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Abstract

Sandia National Laboratories has tested and evaluated a new digitizer, the Affinity, manufactured
by Guralp Systems Ltd. These digitizers are used to record sensor output for seismic and
infrasound monitoring applications. The purpose of the digitizer evaluation was to measure the
performance characteristics in such areas as power consumption, input impedance, sensitivity, full
scale, self-noise, dynamic range, system noise, response, passband, and timing. The Affinity
digitizer is Guralp's latest release in their digitizer product line. The Affinity is available with
either 4 or 8 channels at 24 bit resolution. In addition to the 24 bit channels, 16 multiplexed low
resolution channels are provided. Other features include the means to accept multiple types of
timing sources (e.g. GPS, NTP and PTP) and a web page interface for command and control of the
unit.
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1 INTRODUCTION

The evaluation of the four Guralp Systems Affinity digitizers, serial numbers 4055A1, 40559A,
40559B and 4055A0, was performed to determine the performance characteristics of the
instruments including sensitivity, self-noise, dynamic range, frequency response, and passband.
Throughout this report these digitizers are referred to by last four digits of their serial numbers,
e.g. 55A1, 559A, 559B and 55A0.

Figure 1 Affinity Digitizer (photo courtesy of Guralp Systems Ltd)

The Affinity is a 4 or 8 channel, 24-bit digitizer with variable sample rate and gain level suitable
in form-factor for equipment vault style seismic monitoring system deployment.

The evaluation of the four digitizers, 55A1, 559A, 559B and 55A0, performed against the
digitizer specifications below, has identified that the digitizers' performance are consistent with
their manufacturer's specifications. Digitizers 55A1, 559A, 559B and 55A0 are 4 channels units,
all with 24 bits of resolution. Note, only the three channels dedicated for sensor recording were
evaluated. The fourth primary channel is dedicated for calibration loopback and was not
evaluated.
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Options enyuonmental charms-a
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inputs 20 V peak-to-peak (t 10 V)

Sixteen multmexed channels, *10 V singie-ended

113 id)

4th-cacier. low-pass 2-A

32-bit

>138 dB in 100 samples pa<second

Arena. accuracy

Common-inode rejection

DATAPSOCESSING

Output rates ay.:able

Highest outpat vapability

Decimation Lters

Anti-dies filters

Low pa. alters
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>80 dB

1 to 4000 samples per second

20,000 samples pet sec.ond aggregate

2. 4, 5. 2x4, 2x5

3-pole

FIR (othcc options available)

Out ol band rejection

Data transmission mans
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TIMING AND CALIBRPCTION

Tuning sourre precrscon

Timing sources
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Operating temperature

l•WatiVe humidity range

Power suppy
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4 channel

8 channel
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Operating system
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<42 us drift per hour when unsynchronised
(without GPS)
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broadbarxt noise

-25 to +60 'C

zero to 100 %
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r.lash memory and stooge
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- +44 118 981 9056

+44 118 981 9943

salesCaguralp.com

www.guralp com

PHYSICAL CHARACTERISTICS

Casing type

System weight

Weight wilt mounting and carry
bracket

Dimensions - cylindm alone

Dimensions with mour.t.ing/
carrying biacket

Standard access:nes pack
comp:Ism

Stainless steel eyarraer

5.5 Kg (excluding GPS end cables)

6.1 Kg (excluding GPS arxi cables)

774 ram k 114 0. excluding crannectors and
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3 rn ammo._ p:::po®e umut/output midi* 5 rn
etherr.et cable

'al the interests of minimal
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reliubility. function or otherwise. all
product specifcations and data are
suirect to char.ge without prior notice.

DAS-AFT-0001 Issue A

Figure 2 Guralp Systems Affinity Specifications
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2 TEST PLAN

2.1 Test Facility

Testing of the Guralp Systems digitizers 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).

The majority of the Affinity testing, with the exception of tests performed in the temperature
chamber, were performed within the FACT sites underground bunker due to the bunker's stable
temperature.

Figure 3 FACT Site Bunker

Figure 4 Partial View of Testbed in FACT
Site Bunker
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The temperature was maintained between 22 and 27 degrees Celsius within the bunker. The low
temperature was maintained with a thermostatically controlled electric heater during the Spring
months; temperatures gradually rose through the year, peaking in Summer

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

Figure 5 GPS Re-broadcaster

The Guralp Systems digitizers were powered off of a Protek 3005B laboratory power supply
providing approximately 13.6 Volts.

Figure 6 Laboratory Power Supply
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2.2 Scope

The following table lists the tests and resulting evaluations that were performed at the various
gain levels and sample rates of the Guralp Systems digitizer.

Table 1 Tests Performed

Test Configuration

Input Impedance
DC Accuracy
AC Accuracy
AC Full Scale
AC Clip
Total Harmonic Distortion
Input Terminated Noise
Crosstalk
Common Mode Rejection
Analog Bandwidth
Relative Transfer Function
Response
Incoherent Noise
Time Tag Statistics

Affinity digitizers: SN 55A1, 559A,
559B, 55A0

gain 1 x, sample rate 100 sps

temperature: 23° C

Input Impedance
DC Accuracy
AC Accuracy
AC Full Scale
AC Clip
Total Harmonic Distortion
Input Terminated Noise
Crosstalk
Common Mode Rejection
Analog Bandwidth
Relative Transfer Function
Response
Incoherent Noise
Time Tag Statistics

Affinity SN 55A0
SB-1, Environmental Chamber

gain 1 x, sample rates 4, 20, 40, 100 and
200 sps

gain 2x, sample rate 100 Hz
gain 4x, sample rate 100 Hz

temperature: 20° C

Input Impedance
DC Accuracy
AC Accuracy
AC Full Scale
AC Clip
Total Harmonic Distortion
Input Terminated Noise
Crosstalk
Common Mode Rejection
Analog Bandwidth
Relative Transfer Function
Response
Incoherent Noise
Time Tag Statistics

Affinity SN 55A0
SB-1, Environmental Chamber
gain 1 x, sample rate 100 sps

temperatures: 60° C, -25° C
and -36° C
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2.3 Timeline

Testing of the Guralp Systems digitizers was performed at Sandia National Laboratories between
March and August 2017. Testing was performed using Affinity digitizers, serial numbers 55A1,
559A, 559B and 55A0 in the bunker. Exposure to low and high temperatures, while recording at
select sample rates, was performed with Affinity 55A0.

2.4 Evaluation Frequencies

The frequency range of the measurements is from 0.01 Hz to 40 Hz. Specifically, the frequencies

from the function below which generates standardized octave-band values in Hz (ANSI S1.6-1984)

with Fc, = 1 Hz:

F(n) = Fox10(n/10

For measurements taken using either broadband or tonal signals, the following frequency values

shall be used for n = -20, -19, ..., 16, 17. The nominal center frequency values, in Hz, are:

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
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3 TEST EVALUATION

3.1 Power Consumption
The Power Consumption test is used to measure the amount of power that an actively powered
digitizer consumes during its operation.

3.1.1 Measurand

The quantity being measured is the average watts of power consumption via the intermediary
measurements of the voltage and current.

3.1.2 Configuration

The digitizer is connected to a power supply, current meter, and voltage meter as shown in the
diagram below.

\ ±

Power
Supply

+ c

-111-

+

Current
Meter

— 

Voltage
Meter

+ c

Digitizer

_,
Figure 7 Power Consumption Configuration Diagram

Figure 8 Power Consumption Configuration Picture
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Table 2 Power Consumption Testbed Equipment

Manufacturer / Model Serial Number Configuration
Power Supply Protek 3005B AC2074 13.5 V
Current Meter Agilent 3458A 2823A10915 Amps
Voltage Meter Agilent 3458A MY45048372 100 V full scale

The meters used to measure current and voltage have active calibrations from the Primary
Standard Laboratory at Sandia.

3.1.3 Analysis

Measurements of the average current and voltage from the power supply are taken from the
respective meters, preferably from a time-series recording:

V and I

The average power in watts is then calculated as the product of the current and voltage:

P = V * I

3.1.4 Result

The resulting voltage, current, and power consumption levels are shown in the figure and table
below.
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Figure 9 Voltage and Current Recorded Time Series, Affinity 55A1
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Figure 10 Voltage and Current Recorded Time Series, Affinity 559A
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Figure 11 Voltage and Current Recorded Time Series, Affinity 559B
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Figure 12 Voltage and Current Recorded Time Series, Affinity 55A0

Table 3 Power Consum tion Results

DWR
Supply
Voltage

Supply
Voltage SD

Supply
Current

Supply
Current SD

Power
Consumption

Power
Consumption SD

559A 13.50 V 2.06 mV 0.1197 A 1.952 mA 1.616 W 26.64 mW
559B 13.61 V 2.93 mV 0.1232 A 2.546 mA 1.676 W 34.99 mW
55A0 13.59 V 2.72 mV 0.1214 A 2.079 mA 1.649 W 28.45 mW
55A1 13.49 V 3.68 mV 0.1222 A 2.447 mA 1.648 W 33.54 mW

The Affinity digitizers were observed to consume between 1.616 watts and 1.676 watts of power
during operation. The relatively short duration time-series illustrate the variation in power
required by the Affinity dataloggers; power requirements may increase momentarily beyond that
shown.

