosen such that there were 
several points below the lower limit of the evaluation pass-band of 0.01 Hz and the 90% 
confidence interval of approximately 0.5 dB.  The resulting 90% confidence interval was 
determined to be 0.56 dB.

𝑃𝑥𝑥[𝑘], 0 ≤ 𝑘 ≤ 𝑁 ‒ 1

Over frequencies (in Hertz):

𝑓[𝑘], 0 ≤ 𝑘 ≤ 𝑁 ‒ 1

Coherence analysis using the auto and cross power spectra is applied to determine the individual 
sensor self-noise levels.  In the case of two co-located sensors, a 2-channel coherence method 
(Holcomb, 1989) is used.  In the case of three co-located sensors, a 3-channel coherence method 
(Sleeman, 2007) is used:

𝑃𝑛𝑛[𝑘], 0 ≤ 𝑘 ≤ 𝑁 ‒ 1

In addition, the total RMS noise over the application pass-band is computed:

𝑟𝑚𝑠 =  
1

𝑇𝑠𝐿

𝑚

∑
𝑘 = 𝑛

|𝑃𝑛𝑛[𝑘]|     

𝑤ℎ𝑒𝑟𝑒 𝑓[𝑛] 𝑎𝑛𝑑 𝑓[𝑚] 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑝𝑎𝑠𝑠 ‒ 𝑏𝑎𝑛𝑑 𝑙𝑖𝑚𝑖𝑡𝑠

3.2.4 Result

A review of the data recorded collected determined that the quietest time period while all three 
sensors were operating occurred on April 13, 2017 between approximately 04:00 and 12:00 
UTC.  In local time, this corresponds to an overnight during a weekend between Wednesday, 
April 12 20:00 and Thursday, April 13, 04:00.

The following series of plots and tables contain a summary of the self-noise levels for all three 
seismometer axes.  A composite set of plots are show side-by-side with different PSD window 
lengths:  a longer window length of 256k for low frequencies (< 0.1 Hz) and a shorter window 
length of 16k for high frequencies (> 0.1 Hz).  The subsequent sections contain more detailed 
information on each of the axes.
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Figure 18 Z Axis Self Noise

Figure 19 N Axis Self Noise

Figure 20 E Axis Self Noise

Note that the apparent change in noise variance at 0.1 Hz in the above plots is due to the different 
PSD window lengths that were used to process each segment.  The spectral estimates of noise on 
the horizontal channels are higher than on the vertical channel at lower frequencies (< 0.5 Hz).  It 
is unknown what the cause of this is, however it could be due to the increased difficulty of 
aligning seismometer horizontally which reduces signal coherence.  At high frequencies (> 10 
Hz), some amount of nearby site noise is coupling into the noise estimate, likely due to the 
seismometers not being perfectly co-located and the pier not being homogeneous.
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Overall, the self-noise estimates of the seismometers are consistent with the nominal noise model 
provided by the manufacturer.

Table 8 Self Noise RMS - Z
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 3.666 nm/s rms 0.589 nm/s rms 0.842 nm/s rms 0.604 nm/s rms
STS5A #130880 3.719 nm/s rms 0.315 nm/s rms 0.654 nm/s rms 0.577 nm/s rms
STS5A #139759 3.035 nm/s rms 0.323 nm/s rms 0.504 nm/s rms 0.389 nm/s rms

Table 9 Self Noise RMS - N
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 28.221 nm/s rms 6.484 nm/s rms 6.488 nm/s rms 0.247 nm/s rms
STS5A #130880 43.147 nm/s rms 8.777 nm/s rms 8.793 nm/s rms 0.536 nm/s rms
STS5A #139759 23.874 nm/s rms 6.360 nm/s rms 6.368 nm/s rms 0.307 nm/s rms

Table 10 Self Noise RMS - E
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 28.569 nm/s rms 6.814 nm/s rms 6.856 nm/s rms 0.751 nm/s rms
STS5A #130880 35.561 nm/s rms 6.313 nm/s rms 6.336 nm/s rms 0.544 nm/s rms
STS5A #139759 22.002 nm/s rms 6.013 nm/s rms 6.027 nm/s rms 0.413 nm/s rms

The following table contains the seismometer self-noise values, smoothed with a median filter, 
expressed as dB relative to 1 (m/s)2/Hz.  At frequencies below 0.1 Hz, the spectral uncertainty is 
1.6 dB.  At frequencies above 0.1 Hz, the spectral uncertainty is 0.4 dB.
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Table 11 Self Noise
Z N E

Frequency #130877 #130880 #139759 #130877 #130880 #139759 #130877 #130880 #139759
0.001 Hz -109.9 dB -114.3 dB -105.3 dB -90.2 dB -84.7 dB -89.6 dB -92.0 dB -91.1 dB -92.6 dB

0.00125 Hz -120.2 dB -125.7 dB -116.5 dB -90.2 dB -84.7 dB -89.6 dB -92.0 dB -91.1 dB -92.6 dB
0.0016 Hz -127.6 dB -134.0 dB -127.5 dB -97.4 dB -91.6 dB -94.2 dB -96.6 dB -95.3 dB -99.0 dB

0.002 Hz -134.3 dB -136.2 dB -134.6 dB -99.3 dB -94.4 dB -96.5 dB -96.4 dB -95.3 dB -99.0 dB
0.0025 Hz -137.4 dB -140.7 dB -139.1 dB -106.8 dB -102.7 dB -106.7 dB -105.9 dB -107.4 dB -106.7 dB

0.00315 Hz -142.6 dB -145.2 dB -145.3 dB -109.3 dB -104.8 dB -109.5 dB -109.2 dB -108.0 dB -108.1 dB
0.004 Hz -146.3 dB -147.6 dB -150.1 dB -112.4 dB -106.8 dB -111.9 dB -112.8 dB -112.4 dB -115.3 dB
0.005 Hz -146.2 dB -150.3 dB -146.5 dB -119.0 dB -115.1 dB -122.4 dB -117.6 dB -118.1 dB -120.3 dB

0.0063 Hz -150.2 dB -154.3 dB -156.1 dB -121.5 dB -117.6 dB -123.1 dB -119.8 dB -119.4 dB -125.0 dB
0.008 Hz -153.1 dB -158.0 dB -157.4 dB -125.2 dB -121.1 dB -125.8 dB -124.9 dB -123.3 dB -128.2 dB
0.010 Hz -153.1 dB -160.4 dB -160.7 dB -129.3 dB -126.9 dB -131.4 dB -128.3 dB -127.9 dB -129.8 dB

0.0125 Hz -159.9 dB -166.6 dB -163.4 dB -133.8 dB -131.7 dB -134.9 dB -132.9 dB -133.9 dB -133.9 dB
0.016 Hz -161.7 dB -169.4 dB -166.5 dB -137.4 dB -134.8 dB -137.2 dB -138.1 dB -139.8 dB -139.1 dB
0.020 Hz -164.6 dB -171.4 dB -171.6 dB -142.0 dB -137.4 dB -142.0 dB -143.4 dB -141.3 dB -141.2 dB
0.025 Hz -167.7 dB -170.6 dB -177.4 dB -147.7 dB -144.6 dB -147.4 dB -145.4 dB -147.8 dB -145.0 dB

0.0315 Hz -169.7 dB -174.2 dB -178.3 dB -149.0 dB -148.3 dB -150.6 dB -149.6 dB -148.7 dB -151.4 dB
0.040 Hz -173.3 dB -179.8 dB -179.4 dB -155.4 dB -152.4 dB -155.1 dB -152.6 dB -156.7 dB -155.1 dB
0.050 Hz -175.9 dB -183.7 dB -182.2 dB -158.4 dB -156.0 dB -158.1 dB -156.7 dB -159.9 dB -159.7 dB
0.063 Hz -180.3 dB -182.1 dB -185.2 dB -163.5 dB -161.5 dB -161.8 dB -160.8 dB -163.2 dB -164.2 dB
0.080 Hz -184.4 dB -187.9 dB -187.4 dB -166.9 dB -167.9 dB -166.7 dB -166.2 dB -168.1 dB -168.2 dB
0.100 Hz -184.7 dB -188.3 dB -191.1 dB -171.4 dB -171.4 dB -170.8 dB -170.1 dB -171.2 dB -171.7 dB
0.125 Hz -183.7 dB -190.8 dB -186.6 dB -175.9 dB -176.5 dB -174.9 dB -175.0 dB -175.9 dB -175.2 dB
0.160 Hz -186.8 dB -193.0 dB -189.8 dB -179.9 dB -180.8 dB -179.5 dB -180.1 dB -181.1 dB -179.9 dB
0.200 Hz -190.4 dB -196.8 dB -192.5 dB -184.3 dB -184.2 dB -183.9 dB -184.5 dB -184.3 dB -184.9 dB
0.250 Hz -192.7 dB -198.2 dB -195.4 dB -189.1 dB -187.9 dB -188.4 dB -188.4 dB -188.4 dB -189.7 dB
0.315 Hz -197.5 dB -198.0 dB -198.4 dB -192.9 dB -192.1 dB -192.6 dB -192.2 dB -192.4 dB -193.5 dB
0.400 Hz -198.6 dB -196.4 dB -202.8 dB -197.0 dB -195.7 dB -196.3 dB -197.1 dB -197.3 dB -197.0 dB
0.500 Hz -200.5 dB -202.1 dB -206.4 dB -199.6 dB -198.9 dB -199.1 dB -201.1 dB -200.7 dB -200.0 dB
0.630 Hz -202.9 dB -201.5 dB -206.7 dB -202.4 dB -201.8 dB -201.9 dB -202.7 dB -203.0 dB -202.9 dB
0.800 Hz -200.7 dB -200.4 dB -208.4 dB -204.9 dB -202.3 dB -204.0 dB -203.8 dB -205.3 dB -204.3 dB
1.000 Hz -204.5 dB -202.8 dB -206.9 dB -205.7 dB -204.6 dB -205.2 dB -205.9 dB -206.8 dB -205.8 dB
1.250 Hz -205.0 dB -202.8 dB -209.5 dB -206.5 dB -205.7 dB -206.9 dB -206.6 dB -207.8 dB -206.7 dB
1.600 Hz -205.1 dB -202.7 dB -211.3 dB -207.9 dB -206.6 dB -207.6 dB -207.2 dB -208.8 dB -207.4 dB
2.000 Hz -206.0 dB -202.7 dB -210.0 dB -208.2 dB -207.2 dB -208.3 dB -207.6 dB -209.2 dB -207.7 dB
2.500 Hz -205.6 dB -202.4 dB -210.7 dB -207.8 dB -207.0 dB -209.0 dB -207.4 dB -209.4 dB -207.7 dB
3.150 Hz -203.3 dB -202.1 dB -211.1 dB -208.5 dB -206.4 dB -208.0 dB -206.7 dB -209.9 dB -207.2 dB
4.000 Hz -196.6 dB -198.4 dB -202.4 dB -209.3 dB -201.4 dB -208.7 dB -205.8 dB -209.6 dB -207.7 dB
5.000 Hz -199.2 dB -196.8 dB -203.3 dB -208.4 dB -204.2 dB -209.4 dB -206.5 dB -208.6 dB -208.7 dB
6.300 Hz -198.9 dB -202.4 dB -206.9 dB -208.7 dB -204.5 dB -208.6 dB -205.2 dB -208.2 dB -208.3 dB
8.000 Hz -202.2 dB -201.0 dB -206.8 dB -207.5 dB -203.4 dB -208.4 dB -203.6 dB -207.3 dB -207.8 dB

10.000 Hz -198.6 dB -200.0 dB -206.0 dB -206.2 dB -199.5 dB -207.8 dB -200.2 dB -206.6 dB -206.6 dB
12.500 Hz -193.1 dB -194.7 dB -199.0 dB -202.7 dB -194.8 dB -203.1 dB -191.9 dB -201.7 dB -199.6 dB
16.000 Hz -192.2 dB -191.1 dB -193.8 dB -201.5 dB -190.6 dB -200.0 dB -186.1 dB -188.3 dB -190.9 dB
20.000 Hz -187.0 dB -185.7 dB -187.3 dB -192.3 dB -181.2 dB -193.0 dB -182.0 dB -183.2 dB -186.5 dB
25.000 Hz -190.7 dB -187.2 dB -189.2 dB -196.5 dB -184.5 dB -198.7 dB -185.7 dB -184.6 dB -189.7 dB
31.500 Hz -194.3 dB -191.1 dB -192.3 dB -195.2 dB -182.5 dB -198.2 dB -188.1 dB -183.7 dB -191.2 dB
40.000 Hz -194.7 dB -187.1 dB -193.3 dB -190.3 dB -166.6 dB -191.5 dB -185.9 dB -169.5 dB -185.4 dB
50.000 Hz -193.4 dB -190.5 dB -192.5 dB -188.3 dB -172.1 dB -184.2 dB -182.1 dB -169.7 dB -180.2 dB
63.000 Hz -188.7 dB -188.6 dB -190.2 dB -173.3 dB -188.8 dB -181.9 dB -180.2 dB -187.3 dB -181.3 dB
80.000 Hz -196.8 dB -195.3 dB -196.8 dB -195.2 dB -197.8 dB -202.5 dB -198.8 dB -198.7 dB -200.2 dB
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3.2.4.1 Z Axis

The figure below shows the waveform time series for the recordings.  The window regions 
bounded by the red lines indicate the 8 hour segment of data used for analysis.

Figure 21 Self Noise Time Series

The figures below show the raw power spectra, corrected for the individual response models, and 
the coherence between all combinations of seismometer pairs.



30

 

Figure 22 Self Noise Raw Power Spectra
 

Figure 23 Self Noise Coherence

Computing the incoherent portion of the signal using the 3-channel coherence method (Sleeman, 
2007) results in the following figure.  Note that the Seismic Low Noise Model (NLNM) and the 
manufacturer supplied STS-5A noise model are overlaid for comparison.