The average observed power consumption of 1.65 W is reasonably consistent with the datasheet
specification, as it is 6.5% greater than the 1.55 W power consumption specificied in the
manufacturer's datasheet for a 4 channel system while ethernet and GPS are active.
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3.2 Input Impedance
The Input Impedance Test is used to measure the real DC input impedance of a digitizer
recording channel during its operation.

3.2.1 Measurand

The quantity being measured is ohms of impedance.

3.2.2 Configuration

The digitizer is connected to a meter configured to measure impedance as shown in the diagram
below.

Digitizer
Channel

•

• .

Impedance
Meter

Figure 13 Input Impedance Configuration Diagram

Figure 14 Input Impedance Configuration Picture

Table 4 In ut Im edance Testbed E ui ment

Manufacturer /
Model

Serial Number Nominal
Configuration

Impedance Meter - Bunker Agilent 3458A MY45048372 DC Impedance

Impedance Meter — SB1 Agilent 3458A 2823A10915 DC Impedance
Impedance Meter — SB1* Agilent 3458A MY45048372 DC Impedance

*Meter MY45048372 372, while installed in SB1, was used for measuring input impedance
under the following conditions: gain x4 at 20° C, and gain xl at temperatures -36° C and
-25° C.

The meters used to measure impedance have an active calibration from the Primary Standard
Laboratory at Sandia.
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3.2.3 Analysis

Measurements of the average impedance from each digitizer input channel are taken frorn the
meter, preferably from a time-series recording.

3.2.4 Result

The figure below shows a representative waveform time series for the recording of input
impedance made on the reference meter.

113.S50

113,540
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113.490

113,480
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113.460

2017/05/11 16:27:14.500 16:27:14.700 16:27:14.900 16:27:15.100 16:27:1 .300 16:27:15.500 16:27:15.700
Date r..MT)

Figure 15 Impedance Time Series

Station Bunker Agilent Meter 1

Channel

Rate 100 Hz

Bitweight 6.65 58 mV/count

Response Deconvolution

Response. NONE SELECTED

Unit: ohm

The measured impedance for each of the digitizer channels while operating in a 23°C
environment are shown in the table below.

Table 5 Input Impedance Results, All DWR at 23° C
DWR Channel 1 Channel 2 Channel 3
55A1 113.5045 Kohm 113.5050 Kohm 113.5061 Kohm
559A 113.5009 Kohm 113.5011 Kohm 113.5008 Kohm
559B 113.5080 Kohm 113.5047 Kohm 113.5094 Kohm
55A0 113.5013 Kohm 113.5047 Kohm 113.5021 Kohm

The measured impedance for channels 1 thorugh 3 of digitizer 55A0 while being exposed to
various temperatures from -36°C to 20°C are shown in the table below.

Table 6 Impedance of Affinity 55A0 at Select Temperatures
Temp Channel 1 Channel 2 Channel 3

20° C 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm

20° C
gain 2x

113.5027 Kohm 113.5065 Kohm 113.5038 Kohm

20° C
gain 4x

113.5019 Kohm 113.5054 Kohm 113.5055 Kohm

-25° C 113.5080 Kohm 113.5081 Kohm 113.50178 Kohm

-36° C 113.5077 Kohm 113.5100 Kohm 113.5101 Kohm
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The measured impedance for channels 1 through 3 of digitizer 55A0 while recording at various
sample rates are provided below.

Table 7 Im edance Variation with Sam le Rate, Affinity 55A0, Tem erature 20° C
Sample
Rate

Channel 1 Channel 2 Channel 3

4 sps 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm

20 sps 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm
40 sps 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm
100 sps 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm
200 sps 113.5027 Kohm 113.5063 Kohm 113.5043 Kohm

All sample rates were recorded simultaneously, hence only one measurement of impedence for
each channel was made.

All dataloggers had very consistent measured impedance values. Under all test configurations all
dataloggers remained from 0.44% to 0.45% higher than the specification of 113 kOhm provided
by the manufacturer.
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3.3 DC Accuracy
The DC Accuracy test is used to measure the bit-weight of a digitizer channel by recording a
known positive and negative DC signal at a reference voltage from a precision voltage source.

3.3.1 Measurand

The quantity being measured is the digitizer input channels DC offset in volts and the bit-weight
in volts/count.

3.3.2 Configuration

The digitizer is connected to a DC signal source and a meter configured to measure voltage as
shown in the diagram below.

DC Signal
Source

Digitizer Voltage0-

Channel -0 • Meter
 J

Figure 16 DC Accuracy Configuration Diagram

....,m1PPIEM. .8 -. 7;

Figure 17 DC Accuracy Configuration

Table 8 DC Accuracy Testbed Equipment

Manufacturer / Model Serial Number
Nominal
Configuration

DC Signal Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
Voltage Meter - Bunker Agilent 3458A MY45048372 1 V full scale
Voltage Meter — Bunker* Agilent 3458A MY45048371 1 V full scale
DC Signal Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V
Voltage Meter - SB1 Agilent 3458A 2823A10915 1 V full scale
Voltage Meter - SB1** Agilent 3458A Y45048372 1 V full scale
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* Meter MY450448371, while installed in the bunker, was utilized for the DC accuracy
measurements under the following conditions: all dataloggers at 23° C gain.
** Meter MY450448372, while installed in SB1, was utilized for the DC accuracy
measurements under the following conditions: gain x2 and x4 at a temperature of 20° C;
gain x 1 at temperatures of -36° C, -25° C, 60° C.

The DC Signal Source is configured to generate a DC voltage with an amplitude of
approximately 10% of the digitizer input channel's full scale. One minute of data is recorded
with a positive amplitude followed by one minute of data with a negative amplitude.

The meter and the digitizer channel record the described DC voltage signal simultaneously. The
recording made on the meter is used as the reference for comparison against the digitizer
channel. The meter is configured to record at 100 Hz.

The meter used to measure the voltage time series has an active calibration from the Primary
Standard Laboratory at Sandia.

3.3.3 Analysis

A minimum of a thirty-second-time window is defined on the data for each of the positive and
negative voltage signal segment.

The average of each of the positive and negative segments are computed frorn the reference
meter in volts:

Vp„ and V„,

The average of each of the positive and negative segments are computed from the digitizer
channel in counts:

Cp„ and Cneg

The digitizer bit weight in Volts/count is computed:

Bitweight = 
Vpos Vneg

Cpos — Cneg

The digitizer DC offset is computed:

DC Of f set = Bitweight *
(C,„ + Cneg)

2
3.3.4 Result

The figure below shows a representative waveform time series for the recording made on the
reference meter and a digitizer channel under test. The window regions bounded by the red and
green lines indicate the segment of data used to evaluate the positive and negative regions of
data, respectively.
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Figure 18 DC Accuracy Test Time series, Affinity 55A1, Channel AE2 (Channel 3)

The following table contains the computed bit weights for each of the channels, sample rates,
and gain levels.

Table 9 DC Accuracy Bitwei ht, All Affinity DWR at 23° C

DWR
AE2

 (Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

55A1 0.9995 uV/count 0.9995 uV/count 0.9994 uV/count

559A 0.9995 uV/count 0.9995 uV/count 0.9995 uV/count

559B 0.9996 uV/count 0.9995 uV/count 0.9996 uV/count

55A0 0.9996 uV/count 0.9996 uV/count 0.9996 uV/count

The nominal bit weights provided by Guralp Systems were specified to be 1 uV/count.

The differences between the observed bit weights at 23° C and the nominal value provided by the
manufacturer are consistently from 0.04% to 0.06% lower than nominal.
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Table 10 DC Accuracy Bitwei ht, Affinity 55A0 at Select Tem eratures and Gains

Temperature
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

60° C 0.9997 uV/count 0.9997 uV/count 0.9997 uV/count

20° C 0.9995 uV/count 0.9995 uV/count 0.9995 uV/count

20° C, 2x gain 0.5000 uV/count 0.5001 uV/count 0.5001 uV/count

20° C, 4x gain 0.2501 uV/count 0.2500 uV/count 0.2501 uV/count

-25° C 0.9993 uV/count 0.9993 uV/count 0.9993 uV/count

-36° C 0.9992 uV/count 0.9992 uV/count 0.9992 uV/count

Over the selected temperature range, the bitweights of Affinity 55A0, decreased with
temperature, ranging from 0.03% to 0.08% below the nominal bit weight. Bitweights also varied
as gain settings varied. At a gain of lx, bitweights were below nominal by no more than 0 05% ;
at 2x gain, bitweights were no more than 0.02% greater than the nominal bit weight of 0.5
uV/count; and at 4x gain, bitweights where no more than 0.04% greater than the nominal
bitweight of 0.25 uV/count.