 

Figure 24 Self Noise
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We observe that there is good signal coherence, even when recording just quiet background, 
between 0.04 and 25 Hz.  Coherence is lost below 0.05 Hz due to the sensor self-noise rising 
above the level of the recorded background.  Coherence is likely lost above 25 Hz due to the 
seismometers not being perfectly co-located and local site noise resulting in incoherent ground 
motion observed at the instruments.

When applying coherence analysis techniques, it is common for any imperfection in the system 
(axis alignment, sensor co-location, pier imperfections, etc.) to result in portions of the recorded 
signal being incoherent between the sensors.  There is some scatter in the estimate of the self-
noise at higher frequencies, > 10 Hz, due to the levels of site-noise present.
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3.2.4.2 N Axis

The figure below shows the waveform time series for the recordings.  The window regions 
bounded by the red lines indicate the 8 hour segment of data used for analysis.

Figure 25 Self Noise Time Series

The figures below show the raw power spectra, corrected for the individual response models, and 
the coherence between all combinations of seismometer pairs.
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Figure 26 Self Noise Raw Power Spectra
 

Figure 27 Self Noise Coherence

Computing the incoherent portion of the signal using the 3-channel coherence method (Sleeman, 
2007) results in the following figure.  Note that the Seismic Low Noise Model (NLNM) and the 
manufacturer supplied STS-5A noise model are overlaid for comparison.

 

Figure 28 Self Noise
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We observe that there is good signal coherence, even when recording just quiet background, 
between 0.1 and 25 Hz.  Coherence is lost below 0.1 Hz due to the sensor self-noise rising above 
the level of the recorded background.  Coherence is likely lost above 25 Hz due to the 
seismometers not being perfectly co-located and local site noise resulting in incoherent ground 
motion observed at the instruments.

When applying coherence analysis techniques, it is common for any imperfection in the system 
(axis alignment, sensor co-location, pier imperfections, etc.) to result in portions of the recorded 
signal being incoherent between the sensors.  This is observable in the micro-seism that bleeds 
through between 0.1 and 0.5 Hz.  In addition, there is some scatter in the estimate of the self-
noise at higher frequencies, > 20 Hz, due to the levels of site-noise present.
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3.2.4.3 E Axis

The figure below shows the waveform time series for the recordings.  The window regions 
bounded by the red lines indicate the 8 hour segment of data used for analysis.

Figure 29 Self Noise Time Series

The figures below show the raw power spectra, corrected for the individual response models, and 
the coherence between all combinations of seismometer pairs.
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Figure 30 Self Noise Raw Power Spectra
 

Figure 31 Self Noise Coherence

Computing the incoherent portion of the signal using the 3-channel coherence method (Sleeman, 
2007) results in the following figure.  Note that the Seismic Low Noise Model (NLNM) and the 
manufacturer supplied STS-5A noise model are overlaid for comparison.

 

Figure 32 Self Noise
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We observe that there is good signal coherence, even when recording just quiet background, 
between 0.1 and 20 Hz.  Coherence is lost below 0.1 Hz due to the sensor self-noise rising above 
the level of the recorded background.  Coherence is likely lost above 20 Hz due to the 
seismometers not being perfectly co-located and local site noise resulting in incoherent ground 
motion observed at the instruments.

When applying coherence analysis techniques, it is common for any imperfection in the system 
(axis alignment, sensor co-location, pier imperfections, etc.) to result in portions of the recorded 
signal being incoherent between the sensors.  This is observable in the micro-seism that bleeds 
through between 0.1 and 0.5 Hz.  In addition, there is some scatter in the estimate of the self-
noise at higher frequencies, > 20 Hz, due to the levels of site-noise present.
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3.3 Dynamic Range
Dynamic Range is defined to be the ratio between the power of the largest and smallest signals 
that may be measured. 

3.3.1 Measurand
The Dynamic Range is measured as dB of the ratio between the power in the largest and smallest 
signals.  The largest signal is defined to be a sinusoid with amplitude equal to the full scale input 
of the seismometer.  The smallest signal is defined to have power equal to the self-noise of the 
seismometer.  This definition of dynamic range is consistent with the definition of signal-to-
noise and distortion ratio (SINAD) for digitizers (IEEE Std 1241-2010 section 9.2).

3.3.2 Configuration
There is no test configuration for the dynamic range test.  

The full scale value used for the largest signal comes from the manufacturer’s nominal 
specifications.  The value for the smallest signal comes from the evaluated seismometer self-
noise determined in section 3.2 Self-Noise.

3.3.3 Analysis 
The dynamic range over a given pass-band is:

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑅𝑎𝑛𝑔𝑒 =  10 ∙ log10 (𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
𝑛𝑜𝑖𝑠𝑒 𝑝𝑜𝑤𝑒𝑟 ) 

Where
𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 = (𝑓𝑢𝑙𝑙𝑠𝑐𝑎𝑙𝑒 2)2

𝑛𝑜𝑖𝑠𝑒 𝑝𝑜𝑤𝑒𝑟 = (𝑅𝑀𝑆 𝑁𝑜𝑖𝑠𝑒)2 

The application pass-band over which the noise is integrated should be selected to be consistent 
with the application pass-band.

3.3.4 Result
The RMS noise levels are obtained from the sensor self-noise.  The full scale value provided by 
the manufacturer was 20 Volts peak output.

Table 12 Dynamic Range - Z
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 128.15819 dB 144.03839 dB 140.93607 dB 143.82027 dB
STS5A #130880 128.02158 dB 149.47748 dB 143.1165 dB 144.2116 dB
STS5A #139759 129.84408 dB 149.31338 dB 145.43907 dB 147.68641 dB
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Table 13 Dynamic Range - N
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 110.44798 dB 123.22286 dB 123.21681 dB 151.59184 dB
STS5A #130880 106.74898 dB 120.58146 dB 120.56545 dB 144.85784 dB
STS5A #139759 111.92984 dB 123.41867 dB 123.40887 dB 149.74505 dB

Table 14 Dynamic Range - E
8.3 mHz - 50 Hz 20 mHz - 1 Hz 20 mHz - 16 Hz 0.5 Hz - 16 Hz

STS5A #130877 110.33589 dB 122.78521 dB 122.73301 dB 141.94145 dB
STS5A #130880 108.42273 dB 123.43786 dB 123.40599 dB 144.73587 dB
STS5A #139759 112.63939 dB 123.90683 dB 123.88667 dB 147.17048 dB

As may be observed in the table above, dynamic range values can vary considerably depending 
upon the frequency pass-band observed.  However, for the application pass-band of 0.02 – 16 
Hz, the dynamic range was evaluated to be between 120.5 and 145.4 dB.
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3.4 Frequency Response Verification

The Frequency Response Verification tests measured the amplitude and phase response of a 
sensor over a frequency band of interest.

3.4.1 Measurand

The quantity being measured is the sensor’s amplitude and phase response, relative to the 
sensitivity at 1 Hz in V/Pa, over a frequency pass-band.

3.4.2 Configuration

The sensor under test and a reference sensor with known response characteristics are co-located 
so that they are both measuring a common earth motion.

Digitizer 

Channel 2
+
 
―

Channel 1
+
 
―

+

Ref 
Sensor 

     − +

Sensor 
under 
test

     −

Figure 33 Frequency Response Configuration Diagram

The sensors are allowed to stabilize and then are operated until suitable ground-motion from an 
earthquake is recorded to provide high coherence between the sensors at the calibration 
frequency of 1 Hz.

Table 15 Frequency Response Testbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Reference Sensor Kinemetrics STS-2 # 120651 1500 V/(m/s)
Reference Digitizer Kinemetrics Q330 # 1551 200 Hz, 40 Vpp
Sensor under test Kinemetrics STS-5A # 130877, 130880 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162 200 Hz, 40 Vpp

The digitizer records the output of the reference sensor and the sensor under test simultaneously.  
The reference sensor recording is used for comparison against the sensor under test recording.
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3.4.3 Analysis 

The data recorded using the reference sensor and digitizer has the calibrated bit-weight, 
sensitivity, and response model applied to convert the data to ground motion.

The data recorded using the sensor under test and digitizer has just the calibrated bit-weight and 
sensitivity applied to convert the data to ground motion.  The response model shape is not 
applied so that any resulting amplitude or phase response may be observed and compared to the 
reference.

The relative transfer function, both amplitude and phase, is computed between the two channels 
(Merchant, 2011) from the power spectral density:

𝐻[𝑘],  0 ≤ 𝑘 ≤ 𝑁 ‒ 1

3.4.4 Result

Due to the difficulty in finding a single earthquake that would provide sufficient ground-motion 
across all frequencies, three separate earthquakes were identified that provided the required 
signal amplitudes for low frequencies (< 0.1 Hz), mid frequencies (0.1 – 1 Hz), and high 
frequencies (> 1 Hz).  In summary, these earthquakes are:

Table 16 Frequency Response Earthquakes
Frequency Range Date / Time (UTC) Magnitude Location

< 0.1 Hz July 17, 2017, 23:44 7.7 Eastern Russia
0.1 – 1 Hz June 6, 2017, 06:30 5.8 Montana

> 1 Hz July 14, 2017, 13:46 4.2 Oklahoma

The following table contains the composite seismometer response values, smoothed with a filter, 
expressed as dB of amplitude relative to each seismometers sensitivity at 1 Hz and degrees of 
phase.

As may be seen, the measured response matches very closely with the expected nominal 
response.  The only deviation is at low frequencies, below 0.003 Hz, where the lack of signal 
coherence limited the ability to resolve the response and at high frequencies where the phase 
response rolled off slightly slower than the nominal.
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Figure 34 Amplitude Response - #130877
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Table 17 Frequency Response - #130877
Nominal Z N E

Frequency Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
0.00100 Hz -36.87 dB 170.22 deg -37.81 dB 170.55 deg -38.59 dB 164.67 deg -36.59 dB 172.65 deg
0.00125 Hz -32.99 dB 167.75 deg -33.96 dB 168.42 deg -35.00 dB 160.70 deg -32.85 dB 173.54 deg
0.00160 Hz -28.71 dB 164.25 deg -29.01 dB 165.24 deg -30.18 dB 155.76 deg -28.29 dB 172.79 deg
0.00200 Hz -24.84 dB 160.18 deg -25.27 dB 160.81 deg -25.50 dB 152.77 deg -25.92 dB 163.50 deg
0.00250 Hz -20.98 dB 154.99 deg -21.19 dB 155.31 deg -20.81 dB 149.64 deg -22.46 dB 154.18 deg
0.00315 Hz -17.02 dB 148.03 deg -17.11 dB 148.21 deg -16.90 dB 146.28 deg -17.38 dB 146.21 deg
0.00400 Hz -13.01 dB 138.56 deg -13.09 dB 138.77 deg -13.04 dB 138.69 deg -13.09 dB 136.73 deg
0.00500 Hz -9.44 dB 126.99 deg -9.51 dB 127.38 deg -9.55 dB 126.98 deg -9.60 dB 127.05 deg
0.00630 Hz -6.12 dB 111.79 deg -6.17 dB 112.28 deg -6.19 dB 111.73 deg -6.30 dB 113.14 deg
0.00800 Hz -3.42 dB 93.25 deg -3.42 dB 93.79 deg -3.47 dB 93.62 deg -3.52 dB 93.46 deg
0.01000 Hz -1.75 dB 75.41 deg -1.72 dB 75.90 deg -1.78 dB 75.67 deg -1.96 dB 76.40 deg
0.01250 Hz -0.82 dB 59.45 deg -0.78 dB 59.98 deg -0.82 dB 60.10 deg -0.87 dB 60.58 deg
0.01600 Hz -0.35 dB 45.27 deg -0.28 dB 45.41 deg -0.32 dB 45.19 deg -0.33 dB 45.03 deg
0.02000 Hz -0.17 dB 35.46 deg -0.12 dB 35.62 deg -0.18 dB 35.82 deg -0.02 dB 36.49 deg
0.02500 Hz -0.10 dB 27.92 deg -0.02 dB 28.03 deg 0.02 dB 27.93 deg -0.08 dB 28.11 deg
0.03150 Hz -0.06 dB 21.90 deg -0.01 dB 21.92 deg -0.03 dB 22.15 deg -0.07 dB 23.41 deg
0.04000 Hz -0.05 dB 17.10 deg 0.01 dB 17.02 deg 0.00 dB 16.86 deg -0.02 dB 16.84 deg
0.05000 Hz -0.05 dB 13.61 deg 0.01 dB 13.50 deg 0.00 dB 13.57 deg 0.00 dB 13.64 deg
0.06300 Hz -0.04 dB 10.76 deg 0.01 dB 10.66 deg 0.02 dB 10.92 deg -0.03 dB 10.99 deg
0.08000 Hz -0.04 dB 8.45 deg 0.01 dB 8.29 deg -0.01 dB 8.12 deg 0.01 dB 8.13 deg
0.1000 Hz -0.04 dB 6.75 deg 0.01 dB 6.72 deg -0.04 dB 6.87 deg 0.02 dB 6.78 deg
0.1250 Hz -0.04 dB 5.39 deg 0.00 dB 5.34 deg -0.01 dB 5.23 deg 0.00 dB 5.25 deg
0.1600 Hz -0.04 dB 4.20 deg 0.00 dB 3.95 deg -0.05 dB 3.79 deg 0.03 dB 3.63 deg
0.2000 Hz -0.04 dB 3.35 deg 0.00 dB 3.12 deg -0.05 dB 3.26 deg 0.03 dB 3.17 deg
0.2500 Hz -0.04 dB 2.67 deg -0.01 dB 2.39 deg -0.03 dB 2.37 deg 0.00 dB 2.37 deg
0.3150 Hz -0.04 dB 2.10 deg 0.00 dB 1.66 deg -0.05 dB 1.90 deg 0.02 dB 1.84 deg
0.4000 Hz -0.04 dB 1.63 deg -0.01 dB 1.13 deg -0.04 dB 1.22 deg 0.01 dB 1.21 deg
0.5000 Hz -0.03 dB 1.27 deg -0.01 dB 0.71 deg -0.02 dB 0.79 deg -0.01 dB 0.73 deg
0.6300 Hz -0.02 dB 0.96 deg -0.01 dB 0.30 deg -0.03 dB 0.35 deg 0.01 dB 0.22 deg
0.8000 Hz -0.01 dB 0.68 deg -0.01 dB -0.11 deg -0.04 dB -0.09 deg 0.02 dB -0.20 deg
1.0000 Hz 0.00 dB 0.43 deg 0.00 dB -0.47 deg -0.01 dB -0.50 deg 0.00 dB -0.62 deg
1.2500 Hz 0.02 dB 0.16 deg 0.02 dB -0.90 deg -0.02 dB -0.90 deg 0.04 dB -1.05 deg
1.6000 Hz 0.05 dB -0.18 deg 0.03 dB -1.39 deg -0.01 dB -1.51 deg 0.07 dB -1.66 deg
2.0000 Hz 0.08 dB -0.59 deg 0.07 dB -2.06 deg 0.02 dB -2.26 deg 0.09 dB -2.51 deg
2.5000 Hz 0.11 dB -1.12 deg 0.10 dB -2.75 deg 0.05 dB -2.75 deg 0.11 dB -3.10 deg
3.1500 Hz 0.14 dB -1.85 deg 0.15 dB -3.83 deg 0.14 dB -3.80 deg 0.16 dB -4.01 deg
4.0000 Hz 0.16 dB -2.81 deg 0.21 dB -5.38 deg 0.18 dB -5.09 deg 0.24 dB -5.57 deg
5.0000 Hz 0.17 dB -3.94 deg 0.27 dB -7.01 deg 0.30 dB -7.30 deg 0.27 dB -7.68 deg
6.3000 Hz 0.17 dB -5.37 deg 0.32 dB -10.10 deg 0.35 dB -9.92 deg 0.34 dB -10.17 deg
8.0000 Hz 0.14 dB -7.18 deg 0.39 dB -13.56 deg 0.42 dB -13.59 deg 0.39 dB -13.71 deg