Table 11 DC Accuracy Bitwei ht, Affinity 55A0 at Select Sam le Rates, 20° C

Sample Rate Channel 3 Channel 2 Channel 1

4 sps 0.9995 uV/count 0.9995 uV/count 0.9995 uV/count
20 sps 0.9995 uV/count 0.9996 uV/count 0.9995 uV/count
40 sps 0.9995 uV/count 0.9996 uV/count 0.9995 uV/count
100 sps 0.9995 uV/count 0.9996 uV/count 0.9995 uV/count
200 sps 0.9995 uV/count 0.9996 uV/count 0.9995 uV/count

Across the selected sample rates, bit weights remained nearly constant, between 0.04% and
0.05% below the nominal bitweight of 1 uV/count.

Across selected sample rates, gains and temperatures, bit weights remained very stable, varying
no more than 0.08% (at a temperature of -36° C) from the respective nominal bitweight.
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3.4 AC Accuracy
The AC Accuracy test is used to measure the bitweight of a digitizer channel by recording a
known AC signal at a reference voltage from a precision voltage source.

3.4.1 Measurand

The quantity being measured is the digitizer input channels bitweight in volts/count and DC
offset in volts.

3.4.2 Configuration

The digitizer is connected to an AC signal source and a meter configured to measure voltage as
shown in the diagram below.

f
D ig it i z er
Channel

\.. 

•N

.i

+
. 

• 

+c
AC Signal
Source

+r
Voltage
Meter.

Figure 19 AC Accuracy Configuration Diagram

Figure 20 AC Accuracy Configuration Picture

Table 8 AC Accuracv Testbed E ui ment

-\

 _J

Manufacturer / Model Serial Number
Nominal
Configuration

DC Signal Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
Voltage Meter - Bunker Agilent 3458A MY45048372 1 V full scale
Voltage Meter - Bunker* Agilent 3458A MY45048371 1 V full scale
DC Signal Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V
Voltage Meter - SB1 Agilent 3458A 2823A10915 1 V full scale
Voltage Meter - SB1** Agilent 3458A MY45048372 1 V full scale
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* Meter MY450448371, while installed in the bunker, was utilized for the AC accuracy
measurements under the following conditions: all dataloggers at 23° C gain.
** Meter MY450448372, while installed in SB1, was utilized for the AC accuracy
measurements under the following conditions: gain x2 and x4 at a temperature of 20° C;
gain x 1 and temperatures at -36° C, -25° C, 60° C.

The AC Signal Source is configured to generate an AC voltage with an amplitude of
approximately 10% of the digitizer input channel's full scale and a frequency equal to the
calibration frequency of 1 Hz. One minute of data is recorded.

The meter and the digitizer channel record the described AC voltage signal simultaneously. The
recording made on the meter is used as the reference for comparison against the digitizer
channel. The meter is configured to record at 100 Hz, which is a minimum of 100 times the
frequency of the signal of interest in order to reduce the Agilent 3458A Meter's response roll-off
at 1 Hz to less than 0.01 %.

The meter used to measure the voltage time series has an active calibration from the Primary
Standard Laboratory at Sandia.

3.4.3 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:

Vref sin(2 pi fref t + B„f) + Vde

Cmeas sin(2 ni f, - imeas t + Omeas) + Colc

The digitizer bit weight in Volts/count is computed:

Bitweight =

3.4.4 Result

Vref

Cmeas

The figure below shows a representative waveform time series for the recording made on the
reference meter and a digitizer channel under test. The window regions bounded by the red lines
indicate the segment of data used for analysis.
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Figure 21 AC Accuracy Time Series

Station: Bunker Agilent Meter 2 

Channel:

Rate: 100 Hz

Bitweight: 33.002 nV/count

17 Response Deconvolution
Response: NONE SELECTED 

Unit: Voltage 

Station: 155A0

Channel: AE2

Rate: 100 Hz

Bitweight: 1 uV/count

FT Response Deconvolution
Response:  NONE SELECTED 

Unit: Voltage

The following table contains the computed bit weights for each of the channels, sample rates,
and gain levels.

Table 9 AC Accuracy Bitwei ht, All Affinit s at 23° C

DWR
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

55A1 0.9996 uV/count 0.9996 uV/count 0.9995 uV/count

559A 0.9996 uV/count 0.9996 uV/count 0.9996 uV/count

559B 0.9996 uV/count 0.9996 uV/count 0.9997 uV/count

55A0 0.9997 uV/count 0.9997 uV/count 0.9997 uV/count

Bit weights across dataloggers remained within 0.05% to 0.03% of the nominal bitweight of 1
uV/count.

Table 10 AC Accuracy Bitweight, Affinity 55A0, at Select Temperatures and Gains

Temperature
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

60° C 0.9998 uV/count 0.9998 uV/count 0.9998 uV/count

20° C 0.9996 uV/count 0.9996 uV/count 0.9996 uV/count

20° C, gain 2x 0.5001 uV/count 0.5001 uV/count 0.5001 uV/count

20° C, gain 4x 0.2502 uV/count 0.2501 uV/count 0.2501 uV/count

-25° C 0.9994 uV/count 0.9994 uV/count 0.9994 uV/count

-36° C 0.9993 uV/count 0.9993 uV/count 0.9993 uV/count

Over the selected temperature range, the bitweights of Affinity 55A0 decreased with
temperature, staying within 0.02% to 0.07% of the nominal bit weight. Bitweights also varied as
gain settings varied, divergence from nominal increasing slightly with gain: at a gain of 1 x,
bitweights were below nominal by 0.04%, at 2x gain bitweights were above the nominal of 0.5
uV/count by 0.02% and at 4x gain bitweights where above the nominal of 0.25 uV/count by
0.04% to 0.08%.
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Table 11 AC Accuracy Bitwei ht, Affinity 55A0, at Select Sam le Rates, 20° C
Sample
Rate

Channel 3 Channel 2 Channel 1

4 sps 0.9998 uV/count 0.9998 uV/count 0.9998 uV/count
20 sps 0.9998 uV/count 0.9998 uV/count 0.9998 uV/count
40 sps 0.9996 uV/count 0.9996 uV/count 0.9996 uV/count
100 sps 0.9996 uV/count 0.9996 uV/count 0.9996 uV/count
200 sps 0.9995 uV/count 0.9995 uV/count 0.9995 uV/count

As with DC Accuracy Tests, bitweights remained very near the respective nominal bitweight
over the temperatures and sample rates evaluated, never diverging more than 0.08% (at a gain of
4x) of the respective nominal bitweight.
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3.5 Input Shorted Offset
The Input Shorted Offset test measures the amount of DC offset present on a digitizer by
collecting waveform data from an input channel that has been shorted. Thus, any signal present
on the recorded waveform should be solely due to any internal offset of the digitizer.

3.5.1 Measurand

The quantity being measured is the digitizer input channels DC offset in volts.

3.5.2 Configuration

The digitizer input channel is connected to a shorting resistor as shown in the diagram below.

Digitizer
Channel

Figure 22 Input Shorted Offset Configuration Diagranl

Figure 23 Input Shorted Offset Terminators Picture

Table 12 In ut Shorted Offset Testbed E ui ment

Digitizer Resistor load
Guralp Systems Affinity 200 Ohm (2x100 Ohm)

Approximately 7 hours of data are recorded for tests of all units at 23° C, while at select
temperatures 1 hour duration windows are used for the analysis.
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3.5.3 Analysis

The measured bitweight, from the AC Accuracy at 1 Hz, is applied to the collected data:

x[n], 0 < n < N — 1

The mean value, in volts, is evaluated:

N-1

Offset = — [n]
n=0

3.5.4 Result

The figure below shows a representative waveform time series for the recording made on a
digitizer channel under test. The window regions bounded by the red lines indicate the segment
of data used for analysis.
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Figure 24 Input Shorted Offset Time Series

Station: 55A1

Channel: AN2

Rate: 100 Hz

Bitweight: 0.9996 uV/count

TI Response Deconvolution

Response: NONE SELECTED E
08/11 23:I Unit:  Voltage

The following table contains the computed DC offsets in volts for each of the channels, sample
rates, and gain levels.

Table 13 In ut Shorted Offset, All Affinit s, 23° C

DWR
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)
55A1 -1.932 mV 1.815 mV 0.2367 mV
559A 0.9204 mV -1.798 mV -0.3168 mV
559B -0.03260 mV -2.254 mV 1.275 mV
55A0 -1.2572 mV -0.0182 mV 0.1964 mV

The maximum offset observed across dataloggers is -0.0113% of full-scale, observed on
datalogger 559B, channel AN2 (channel 2).
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Table 14 Input Shorted Offset, Affinity 55A0, at Select Temperatures and Gains

Temperature
AE2

 (Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

60° C -1.933 mV -0.6854 mV -0.4630 mV

20° C -1.239 mV -0.003079 mV 0.2108 mV

20° C, gain 2x -0.4811 mV 0.1488 mV 0.2503 mV

20° C, gain 4x -0.2481 mV 0.08039 mV 0.1265 mV

- 25° C 0.03181 mV 1.255 mV 1.460 mV

- 36° C 0.2950 mV 1.515 mV 1.718 mV

The maximum offset of datalogger 55A0 across all evaluated temperatures is -1.933 mV, or
0.0097% of full scale, was observed at 60° C on channel 3. This offset was also the highest
observed across all gain configurations evaluated.