10.0000 Hz 0.09 dB -9.24 deg 0.42 dB -19.74 deg 0.55 dB -18.68 deg 0.44 dB -17.63 deg
12.5000 Hz -0.01 dB -11.73 deg 0.55 dB -26.76 deg 0.61 dB -24.95 deg 0.50 dB -22.79 deg
16.0000 Hz -0.18 dB -15.09 deg 0.51 dB -35.66 deg 0.69 dB -30.32 deg 0.53 dB -30.03 deg
20.0000 Hz -0.42 dB -18.74 deg 0.73 dB -46.44 deg 0.79 dB -41.33 deg 0.53 dB -38.40 deg
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Figure 36 Amplitude Response - #130880
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Figure 37 Phase Response - #130880
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Table 18 Frequency Response - #130880
Nominal Z N E

Frequency Amplitude Phase Amplitude Phase Amplitude Phase Amplitude Phase
0.00100 Hz -37.81 dB 170.50 deg -37.62 dB 174.19 deg -38.54 dB 169.39 deg -37.81 dB 170.50 deg
0.00125 Hz -33.94 dB 168.35 deg -33.66 dB 171.81 deg -34.25 dB 166.32 deg -33.94 dB 168.35 deg
0.00160 Hz -28.98 dB 165.15 deg -28.63 dB 167.88 deg -28.86 dB 162.34 deg -28.98 dB 165.15 deg
0.00200 Hz -25.24 dB 160.70 deg -25.11 dB 160.80 deg -25.30 dB 159.17 deg -25.24 dB 160.70 deg
0.00250 Hz -21.17 dB 155.22 deg -21.20 dB 153.99 deg -21.33 dB 154.74 deg -21.17 dB 155.22 deg
0.00315 Hz -17.11 dB 148.21 deg -17.12 dB 148.49 deg -17.20 dB 148.01 deg -17.11 dB 148.21 deg
0.00400 Hz -13.10 dB 138.77 deg -13.13 dB 139.19 deg -13.13 dB 138.43 deg -13.10 dB 138.77 deg
0.00500 Hz -9.53 dB 127.34 deg -9.53 dB 127.35 deg -9.61 dB 127.28 deg -9.53 dB 127.34 deg
0.00630 Hz -6.18 dB 112.28 deg -6.18 dB 112.23 deg -6.26 dB 112.57 deg -6.18 dB 112.28 deg
0.00800 Hz -3.45 dB 93.88 deg -3.46 dB 93.64 deg -3.49 dB 93.60 deg -3.45 dB 93.88 deg
0.01000 Hz -1.73 dB 75.99 deg -1.76 dB 75.89 deg -1.89 dB 75.80 deg -1.73 dB 75.99 deg
0.01250 Hz -0.79 dB 60.01 deg -0.79 dB 60.07 deg -0.85 dB 60.27 deg -0.79 dB 60.01 deg
0.01600 Hz -0.29 dB 45.61 deg -0.32 dB 45.26 deg -0.31 dB 45.13 deg -0.29 dB 45.61 deg
0.02000 Hz -0.12 dB 35.72 deg -0.16 dB 35.87 deg -0.05 dB 36.34 deg -0.12 dB 35.72 deg
0.02500 Hz -0.03 dB 28.13 deg 0.02 dB 27.89 deg -0.07 dB 28.06 deg -0.03 dB 28.13 deg
0.03150 Hz -0.01 dB 22.00 deg -0.02 dB 22.12 deg -0.07 dB 23.10 deg -0.01 dB 22.00 deg
0.04000 Hz 0.01 dB 17.14 deg 0.01 dB 16.89 deg -0.02 dB 16.87 deg 0.01 dB 17.14 deg
0.05000 Hz 0.01 dB 13.62 deg 0.01 dB 13.57 deg -0.01 dB 13.62 deg 0.01 dB 13.62 deg
0.06300 Hz 0.01 dB 10.73 deg 0.02 dB 10.87 deg -0.03 dB 10.93 deg 0.01 dB 10.73 deg
0.08000 Hz 0.01 dB 8.35 deg -0.01 dB 8.13 deg 0.01 dB 8.17 deg 0.01 dB 8.35 deg
0.1000 Hz 0.01 dB 6.74 deg -0.03 dB 6.85 deg 0.01 dB 6.78 deg 0.01 dB 6.74 deg
0.1250 Hz 0.00 dB 5.33 deg 0.00 dB 5.20 deg 0.00 dB 5.23 deg 0.00 dB 5.33 deg
0.1600 Hz 0.00 dB 4.02 deg -0.04 dB 3.79 deg 0.03 dB 3.68 deg 0.00 dB 4.02 deg
0.2000 Hz 0.00 dB 3.16 deg -0.04 dB 3.22 deg 0.02 dB 3.15 deg 0.00 dB 3.16 deg
0.2500 Hz 0.00 dB 2.42 deg -0.02 dB 2.35 deg 0.00 dB 2.37 deg 0.00 dB 2.42 deg
0.3150 Hz -0.01 dB 1.67 deg -0.05 dB 1.87 deg 0.02 dB 1.81 deg -0.01 dB 1.67 deg
0.4000 Hz -0.01 dB 1.14 deg -0.03 dB 1.20 deg 0.00 dB 1.20 deg -0.01 dB 1.14 deg
0.5000 Hz -0.01 dB 0.71 deg -0.01 dB 0.79 deg -0.01 dB 0.72 deg -0.01 dB 0.71 deg
0.6300 Hz 0.00 dB 0.27 deg -0.03 dB 0.35 deg 0.00 dB 0.25 deg 0.00 dB 0.27 deg
0.8000 Hz 0.00 dB -0.13 deg -0.03 dB -0.10 deg 0.02 dB -0.19 deg 0.00 dB -0.13 deg
1.0000 Hz 0.00 dB -0.50 deg 0.00 dB -0.51 deg 0.00 dB -0.59 deg 0.00 dB -0.50 deg
1.2500 Hz 0.02 dB -0.95 deg -0.01 dB -0.91 deg 0.04 dB -1.05 deg 0.02 dB -0.95 deg
1.6000 Hz 0.03 dB -1.45 deg 0.00 dB -1.53 deg 0.07 dB -1.64 deg 0.03 dB -1.45 deg
2.0000 Hz 0.06 dB -2.09 deg 0.04 dB -2.26 deg 0.08 dB -2.46 deg 0.06 dB -2.09 deg
2.5000 Hz 0.10 dB -2.81 deg 0.07 dB -2.76 deg 0.11 dB -3.02 deg 0.10 dB -2.81 deg
3.1500 Hz 0.13 dB -3.81 deg 0.14 dB -3.92 deg 0.16 dB -3.95 deg 0.13 dB -3.81 deg
4.0000 Hz 0.19 dB -5.30 deg 0.19 dB -5.17 deg 0.24 dB -5.48 deg 0.19 dB -5.30 deg
5.0000 Hz 0.24 dB -7.23 deg 0.31 dB -7.26 deg 0.28 dB -7.61 deg 0.24 dB -7.23 deg
6.3000 Hz 0.24 dB -9.58 deg 0.40 dB -9.85 deg 0.36 dB -9.92 deg 0.24 dB -9.58 deg
8.0000 Hz 0.27 dB -13.34 deg 0.47 dB -13.18 deg 0.45 dB -13.58 deg 0.27 dB -13.34 deg

10.0000 Hz 0.26 dB -18.73 deg 0.61 dB -17.72 deg 0.53 dB -17.68 deg 0.26 dB -18.73 deg
12.5000 Hz 0.29 dB -24.51 deg 0.78 dB -23.25 deg 0.68 dB -22.53 deg 0.29 dB -24.51 deg
16.0000 Hz 0.27 dB -32.33 deg 0.99 dB -29.76 deg 0.78 dB -29.16 deg 0.27 dB -32.33 deg
20.0000 Hz 0.16 dB -42.82 deg 1.51 dB -38.80 deg 1.14 dB -39.10 deg 0.16 dB -42.82 deg
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3.4.4.1 Low Frequency

The earthquake that was identified for use in determining the low-frequency (< 0.1 Hz) response 
was reported by USGS as a magnitude 7.7 located at 54.471 N, 168.816 E, and a depth of 11.0 
km on July 14, 2017 06:30:17 (UTC). 

 
Figure 38 Sensitivity Earthquake Location

These earthquake was approximately 4100 miles (6600 km) from the Sandia FACT site and 
resulted in an observable waveform signal that lasted over 4 hours in duration.

The figure below shows the waveform time series for the recordings.  Only the vertical channel 
is shown as the two horizontal channels are nearly identical.  The window regions bounded by 
the red lines indicate the segment of data used for analysis.
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Figure 39 Low Frequency Response Time Series

The figures below show the power spectra, coherence, amplitude response, and phase that were 
computed from the waveform time series.
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 Figure 40 Low Frequency Response Power Spectra

 Figure 41 Low Frequency Response Coherence

 Figure 42 Low Frequency Amplitude Response
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 Figure 43 Low Frequency Phase Response

Note that the amplitude and phase response curves should only be interpreted for frequency pass-
bands in which the observed coherence is high, in this case between 0.001 and 1 Hz.  Across this 
pass-band the amplitude and phase response match very closely with the nominal STS 5A 
response model, shown with a purple line. 

3.4.4.2 Mid Frequency

The earthquake that was identified for use in determining the mid-frequency (0.1 – 1 Hz) 
response was a combination of two earthquakes that occurred in western Montana on July 6, 
2017 as reported by the USGS.  The first earthquake was a magnitude 5.8 located at 46.881 N, 
112.575 W, a depth of 12.2 km, and at 06:30:17 (UTC).  The second earthquake, approximately 
5 minutes later, was a magnitude 5.0 located at 46.482 N, 112.658 W, a depth of 15.7 km, and at 
06:35:35 (UTC).

 
Figure 44 Sensitivity Earthquake Location

These earthquakes were approximately 860 (1384 km) miles from the Sandia FACT site and 
resulted in an observable waveform signal that lasted over 1 hour in duration.
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The figure below shows the waveform time series for the recordings.  Only the vertical channel 
is shown as the two horizontal channels are nearly identical.  The window regions bounded by 
the red lines indicate the segment of data used for analysis.

Figure 45 Mid Frequency Response Time Series

The figures below show the power spectra, coherence, amplitude response, and phase that were 
computed from the waveform time series.
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 Figure 46 Mid Frequency Response Power Spectra

 Figure 47 Mid Frequency Response Coherence

 Figure 48 Mid Frequency Amplitude Response
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 Figure 49 Mid Frequency Phase Response

Note that the amplitude and phase response curves should only be interpreted for frequency pass-
bands in which the observed coherence is high, in this case between 0.01 and 2 Hz.  Across this 
pass-band the amplitude and phase response match very closely with the nominal CMG 3V 
response model, shown with a purple line. 

3.4.4.3 High Frequency

The earthquake that was identified for use in determining the high-frequency (> 1 Hz) response 
was reported by USGS as a magnitude 4.2 located at 35.859 N, 96.683 W, and a depth of 6.8 km 
on July 14, 2017 13:47 (UTC).

 
Figure 50 High Frequency Earthquake Location

This earthquake was approximately 554 miles (890 km) from the Sandia FACT site and resulted 
in an observable waveform signal that lasted 10 minutes in duration.
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The figure below shows the waveform time series for the recordings.  Only the vertical channel 
is shown as the two horizontal channels are nearly identical.  The window regions bounded by 
the red lines indicate the segment of data used for analysis.

Figure 51 High Frequency Response Time Series

The figures below show the power spectra, coherence, amplitude response, and phase that were 
computed from the waveform time series.
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 Figure 52 High Frequency Response Power Spectra

 Figure 53 High Frequency Response Coherence

 Figure 54 High Frequency Amplitude Response
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 Figure 55 High Frequency Phase Response

Note that the amplitude and phase response curves should only be interpreted for frequency pass-
bands in which the observed coherence is high, in this case between 0.1 and 30 Hz.  Across this 
pass-band the amplitude and phase response match very closely with the nominal CMG 3V 
response model, shown with a purple line. 
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3.5 Passband

The Passband test measures the bandwidth of the seismometer determined from the measured 
amplitude response.