Table 15 In ut Shorted Offset Affinity 55A0 at Select Sam le Rates, 20° C
Sample
Rate

Channel 3 Channel 2 Channel 1

4 sps -1.240 mV -0.003088 mV 0.2108 mV
20 sps -1.240 mV -0.003089 mV 0.2108 mV
40 sps -1.239 mV -0.003084 mV 0.2108 mV
100 sps -1.239 mV -0.003079 mV 0.2108 mV
200 sps -1.239 mV -0.003084 mV 0.2108 mV

The maximum observed input shorted offset 1.933 mV or 0.0097% of full scale, occurred on
channel 3 at 60° C. Minimum input shorted offset voltages occurred generally at mid
temperatures (20° C or -25° C), rather than at either of the extremes (60° C or -36° C).
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3.6 AC Full Scale
The AC Full Scale test is used to validate the nominal full scale of a digitizer channel by
recording a known AC signal with a voltage equal to the manufacturer's nominal full scale.

3.6.1 Measurand

The quantity being measured is the digitizer input channels full scale in volts.

3.6.2 Configuration

The digitizer is connected to a AC signal source and a meter configured to measure voltage as
shown in the diagram below.

+c
AC Signal
Source•

J

+ +r "N. c "N

Digitizer Voltage.

Channel • . Meter
.i .J

Figure 25 AC Full Scale Configuration Diagram

Figure 26 AC Full Scale Configuration Picture

Table 16 AC Full Scale Testbed Equipment

Manufacturer / Model Serial Number
Nominal
Configuration

DC Signal Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
Voltage Meter - Bunker Agilent 3458A MY45048371 1 V full scale
DC Signal Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V
Voltage Meter - SB1 Agilent 3458A MY45048372 1 V full scale

The AC Signal Source is configured to generate an AC voltage with an amplitude equal to the
digitizer input channel's full scale and a frequency equal to the calibration frequency of 1 Hz.
One minute of data is recorded.
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The meter and the digitizer channel record the described AC voltage signal simultaneously. The
recording made on the meter is used as the reference for comparison against the digitizer
channel. The meter is configured to record at 100 Hz, which is a minimum of 100 times the
frequency of the signal of interest in order to reduce the Agilent 3458A Meter's response roll-off
at 1 Hz to less than 0.01%.

The meter used to measure the voltage time series has an active calibration from the Primary
Standard Laboratory at Sandia.

3.6.3 Analysis

The measured bitweight, frorn the AC Accuracy at 1 Hz, is applied to the collected data:

x[n], 0 < n < N — 1

A short window is defined on the data around one of peak of the positive and negative peaks.
The value within each positive and negative window is recorded.

The time series data is compared against the reference to verify that there is no visible limiting of
the values near the full scale.
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3.6.4 Result

The figure below shows a representative waveform time series for the recording made on the
reference meter and a digitizer channel under test. The window regions bounded by the red and
green lines indicate the segment of data used to evaluate the positive and negative regions of
data, respectively.
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Figure 27 AC Full Scale Time Series, Affinity 55A0

Station: Bunker Agilent Meter 2
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Rate: 100 Hz

Bitweight: 3.3071 uV/count
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Rate: 100 Hz

Bitweight: 1 uV/count
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Bitweight: 1 uV/count

Response Deconvolution
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Unit: Voltage

Station: SSA1
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Rate: 100 Hz

Bitweight: 1 uV/count

Response Deconvolution

Response: _ NONE SELECTED])

Unit: Voltage
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The following tables contain the computed positive peak, negative peak, and peak-to-peak

voltages ranges for each of the channels, sample rates, and gain levels.

Table 17 AC Full Scale Positive Peak

DWR
Temperature/

 Sample Rate
00HHE

(Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

55A1 23° C 19.8952 V 19.8988 V 19.8991 V
559A 23° C 19.8898 V 19.8871 V 19.8885 V
559B 23° C 19.8876 V 19.8854 V 19.8890 V

55A0 23° C 19.8873 V 19.8887 V 19.8888 V

55A0 60° C 19.9374 V 19.9383 V 19.9388 V

55A0 20° C 19.9517 V 19.9531 V 19.9532 V

55A0 20° C (gain 2x) 9.9688 V 9.9694 V 9.9695 V

55A0 20° C (gain 4x) 4.9795 V 4.9798 V 4.9799 V

55A0 -25° C 19.9532 V 19.9553 V 19.9546 V

55A0 -36° C 19.9557 V 19.9579 V 19.9571 V

55A0 4 sps 17.4424 V 17.4437 V 17.4439 V

55A0 20 sps 19.8084 V 19.8097 V 19.8099 V

55A0 40 sps 19.9376 V 19.9388 V 19.9391 V

55A0 200 sps 19.9508 V 19.9520 V 19.9523 V

Table 18 AC Full Scale Ne ative Peak

DWR
Temperature/
Sample Rate

00HHE
(Channel 3)

00HHN
(Channel 2)

00HHZ
(Channel 1)

55A1 23° C -19.9475 V -19.9436 V -19.9471 V
559A 23° C -19.9363 V -19.9391 V -19.9376 V
559B 23° C -19.9340 V -19.9362 V -19.9327 V

55A0 23° C -19.9399 V -19.9388 V -19.9385 V

55A0 60° C -19.9579 V -19.9562 V -19.9564 V

55A0 20° C -19.9652 V -19.9642 V -19.9638 V

55A0 20° C (gain 2x) -9.9889 V -9.9882 V -9.9881 V

55A0 20° C (gain 4x) -5.0014 V -5.0011 V -5.0011 V

55A0 -25° C -19.9680 V -19.9677 V -19.9666 V

55A0 -36° C -19.9615 V -19.9613 V -19.9600 V

55A0 4 sps -17.3506 V -17.3494 V -17.3492 V

55A0 20 sps -19.8401 V -19.8389 V -19.8387 V

55A0 40 sps -19.9466 V -19.9453 V 19.9391 V

55A0 200 sps -19.9644 V -19.9631 V -19.9630 V
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Table 19 AC Full Scale Peak-to-Peak

DWR
Temperature/
Sample Rate

00HHE
(Channel 3)

00HHN
(Channel 2)

00HHZ
(Channel 1)

55A1 23° C 39.8427 V 39.8424 V 39.8462 V

559A 23° C 39.8261 V 39.8262 V 39.8261 V
559B 23° C 39.8216 V 39.8217 V 39.8217 V

55A0 23° C 39.8272 V 39.8274 V 39.8273 V

55A0 60° C 39.8952 V 39.8945 V 39.8952 V

55A0 20° C 39.9169 V 39.9173 V 39.9170 V

55A0 20° C (gain 2x) 19.9576 V 19.9576 V 19.9576 V

55A0 20° C (gain 4x) 9.9809 V 9.9809 V 9.9809 V

55A0 -25° C 39.9213 V 39.9229 V 39.9212 V

55A0 -36° C 39.8952 V 39.8945 V 39.8952 V

55A0 4 sps 34.7930 V 34.7931 V 34.7931 V

55A0 20 sps 39.6485 V 39.6485 V 39.6486 V

55A0 40 sps 39.8841 V 39.8842 V 39.8842 V

55A0 200 sps 39.9152 V 39.9152 V 39.9152 V

For all sample rates and gain levels, the digitizer channels were able to fully resolve the sinusoid
with a peak-to-peak amplitude at or near the channels claimed full scale value without any signs
of flattening that would indicate that clipping is occurring.

3.7 Self-Noise
The Self-Noise test measures the amount of noise present on a digitizer by collecting waveform
data from an input channel that has been terminated with a resistor whose impedance matches
the nominal impedance of a chosen sensor at 1 Hz. Thus, any signal present on the recorded
waveform should be solely due to any internal noise of the digitizer.

3.7.1 Measurand

The quantity being measured is the digitizer input channels self-noise power spectral density in
dB relative to 1 V2/Hz versus frequency and the total noise in Volts RIVIS over an application
pass-band.

3.7.2 Configuration

The digitizer input channel is connected to a shorting resistor as shown in the diagram below.

Digitizer

Channel

Figure 28 Self Noise Configuration Diagram
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Figure 29 Self Noise Configuration Picture

Table 20 Self Noise Testbed Equipment

Impedance
Resistor 200 ohm (2 x 100 Ohm)

24 hours of data are generally utilized for this test.

3.7.3 Analysis

The measured bit-weight at 1 Hz, from Section 3.4, AC Accuracy, is applied to the collected
data:

x[n], 0 < n < N — 1

The PSD is computed (Merchant, 2011) from the time series using a Hann window of length 4k,
8k, and 16k for the 20 Hz, 40 Hz, and 100 Hz sample rates, respectively. 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 is less than 0.5 dB.

Pxx[k], 0 < k < N — 1

Over frequencies (in Hertz):

f [k], 0 k < N — 1

The noise level PSD in V2/Hz are compared to the theoretical levels of quantization noise in an
ideal analog to digital converter in order to determine the number of effective noise free bits:
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Where:

Spectral Noise =
((2 * VFS/292)

12 * Fd2

Spectral Noise = Units of V2/Hz

VFS = Digitizer peak full scale in Volts
B = Number of ideal bits of resolution

Fs = Sampling frequency in Hertz

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

rms =
=n

where f[n] and f [m] are the passband limits, Ts is the sampling period in seconds,
and L is window length.

3.7.4 Result

The figures below show the waveform time series and power spectra for the recording made on a
digitizer channel under test. The window regions bounded by the red lines indicate the segment
of data used for analysis.
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Station: SSA1

Channel: AZ2

Rate: 100 Hz

Bitweight: 0.99951 uV/count

Response Deconvolution

Response: NONE SELECTED 13

08/10 23:00 08/11 02:00 08/11 05:00 08/11 08:00 08/11 11:00 08/11 14:00 08/11 17:00 08/11 20:00 08/11 23:1 Unit: Voltage _B
Figure 30 Self Noise Time Series Example, Affinity 55A1, AZ2 (Channel 1)

Plots of power spectra and tables of RMS noise levels are organized as follows:
• each datalogger recording at 100 sps at a temperature of 23° C.
• SN 55A0 at varying sample rates (4, 20, 40, 100 and 200) while exposed to

20° C.
• SN 55A0 recording at 100 sps, while exposed at temperatures of 60° C, 20° C, -25° C

and -36° C (the lowest temperature possible with our environmental chamber.
• SN 55A0 gain set to 2x and 4x, recording at 100 Hz and exposed to 20° C.

The computed self noise of all dataloggers while exposed to 23° C follows. The data window is
24 hrs long and the computation has 90% confidence level of 0.43 dB in all cases.
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Figure 32 Self Noise Power Spectra Affinity 559A, 100 sps, 23° C
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Figure 34 Self Noise Power Spectra Affinity 55A0, 100 sps, 23° C

Channel AE2 on datalogger 559A has increased noise over the other channels at lower
frequencies: 2.2 dB at 0.1 Hz to has much as 8.0 dB over channel AN2 at 0.012 Hz.

- SSAO:AE2
-55AO:AN2

- SSAO:AZ2

The following tables contains the computed RMS noise levels in both volts and counts for each

of the evaluated sample rates and gain settings. Frequency pass-bands consistent with the
requirements for seismic applications were selected.

Table 21 Self Noise RMS over 0.02 Hz - 1 Hz at 23° C, all DWR

DWR
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

55A1
503.21 nV rms 494.46 nV rms 499.82 nV rms

0.50 counts rms 0.49 counts rms 0.50 counts rms

559A
645.64 nV rms 496.89 nV rms 490.03 nV rms

0.65 counts rms 0.50 counts rms 0.49 counts rms

559B
499.50 nV rms 489.90 nV rms 503.44 nV rms

0.50 counts rms 0.49 counts rms 0.50 counts rms

55A0
489.34 nV rms 496.69 nV rms 487.03 nV rms

0.49 counts rms 0.50 counts rms 0.49 counts rms

Table 22 Self Noise RMS over 0.5 Hz - 16 Hz at 23° C, all DWR

DWR
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

55A1
1908.82 nV rms 1898.76 nV rms 1894.12 nV rms

1.91 counts nns 1.90 counts rms 1.90 counts rms

559A
1898.53 nV rms 1888.47 nV rms 1882.48 nV rms

1.90 counts rms 1.89 counts rms 1.88 counts rms

559B
1905.31 nV rms 1876.27 nV rms 1916.89 nV rms

1.91 counts nns 1.88 counts rms 1.92 counts rms

55A0
1879.29 nV rms 1916.20 nV rms 1871.71 nV rms

1.88 counts rms 1.92 counts rms 1.87 counts rms
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Table 23 Self Noise RMS over 0.02 Hz - 16 Hz at 23° C, all DWR

DWR
AE2

(Channel 3)
AN2

(Channel 2)
AZ2

(Channel 1)

55A1
1942.92 nV rms 1931.33 nV rms 1928.20 nV rms

1.94 counts rms 1.93 counts rms 1.93 counts rms

559A
1975.14 nV rms 1922.11 nV rms 1914.54 nV rms
1.98 counts rms 1.92 counts rms 1.92 counts rms

559B
1938.56 nV rms 1908.56 nV rms 1950.75 nV rms
1.94 counts rms 1.91 counts rms 1.95 counts rms

SSAO
1911.56 nV rms 1948.72 nV rms 1903.80 nV rms
1.91 counts rms 1.95 counts rms 1.90 counts rms

Average self noise over all channels at 23° C are as follows: over the low passband 508.00 nV
rms 0.5 counts rms), over the high passband 1894.74 nV rms (less than 2 counts rms) and over
the broad passband 1931.35 nV rms (less than 2 counts rms). Self noise values remained
relatively consistent within the high and broad passbands, within 1.22% and 2.27% of the
average across all dataloggers and channels respectively, however channel 3 (AE2) of datalogger
559A had an elevated self noise of 645.64 nV, 27.1% above the average self noise in lower
pas sband.

Self noise noise spectra plots and tables, containing the computed RMS noise levels in both volts
and counts, follow for each of the evaluated temperatures. Passbands consistent with the
requirements for seismic applications were selected.
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Table 24 Self Noise RMS, Affinity 55A0, 0.02 Hz-1.0 Hz, at Select Temperatures

Temperature
00HHE

 (Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

60° C
499.52 nV rms 505.55 nV rms 498.64 nV rms
0.50 counts rms 0.51 counts rms 0.50 counts rms

20° C
489.53 nV rms 470.25 nV rms 486.47 nV rms
0.49 counts rms 0.47 counts rms 0.49 counts rms

20° C
gain 2x

270.56 nV rms 277.85 nV rms 271.01 nV rms
0.54 counts rms 0.56 counts rms 0.54 counts rms

20° C
gain 4x

177.82 nV rms 180.50 nV rms 175.98 nV rms
0.71 counts rms 0.72 counts rms 0.70 counts rms

-25° C
473.90 nV rms 479.60 nV rms 466.70 nV rms
0.47 counts rms 0.48 counts rms 0.47 counts rms

-36° C
468.94 nV rms 470.57 nV rms 461.75 nV rms
0.47 counts rms 0.47 counts rms 0.46 counts rms

-55A0:AE2

-55AO:AN2

-55AO:AZ2
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Table 25 Self Noise RMS, Affinity 55A0, 0.5 Hz - 16 Hz, at Select Tem eratures

Temperature
00HHE

(Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

60° C
1930.77 nV rms 1956.59 nV rms 1926.81 nV rms

1.93 counts rms 1.96 counts rms 1.93 counts rms

20° C
1876.03 nV rms 1812.08 nV rms 1872.55 nV rms

1.88 counts rms 1.81 counts rms 1.87 counts rms

20° C
gain 2x

1031.47 nV rms 1047.04 nV rms 1027.67 nV rms

2.06 counts rms 2.09 counts rms 2.05 counts rms

20° C
gain 4x

676.19 nV rms 681.74 nV rms 673.83 nV rms

2.70 counts rms 2.73 counts rms 2.69 counts rms

-25° C
1770.04 nV rms 1798.05 nV rms 1768.48 nV rms

1.77 counts rms 1.80 counts rms 1.77 counts rms

-36° C
1747.11 nV rms 1773.80 nV rms 1747.74 nV rms

1.75 counts rms 1.77 counts rms 1.75 counts rms

Table 26 Self Noise RMS, Affinitv 55A0, 0.02 Hz - 16 Hz, at Select Tem eratures

Temperature
00HHE

(Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

60° C
1963.51 nV rms 1989.33 nV rms 1959.17 nV rms

1.96 counts rms 1.99 counts rms 1.96 counts rms

20° C
1908.15 nV rms 1842.97 nV rms 1904.52 nV rms

1.91 counts rms 1.84 counts rms 1.91 counts rms

20° C
gain 2x

1049.58 nV rms 1066.34 nV rms 1046.02 nV rms

2.10 counts rms 2.13 counts rms 2.09 counts rms

20° C
gain 4x

688.16 nV rms 694.27 nV rms 685.63 nV rms

2.75 counts rms 2.78 counts rms 2.74 counts rms

-25° C
1803.30 nV rms 1831.37 nV rms 1800.03 nV rms

1.80 counts rms 1.83 counts rms 1.80 counts rms

-36° C
1780.16 nV rms 1806.31 nV rms 1779.10 nV rms

1.78 counts rms 1.81 counts rms 1.78 counts rms

Average self noise across all channels and temperatures (gain lx) were as follows for the low,
high and broad passbands: 480.95 nV rms, 1831.67 nV rms and 1863.99 nV rms. Self noise
varied no more than 5.11%, 6.82% and 6.72% in the low, high and broad passbands respectively.
Self noise levels decreased with temperature in all pass bands, with the exception of AN2

(channel2) in the low passband at -25° C where self noise increased slightly to 479.60 nV rms.