3.5.1 Measurand

The quantity being measured is the low and high frequency limits of the sensor’s passband.
 
3.5.2 Configuration

The sensor under test and a reference sensor with known response characteristics are co-located 
so that they are both measuring a common earth motion.

Digitizer 

Channel 2
+
 
―

Channel 1
+
 
―

+

Ref 
Sensor 

     − +

Sensor 
under 
test

     −

Figure 56 Passband Configuration Diagram

The sensors are allowed to stabilize and then are operated until suitable ground-motion from an 
earthquake is recorded to provide high coherence between the sensors at the calibration 
frequency of 1 Hz.

Table 19 Passband Testbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Reference Sensor Kinemetrics STS-2 # 120651 1500 V/(m/s)
Reference Digitizer Kinemetrics Q330 # 1551 200 Hz, 40 Vpp
Sensor under test Kinemetrics STS-5A # 130877, 130880 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162 200 Hz, 40 Vpp

The digitizer records the output of the reference sensor and the sensor under test simultaneously.  
The reference sensor recording is used for comparison against the sensor under test recording.
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3.5.3 Analysis 

The data recorded using the reference sensor and digitizer has the calibrated bit-weight, 
sensitivity, and response model applied to convert the data to ground motion.

The data recorded using the sensor under test and digitizer has just the calibrated bit-weight and 
sensitivity applied to convert the data to ground motion.  The response model shape is not 
applied so that any resulting amplitude or phase response may be observed and compared to the 
reference.

The relative transfer function, both amplitude and phase, is computed between the two channels 
(Merchant, 2011) from the power spectral density:

𝐻[𝑘],  0 ≤ 𝑘 ≤ 𝑁 ‒ 1

The frequencies at which the response is down 3 dB are measured.

3.5.4 Result

The figures below show the expanded sections of the low and high frequency passband roll-off 
from the amplitude response data.

Figure 57 Passband Z Low Frequency
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Figure 58 Passband N Low Frequency

Figure 59 Passband E Low Frequency

The amplitude response from the Response Verification tests are reviewed to determine at what 
frequencies the amplitude response us reduce by 3 dB from the sensitivity at 1 Hz.

Table 20 Passband
Chanel Low Frequency High Frequency

Nominal 0.0833 Hz (120 sec) 50 Hz
STS5A #130877 Z 0.0835 Hz > 20 Hz

N 0.0838 Hz > 20 Hz
E 0.0855 Hz > 20 Hz

STS5A #130880 Z 0.0838 Hz > 20 Hz
N 0.0837 Hz > 20 Hz
E 0.0845 Hz > 20 Hz

We can observe that the low frequency corner matches very closely with the nominal 120 
second, or 0.0833 Hz, corner specified for the STS 5A.  Due to the data available, it is difficult to 
evaluate outside of the region in which there is coherence (< 20 Hz).  However, it appears that 
the high frequency corner exceeds the 20 Hz limit of the coherence in this evaluation.
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3.6 Calibrator Sensitivity
The Calibrator Sensitivity test is used to measure the sensitivity of the seismometer calibrator.

3.6.1 Measurand
The quantity being measured is the seismometer calibration sensitivity at 1 Hz.

3.6.2 Configuration
The seismometer is connected to a digitizer.  The digitizer both recorded the seismometer output 
and provides a calibration signal that is internally looped back and recorded as shown in the 
diagram below.

Digitizer 

Calibration 
Signal

+
 
―

Channel 1
+
 
―

+

Sensor 
under 
test

     −

Figure 60 Calibrator Sensitivity Configuration Diagram

Table 21 Calibrator Sensitivity Testbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Sensor under test Kinemetrics STS-5A # 130877, 130880 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162 200 Hz, 40 Vpp

The digitizer is configured to generate a 1 Hz sinusoid for 5 minutes seconds.

3.6.3 Analysis 

A minimum of a 10 cycles, or 10 seconds at 1 Hz, of data is defined on the data for the recorded 
signal segment.

A four parameter sine fit (Merchant, 2011; IEEE-STD1281) is applied to the time segment from 
the reference meter in Volts and the digitizer channel in Counts in order to determine the 
sinusoid’s amplitude, frequency, phase, and DC offset:

𝑉𝑖𝑛sin (2 𝑝𝑖 𝑓𝑖𝑛 𝑡 +  𝜃𝑟𝑒𝑓) + 𝑉𝑑𝑐 𝑖𝑛

𝑉𝑜𝑢𝑡sin (2 𝑝𝑖 𝑓𝑜𝑢𝑡 𝑡 + 𝜃𝑚𝑒𝑎𝑠 ) + 𝑉𝑑𝑐 𝑜𝑢𝑡
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The seismometer calibrator sensitivity in V/(m/s2) is computed:

𝐺𝑐𝑎𝑙𝑖𝑏 =
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

𝐺𝑠𝑒𝑖𝑠
∗ 2𝜋𝑓

3.6.4 Result

The Kinemetrics Q330 digitizers have the ability to generate a variety of signals for calibration 
(Sinsuoidal, Broadband, and Step).  In addition, the Q330 digitizers have the ability to loop back 
back the calibration signal to one of the recording channels.  However, it is necessary to 
designate one of the existing recording channels for this purpose.
 
The figure below shows a representative waveform time series for the recording made of the 
seismometer calibration.  The reference waveform on top is the vertical seismometer output and 
the test waveform on the bottom is the calibration input signal.  The window regions bounded by 
the blue lines indicate the segment of data used for analysis.

Figure 61 Calibrator Sensitivity Time Series - #130877
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Figure 62 Calibrator Sensitivity Time Series - #130880

The following table contains the computed calibration sensitivities for the vertical channels.

Table 22 Calibrator Sensitivity
#130877 #130880

Input Voltage 0.3121 V 0.3121 V
Input Frequency 1.0 Hz 1.0 Hz

Output Voltage 0.9035 V 0.9245 V
Seismometer Sensitivity 1508 V/(m/s) 1510 V/(m/s)
Output Velocity 5.991E-4 m/s 6.123E-4 m/s

Calibrator Sensitivity 82.92 V/(m/s^2) 81.11 V/(m/s^2)

For a simultaneous calibration of all three U, V, and W axes, the resulting vertical calibrator 
sensitivities were determined to be 82.92 V/(m/s2) and 81.11 V/(m/s2) for #130877 and #130880, 
respectively.  
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3.7 Calibrator Frequency Response Verification
The Calibrator Frequency Response Verification tests measured the amplitude and phase 
response of the seismometer calibrator over a frequency band of interest.

3.7.1 Measurand

The quantity being measured is the seismometer calibration frequency response.

3.7.2 Configuration

The seismometer is connected to a digitizer.  The digitizer both records the seismometer output 
and provides a calibration signal that is internally looped back and recorded as shown in the 
diagram below.