Next are the power spectra of the data collected at varying sample rates, from high to low sample
rates, for datalogger 55A0, where: duration is 24 hours; FFT length varies with sample rate, 90%
confidence values vary from 0.43 dB to 0.54 dB (4 Hz sample rate).
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Table 27 Self Noise RMS, Affinity 55A0, 0.02 Hz - 1 Hz, at Select Sam le Rates
Sample
Rate

00HHE
(Channel 3)

00HHN
(Channel 2)

00HHZ
(Channel 1)

4 sps
527.14 nV rms 520.01 nV rms 524.18 nV rms
0.53 counts rms 0.52 counts rms 0.52 counts rms

20 sps
495.76 nV rms 477.51 nV rms 492.52 nV rms
0.50 counts rms 0.48 counts rms 0.49 counts rms

40 sps
491.70 nV rms 477.06 nV rms 488.38 nV rms
0.49 counts rms 0.48 counts rms 0.49 counts rms

100 sps
489.53 nV rms 470.25 nV rms 486.47 nV rms
0.49 counts rms 0.47 counts rms 0.49 counts rms

200 sps
488.47 nV rms 470.33 nV rms 485.34 nV rms
0.49 counts rms 0.47 counts rms 0.49 counts rms

- 5 SAO:AE8
- SSAO:AN8
- S SAO:AZ8
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Table 28 Self Noise RMS Affinitv 55A0, 0.5 Hz - 16 Hz, at Select Sam le Rates
Sample
Rate

00HHE
(Channel 3)

00HHN
(Channel 2)

00HHZ
(Channel 1)

4 sps
600.18 nV rms 591.93 nV rms 596.05 nV rms

0.60 counts rms 0.59 counts rms 0.60 counts rms

20 sps
1410.58 nV rms 1366.23 nV rms 1405.58 nV rms

1.41 counts rms 1.37 counts rms 1.41 counts rms

40 sps
1885.74 nV rms 1839.32 nV rms 1882.65 nV rms

1.89 counts rms 1.84 counts rms 1.88 counts rms

100 sps
1876.03 nV rms 1812.08 nV rms 187255 nV rms

1.88 counts rms 1.81 counts rms 1.87 counts rms

200 sps
1872.16 nV rms 1811.34 nV rms 1868.88 nV rms

1.87 counts rms 1.81 counts rms 1.87 counts rms

Table 29 Self Noise RMS, Affinity 55A0, 0.02 Hz - 16 Hz, at Select Sam le Rates

Sample
Rate

00HHE
(Channel 3)

00HHN
(Channel 2)

00HHZ
(Channel 1)

4 sps
707.66 nV rms 698.16 nV rms 703.54 nV rms

0.71 counts rms 0.70 counts rms 0.70 counts rms

20 sps
1454.01 nV rms 1408.03 nV rms 1448.74 nV rms

1.45 counts rms 1.41 counts rms 1.45 counts rms

40 sps
1917.90 nV rms 1870.59 nV rms 1914.65 nV rms

1.92 counts rms 1.87 counts rms 1.92 counts rms

100 sps
1908.15 nV rms 1842.97 nV rms 1904.52 nV rms

1.91 counts rms 1.84 counts rms 1.91 counts rms

200 sps
1904.19 nV rms 1842.24 nV rms 1900.68 nV rms

1.91 counts rms 1.84 counts rms 1.90 counts rms

Average self noise across all channels and sample rates were as follows for the low, high and
broad passbands: 484.44 nV rms, 1776.39 nV rms and 1441.93 nV rms. Note, the 4 Hz self
noise has been excluded from the average and variability comparisons of the self noise as the 4
sps data excludes most of the high passband and much of the broad passband, artificially
lowering the calculated of self noise in the aforementioned passbands. With exclusion of the 4
sps data as previously noted, self noise varied between 7.97% and 8.81% across all sample rates
and channels. Rms noise values did not exceed the equivalent of 2 count rms while operating at
a gain of lx; at gains of 2x and 4x, rms noise did not exceed the equivalent of 3 counts rms.
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3.8 Dynamic Range
Dynamic Range is defined to be the ratio between the power of the largest and smallest signals
that may be measured on the digitizer channel.

3.8.1 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 digitizer channel The smallest signal is defined to have power equal to the self-noise of
the digitizer channel 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).

3.8.2 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, validated in section 3.6Error! Reference source not found., AC Full Scale. The
value for the smallest signal comes from the evaluated digitizer channel self noise determined in
section 3.5, Self Noise.

3.8.3 Analysis

The dynamic range over a given pass-band is:

Where

(signal power)
Dynamic Range = 10 • log10

noise power

,- 2
signal power = (fullscale /Al2)

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.
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3.8.4 Result

The following tables contain the peak-to-peak full scales, noise levels, and dynamic ranges that
were identified in the evaluations of the sample rates and gain levels.

Table 30 Dynamic Range, 20x Gain, at 23°C, All Affinitys

DWR Passband
00HHE

(Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

55A1
20 mHz - 1 Hz 148.98 dB 149.13 dB 149.03 dB
20 mHz - 16 Hz 137.24 dB 137.29 dB 137.31 dB
0.5 Hz - 16 Hz 137.40 dB 137.44 dB 137.46 dB

559A
20 mHz - 1 Hz 146.81 dB 149.09 dB 149.21 dB
20 mHz - 16 Hz 137.10 dB 137.33 dB 137.37 dB
0.5 Hz - 16 Hz 137.44 dB 137.49 dB 137.52 dB

559B
20 mHz - 1 Hz 149.04 dB 149.21 dB 148.97 dB
20 mHz - 16 Hz 137.26 dB 137.40 dB 137.21 dB
0.5 Hz - 16 Hz 137.41 dB 137.54 dB 137.36 dB

55A0
20 mHz - 1 Hz 149.22 dB 149.09 dB 149.26 dB
20 mHz - 16 Hz 137.38 dB 137.22 dB 137.42 dB
0.5 Hz - 16 Hz 137.53 dB 137.36 dB 137.57 dB

The observed dynamic range values across all dataloggers and channels, recording at a gain of lx
while exposed to 23° C, were between 146.81d B and 149.26 dB over the 0.02 Hz to 1.0 Hz
passband, 137.36 dB and 137.57 dB over the 0.5 Hz to 16 Hz passband and 137.10 dB and
137.42 dB over the 0.02 Hz and 16 Hz passband. Note the 2+ dB drop in dynamic range of
datalogger 559A channel 3; this is due to the previously noted increased self noise observed
below 2 Hz.

Dynamic range varied no more than 1.41% from the average of 148.92 dB over the low
passband, 0.077% of the 137.46 dB average of the high passband and 0.14% of 137.29 dB
average broad passband.
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Table 31 Dynamic Range Affinity 55A0, at Select Temperatures

Temp Passband
00HHE
Channel 3

00HHN
Channel 2

00HHZ
Channel 1

60°C
20 mHz - 1 Hz 149.04 dB 148.94 dB 149.05 dB
20 mHz - 16 Hz 137.15 dB 137.04 dB 137.17 dB
0.5 Hz - 16 Hz 137.30 dB 137.18 dB 137.31 dB

20°C
20 mHz - 1 Hz 149.21 dB 149.56 dB 149.27 dB
20 mHz - 16 Hz 137.40 dB 137.70 dB 137.41 dB
0.5 Hz - 16 Hz 137.55 dB 137.85 dB 137.56 dB

100 sps
2x gal

.n
20 mHz - 1 Hz 148.34 dB 148.11 dB 148.33 dB
20 mHz - 16 Hz 136.57 dB 136.43 dB 136.60 dB
0.5 Hz - 16 Hz 136.72 dB 136.59 dB 136.75 dB

100 sps
4x gal

.n
20 mHz - 1 Hz 145.97 dB 145.84 dB 146.06 dB
20 mHz - 16 Hz 134.22 dB 134.14 dB 134.25 dB
0.5 Hz - 16 Hz 134.37 dB 134.30 dB 134.40 dB

-25°C
20 mHz - 1 Hz 149.50 dB 149.39 dB 149.63 dB
20 mHz - 16 Hz 137.89 dB 137.75 dB 137.90 dB
0.5 Hz - 16 Hz 138.05 dB 137.91 dB 138.06 dB

-36°C
20 mHz - 1 Hz 149.59 dB 149.56 dB 149.72 dB
20 mHz - 16 Hz 138.00 dB 137.87 dB 138.01 dB
0.5 Hz - 16 Hz 138.16 dB 138.03 dB 138.16 dB

Performance generally improves as temperatures decrease, except for the dynamic range
calculated on channel 2 for the low passband where the dynamic range at -25° C drops slightly
relative to the dynamic range computed at for 20° C.

In the low passband, over all temperatures, while recording at a gain of lx, all channels remained
between 0.53% of the maximum dynamic range of 149.37 dB. Similarly, in the high passband,
over all temperatures, all channels remained between 0.29% of the maximum dynamic range of
137.61%; and finally in the broad passband, all channels remained within 0.29% of the
maximum dynamic range of 137.76 dB.
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Table 32 Dynamic Range Affinity 55A0, at Select Sample Rates

Rate Passband
00HHE

(Channel 3)
00HHN

(Channel 2)
00HHZ

(Channel 1)

4 sps
20 mHz - 1 Hz 148.57 dB 148.69 dB 148.62 dB
20 mHz - 16 Hz 146.01 dB 146.13 dB 146.06 dB
0.5 Hz - 16 Hz 147.44 dB 147.56 dB 147.50 dB

20 sps
20 mHz - 1 Hz 149.10 dB 149.43 dB 149.16 dB
20 mHz - 16 Hz 139.76 dB 140.04 dB 139.79 dB
0.5 Hz - 16 Hz 140.02 dB 140.30 dB 140.05 dB

40 sps
20 mHz - 1 Hz 149.18 dB 149.44 dB 149.24 dB
20 mHz - 16 Hz 137.35 dB 137.57 dB 137.37 dB
0.5 Hz - 16 Hz 137.50 dB 137.72 dB 137.51 dB

100 sps
20 mHz - 1 Hz 149.21 dB 149.56 dB 149.27 dB
20 mHz - 16 Hz 137.40 dB 137.70 dB 137.41 dB
0.5 Hz - 16 Hz 137.55 dB 137.85 dB 137.56 dB

200 sps
20 mHz - 1 Hz 149.23 dB 149.56 dB 149.29 dB
20 mHz - 16 Hz 137.42 dB 137.70 dB 137.43 dB
0.5 Hz - 16 Hz 137.56 dB 137.85 dB 137.58 dB

Over the sample rates at which dynamic ranges were evaluated, dynamic ranges remained
relatively stable across channels. In the low passband, over all sample rates recording at a gain
of lx, all channels remained between 0.49% of the average dynamic range of 149.31 dB in the
low passband. Similarly, in the high passband, over all sample rates, all channels remained
within of 6.73% of 138.25 dB average dynamic range in the passband. Finally, in the broad
passband, all channels, over all sample rates, remained within 5.83% of the average dynamic
range of 138.08 dB over the broad passband.

Note, the 4 sps self noise has been excluded from the aforementioned average and variability
comparisons of dynamic range as the 4 Hz data excludes most of the high passband and much of
the broad passband, artificially lowering the calculated of self noise in the aforementioned
passbands and, therefore, raising the associated dynamic range.

Dynamic ranges over all evaluated conditions and passband varied from as low 137 dB to as
much as 150 dB.

56



3.9 System Noise
The System Noise test determines the amount of digitizer self-noise expressed in units of a
sensor.

3.9.1 Measurand

The quantity being measured is the digitizer input channels self-noise power spectral density,
corrected by a sensor's response to some geophysical unit, in dB relative to 1 (m/s)2/Hz versus
frequency.

3.9.2 Configuration

There is no test configuration for the dynamic range test.

The time-series data and PSD are obtained from the evaluated digitizer channel self noise
determined in Section 3.7, Self Noise, are corrected for a desired sensor's amplitude response
model. The resulting PSD in the sensor's geophysical unit is then compared against an
application requirement or background noise model to determine whether the resulting system
noise meets the requirement.

3.9.3 Result

The PSD of the system noise is shown in the plots below. Where available, reference sensor and
background noise models are provided for comparison.
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Figure 49 Seismic System Noise Affinity 55A0, 23° C
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Equivalent seismic system noise of all Affinity dataloggers recording at a gain of 1 x, while
exposed to a 23° C environment, exceeds the self-noise models of the Guralp CMG-3VB from as
low as 1.9 Hz and as high as 13.3 Hz.
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Figure 50 Seismic System Noise Affinity 55A0, 60° C
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Figure 51 Seismic System Noise Affinity 55A0, 20° C
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Figure 52 Seismic System Noise Affinity 55A0, 100 Hz, 2x Gain
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Figure 53 Seismic System Noise Affinity 55A0, 100 Hz, 4x Gain
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Over the temperatures to which the Affinity datalogger was exposed the seismic system noise
exceed the CMG-3VB noise model, over a significant portion of the higher passband of interest
(0.5 to 16 Hz). At the -36° C seismic system noise of the Affinity exceeded the self noise model
between 2.1 Hz and 11.3 Hz (up to 11.6 Hz for the North channel); at 60°C system noise exceed
the self noise model between 2.1 Hz and 13.4 Hz (13.7 Hz for the North channel).

With the datalogger gain set to 2x, average computed system noise remains below the Low Noise
Model, from 56.5 dB to 56.8 dB lower at 0.1 Hz and from 13.6 dB to 13.7 db at 10 Hz.
Similarly, computed system noise is below the noise model of the Guralp Systems CMG-3VB
sensor: between 30.1 dB to 30.4 dB lower at 0.1 Hz and 3.8 dB to 3.9 dB lower at 10 Hz. As
expected, at a datalogger gain of 4x self noise drops further below the noise models. With
respect to the low noise model values range from 60.0 dB to 60.6 dB lower at 0.1 Hz and 17.3
dB to 17.4 dB lower at 10 Hz; with respect to the sensor self noise model of the CMB-3VB,
system noise ranges 33.6 dB to 34.2 dB lower at 0.1 Hz and 7.5 dB to 7.6 dB lower at 10 Hz.
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DC Removal: I, BLOCK Window: HANN

-140

-150

160

170

:T. 4 -180

:511 -190

-200

-210

-220

-230

▪ FFT Length: 1  8192 B FFT Overlap: 518 B 95% Confidence:

0.01 0.1 1
Frequency (Hz)

10

—55A0:AE8 - CMG-3VB

—55A0:AN8 - CMG-3VB

—55A01)28 - CMG-3VB

.-CMG-3VB Noise Model

— NLNM

100

10.60125 dB1

Figure 57 Seismic System Noise Affinity 55A0, 20 Hz
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Figure 58 Seismic System Noise Affinity 55A0, 40 Hz
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Figure 60 Seismic System Noise Affinity 55A0, 200 Hz
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Over the sample rates evaluated, at a gain of lx, seismic system noise exceeded the CMG-3VB
noise model from as low as 1.9 Hz to 2.0 Hz (North channel) to as high as 12.0 Hz (North
channel) to 12.9 Hz.
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3.10 Response Verification
The Response Verification test measures the amplitude and phase response versus frequency that
is present on the digitizer channels, relative to a reference channel

3 . 1 0. 1 Measurand

The quantity being measured is the unit-less relative amplitude and relative phase in degrees
versus frequency for each digitizer channel relative to the first channel

3./0.2 Configuration

Multiple digitizer channels are connected to a white noise signal source as shown in the diagram
below.

C "N.+ +c
Digitizer White Noise• •

Channel 1 Source

.i

+r -N

Digitizer
Channel 2 •

.i

+(
Digitizer •

Channel N  

..,

 .i

Figure 61 Response Verification Configuration Diagram

Figure 62 Response Verification Configuration Picture
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Table 33 Res onse Verification Testbed E ui ment
Manufacturer / Model Serial Number Configuration

White Noise Source Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
White Noise Source SB1 Stanford Research Systems DS360 123669 +1V / - 1 V

The white noise source is configured to generate a band-width limited white noise voltage with
an amplitude equal to approximately 10% of the digitizer input channel's full scale. One hour of
data is recorded.

3.10.3 Analysis

The measured bitweight, frorn the AC Accuracy at 1 Hz, is applied to the collected data:

x[n], 0 n < N — 1

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

H[k], 0 < k < N — 1

3.10.4 Result

The coherence and relative amplitude and phase response were computed between channel 1 and
the remaining two channels for all of the evaluated sample rate and gain configurations utilizing
a 7 hour window of data.

The first group of plots shows coherence between channel 1 and the remaining channels for each
datalogger under test.
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Figure 63 White Noise Coherence Affinity 55A1, 23° C
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Figure 64 Relative Magnitude and Phase Affinity 55A1, 23° C
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Figure 65 White Noise Coherence Affinity 559A, 23° C
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Figure 66 Relative Magnitude and Phase Affinity 559A, 23° C
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Figure 70 Relative Magnitude and Phase Affinity 55A0, 23° C

The coherence was identically 1.0 across the pass-band. Phase differences were very small, with
some variation in the amount of the roll-off between channels. This roll-off in phase may be
attributed to slight differences in timing, which will be investigated further in the Relative
Transfer Function section.