Digitizer 

Calibration 
Signal

+
 
―

Channel 1
+
 
―

+

Sensor 
under 
test

     −

Figure 63 Calibrator Frequency Response Configuration Diagram

Table 23 Calibrator Frequency Response Testbed Equipment
Manufacturer / Model Serial Number Nominal 

Configuration
Sensor under test Kinemetrics STS-5A # 130877, 130880 1500 V/(m/s)
Sensor Digitizers Kinemetrics Q330 # 6162 200 Hz, 40 Vpp

The digitizer is configured to generate a white noise signal with an amplitude of approximately 
+/- 1 V for a minimum of one hour.
 
3.7.3 Analysis 

The data recorded using the seismometer output and digitizer has the calibrated bit-weight, 
sensitivity, and response model applied to convert the data to ground motion corrected for the 
response shape.

The data recorded from the calibrator loopback has the bit-weight and calibration sensitivity 
applied to convert the input calibration to ground motion.  Note that the calibrator results in an 
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acceleration of the seismometer proof-mass and the seismometer output is in velocity, therefore a 
conversion between acceleration and velocity is necessary to compare the two signals.

The relative transfer function, both amplitude and phase, is computed between the two channels 
(Merchant, 2011) from the power spectral density:

𝐻[𝑘],  0 ≤ 𝑘 ≤ 𝑁 ‒ 1

3.7.4 Result

The figure below shows a representative waveform time series for the recording made of the 
seismometer calibration.  The window regions bounded by the red lines indicate the segment of 
data used for analysis. The figures from only one seismometer are shown as the remaining 
figures are otherwise identical in appearance.

Figure 64 Calibrator Frequency Response Time Series
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Figure 65 Calibrator Frequency Response Power Spectra

Figure 66 Calibrator Frequency Response Coherence
 

Figure 67 Calibrator Frequency Response Amplitude Response
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Figure 68 Calibrator Frequency Response Phase Response

The calibrator frequency response values are shown in the table below for dB of power (20 log10) 
relative to the previously determined calibrator sensitivity and degrees of phase.

Table 24 Calibrator Frequency Response
STS-5A #130877 STS-5A #130880

Frequency Amplitude Phase Amplitude Phase
0.1000 Hz -0.48 dB 0.15 deg -0.60 dB -6.87 deg
0.1250 Hz -0.48 dB 1.98 deg -0.60 dB -3.50 deg
0.1600 Hz -0.90 dB 2.14 deg -1.00 dB -2.33 deg
0.2000 Hz -0.90 dB 1.11 deg -1.00 dB -1.85 deg
0.2500 Hz -0.73 dB -0.08 deg -0.78 dB -2.89 deg
0.3150 Hz -0.40 dB -2.04 deg -0.47 dB -4.29 deg
0.4000 Hz -0.37 dB 0.92 deg -0.44 dB -0.67 deg
0.5000 Hz -0.60 dB 1.25 deg -0.58 dB -0.22 deg
0.6300 Hz -0.70 dB 1.17 deg -0.77 dB 0.15 deg
0.8000 Hz -0.41 dB 0.19 deg -0.74 dB -0.29 deg
1.0000 Hz -0.43 dB 0.19 deg -0.63 dB -0.24 deg
1.2500 Hz -0.45 dB 1.57 deg -0.68 dB 1.14 deg
1.6000 Hz -0.63 dB 0.98 deg -0.78 dB 1.47 deg
2.0000 Hz -0.47 dB 1.40 deg -0.67 dB 2.12 deg
2.5000 Hz -0.60 dB 1.69 deg -0.80 dB 2.75 deg
3.1500 Hz -0.52 dB 2.32 deg -0.80 dB 4.36 deg
4.0000 Hz -0.63 dB 3.13 deg -0.93 dB 5.84 deg
5.0000 Hz -0.45 dB 4.46 deg -0.86 dB 8.35 deg
6.3000 Hz -0.58 dB 5.63 deg -1.01 dB 10.99 deg
8.0000 Hz -0.71 dB 7.58 deg -0.99 dB 14.89 deg

10.0000 Hz -0.73 dB 9.92 deg -0.97 dB 19.52 deg

There does appear to be a difference between the calibrator sensitivity obtained from the sinusoid 
and the frequency response at 1 Hz of between -0.43 and -0.63 dB.  There is no explanation for 
this difference.



67

4 SUMMARY

Sensitivity
The STS-5A seismometers were found to have sensitivities at 1 Hz of between 1505 and 1510 
V/(m/s).  These values differ by between 0.33 % and 0.67 % of the nominal 1500 V/(m/s) and 
are within the +/- 1% tolerance quoted by Kinemetrics.

Self-Noise
All three STS-5A seismometers exhibited self-noise levels that are consistent with the 
manufacturer’s nominal noise model for the vertical axis.  The horizontal axis appeared to 
exhibit elevated noise levels at frequencies below 0.5 Hz, which could be an installation issue.  
Note that above 3 Hz, local site-noise impacted the ability to fully resolve the instrument self-
noise and that actual instrument self-noise may be lower than observed.

Dynamic Range
The seismometers were found to have a dynamic range across 0.02 – 16 Hz of between 120.5 
and 145.4 dB.

Frequency Response Verification
The seismometers were found to have a frequency response that closely matched the 
manufacturers nominal response model.  Above 5 Hz, the amplitude response appears to be 
higher than expected from the nominal response model and the phase response appears to be 
lower.

Passband
All three seismometers were found to have a low frequency limit consistent with the nominal 
0.00833 Hz.  Due to the limitation of the data available, the high frequency corner was found to 
exceed a minimum of 20 Hz.

Calibrator Sensitivity
The STS-5A seismometers were found to have calibrator sensitivities at 1 Hz of 82.92 V/(m/s2) 
and 81.11 V/(m/s2) for #130877 and #130880, respectively.

Calibrator Response Verification
The STS-5A seismometer calibration frequency responses were able to be measured over 0.1 Hz 
to 10 Hz.  The resulting amplitude response were off by about 0.5 dB from the values obtained 
from the Calibrator Sensitivity test.  
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APPENDIX A:  RESPONSE MODELS

Kinemetrics STS-2 #120651 SNL Reference Response

The SNL reference STS-2 #120651 is a 3rd generation STS with poles and zeros as shown below:

  
The reference STS-2 was calibrated at the USGS Albuquerque Seismic Laboratory (ASL) in 
November, 2016 using their step-table, a Lennartz CT-E1 step calibration table.  The resulting 
sensitivities at 1 Hz for the reference STS-2 #120651 are shown below:

Axis Sensitivity at 1 Hz
Z 1495.51 V/(m/s)
N 1488.72 V/(m/s)
E 1,492.25 V/(m/s)
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Kinemetrics STS-5A Response

The Kinemetrics STS-5A poles and zeros, provided by Kinemetrics, along with the sensitivity of 
1500 V/(m/s) are shown below.
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APPENDIX B:  CALIBRATION SHEETS

Agilent 3458A # MY45048371
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Kinemetrics STS-5A #130877
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Kinemetrics STS-5A #130880
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