The next group of plots shows coherence, relative magnitude and relative phase between channel
1 and channels 2-3 for datalogger 55A0 at temperatures of 60° C, 20° C (and gains at 2x and 4x),
-25° C and -36° C, utilizing a 1 hour window of data. Coherence, from the lowest frequencies
available while utilizing a 1 hour time window to that approaching the Nyquist, is essentially 1.0
gamma2, therefore only coherence for a temperature of 60° C is shown below.
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At the evaluated temperatures, the relative amplitudes were effectively zero. This indicates that
there were no differences in response between the digitizer channels of any individual
datalogger. Phase differences were very small, with a slight roll-off, varying between channels.
This roll-off in phase may be attributed to slight differences in timing, which will be investigated
further in the Relative Transfer Function section.

The relative magnitude measurement made while datalogger 55A0 was configured with a gain of
4x shows a uniform offset over frequency indicating a slight difference between channel

71



sensitivities (as much as 0.028% across channels) during this test and those measured in the AC
accuracy test, which provided the sensitivities utilized for computations for this test.

The following group of plots shows relative magnitude and relative phase between channel 1 and
channels 2 and 3 for datalogger 55A0 at sample rates of 4 sps, 20 sps, 40 sps, 100 sps and 200
sps, utilizing a 1 hour window of data. Coherence, from the lowest frequencies available while
utilizing a 1 hour time window to that approaching the Nyquist, is essentially 1.0 gamma2, given
this consistency, plots of coherence are omitted.
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Similar to the results at 23° C, over the temperatures and sample rates evaluated, magnitude and
phase varied little. Roll-off in the relative phase plots is apparent in the 20 sps, 40 sps, 100 sps
and 200 sps data, consistent with a slight timing offset between channels.
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3.11 Relative Transfer Function
The Relative Transfer Function test measures the amount of channel-to-channel timing skew
present on a digitizer.

3.11.1 Measurand

The quantity being measured is the timing skew in seconds between the digitizer input channels.

3.11.2 Configuration

Multiple digitizer channels are connected to a white noise signal source as shown in the diagram
below.

r -N.+ +c
Digitizer White Noise

Channel 1 . • Source

+

J
r -1

Digitizer •
Channel 2 •

+

../

c
Digitizer
Channel N

.i

..,

Figure 83 Relative Transfer Function Configuration Diagram

Figure 84 Relative Transfer Function Configuration Picture
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Table 34 Relative Transfer Function Testbed Equipment
Manufacturer / Model Serial Number Configuration

White Noise Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
White Noise Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V

The white noise source is configured to generate a band-width limited white noise voltage with
an amplitude equal to approximately 10% of the digitizer input channel's full scale. At least one
hour of data is recorded.

3.11.3 Analysis

The measured bitweight, frorn the AC Accuracy at 1 Hz, is applied to the collected data:

x[n] , 0 n < N — 1

The relative transfer function, both amplitude and phase, is computed between the two digitizer
channels:

H[k], 0 < k < N — 1

The tester defines a frequency range over which to measure the skew:

f[k], 0 < k < N — 1

The amount of timing skew, in seconds, is computed by averaging the relative phase delay
between the two channels over a frequency band from f[n] to f[m] over which the relative phase
delay is observed to be linear:

skew =
1 v 25.(H[k])

m — n + 1 Ll 27r f [k]
k=n
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3.11.4 Result

The phase delay versus frequency is shown for all of the evaluated sample rates and gains in the
plots below. To the extent that the delay is a constant time offset, the phase delay is observed to
be linear with respect to frequency.
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Figure 85 Relative Transfer Function, Affinity 55A1 , 23°C
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Phase delays are linear with respect to frequency for all dataloggers 559A, 559B, 55A0 and
55A1. The constant channel-to-channel timing skew corresponding to these phase delays is
shown in the tables below.

Table 35 Relative Transfer Function Timing Skew
DWR AE2 (channel 3) AN2 (channel 2)

55A1 -00.05 us -00.02 us
559A 00.08 us 00.08 us
559B 00.03 us -00.25 us

55A0 00.08 us 00.36 us

All of the channels were observed to have a timing skew that was within half a microsecond of
one another.

The following plots show the relative transfer function for Affinity 55A0 across variations in
temperature and gain setting.
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Phase delays are linear with respect to frequency and are very consistent across the temperature
to which the dataloggers were exposed and across configured gain settings.
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Table 36 Relative Transfer Function Timing Skew, Affinity 55A0 at Select Temperatures
Temperature AE2 (channel 3) AN2 (channel 2)

60° C 00.08 us 00.36 us
20° C 00.08 us 00.36 us

20° C gain 2x 00.08 us 00.36 us
20° C gain 4x 00.08 us 00.36 us

-25° C 00.08 us 00.36 us
-36° C 00.08 us 00.36 us

Timing skews observed of datalogger 55A0 are stable, with no measureable difference across the
temperatures to which the datalogger was exposed, nor with the gain setting varying between lx,
2x and 4x.
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Phase delays are observed at 5 sps and 20 sps are negligible. Phase delays appear to be linear
and are more appreciable at higher sample rates (>= 40 sps).

Table 37 Relative Transfer Function Timing Skew, Afffnity 55A0 at Select Sample Rates
Sample Rate Channel 3 Channel 2

4 sps 00.09 us 00.36 us
20 sps 00.08 us 00.36 us
40 sps 00.08 us 00.36 us

100 sps 00.08 us 00.36 us

200 sps 00.08 us 00.36 us

Timing skews observed at selected sample rates, are very stable, ranging from 0.08 us to 0.09 us
for channel 3 and 0.36 us for channel 2.

81



3.12 Analog Bandwidth
The Analog Bandwidth test measures the bandwidth of the digitizer's analog and digital filter.

3.12.1 Measurand

The quantity being measured is the upper limit of the frequency pass-band in Hertz.

3.12.2 Configuration

Multiple digitizer channels are connected to a white noise signal source as shown in the diagram
below.

Digitizer
Channel 1

Digitizer
Channel 2

Digitizer
Channel N

• .

White Noise
Source

Figure 99 Analog Bandwidth Configuration Diagram

Table 38 Analog Bandwidth Testbed E ui ment
Manufacturer / Model Serial Number Configuration

White Noise Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
White Noise Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V

The white noise source is configured to generate a band-width limited white noise voltage with
an amplitude equal to approximately 10% of the digitizer input channel's full scale. Seven and
one hour data recordings were utilized for the evaluation across all dataloggers and for
evaluations at select temperatures, gains and sample rates, respectively.

3.12.3 Analysis
The measured bitweight, from the AC Accuracy at 1 Hz, is applied to the collected data:

x[n], 0 < n < N — 1

The PSD is computed from the time series (Merchant, 2011) from the tirne series and the 3 dB
point in the power spectra is measured.

3.12.4 Result
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The power spectra of the white noise signal recorded on the Affinity digitizer channels are
shown in the plots below.
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Table 39 Analog Bandwidth, All Affinit s, 23° C

DWR
AE2

(channel 3)
AN2

(channel 6)
AZ2

(channel 1)
% Nyquist
Frequency

55A1 44.940 Hz 44.940 Hz 44.940 Hz 89.88 %
559A 44.678 Hz 44.678 Hz 44.678 Hz 89.36 %
559B 44.666 Hz 44.666 Hz 44.666 Hz 89.33 %
55A0 44.885 Hz 44.885 Hz 44.885 Hz 89.77 %

— 55A0:AN2

—55A0:AN2

— 55A0:AZ2

The observed pass-band limit of all the dataloggers while recording 100 sps, with a lx gain,
while exposed to 20° C remained between 89.33% and 89.88% of the 50 Hz Nyquist Frequency.

The following plots contain the bandwidth across variations in temperature, gain, and sample
rate for Affinity 55A0.
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DC Removal: BLOCK B Window. KAISER_BESSEL B FFT Length: 2048

-10

-20 •

-30 • 

-40 • 

-50  

-60  

-70  

▪ -80 •
• -90 •

-100 •

FFT Overlap: 5/8 95% Confidence: I0.58055 dEll Unit: I  Voltage 

-110 • 

-120 • 

-130 • 

-140

-150  

0

—55AO:AE2

—55A0:AN2

— 55A0:AZ2

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

Frequency (Hz)
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Table 40 Analo Bandwidth, Affinity 55A0, at Select Tem eratures and Sam le Rates

Ternperature,
Sample Rate

Channel 3 Channel 2 Channel 1
% Nyquist
Frequency

60 C, 100 sps 44.824 Hz 44.824 Hz 44.824 Hz 89.65%

20 C 100 sps 44.775 Hz 44.775 Hz 44.775 Hz 89.55%

20 C, 100 sps
gain 2x

44.727 Hz 44.727 Hz 44.727 Hz 89.45%

20 C, 100 sps
gain 4x

44.824 Hz 44.824 Hz 44.824 Hz 89.65%

-25 C, 100 sps 43.775Hz 43.775 Hz 43.775 Hz 89.55%

-36 C, 100 sps 44.775 Hz 44.775 Hz 44.775 Hz 89.55%

20 C, 4 sps 1.781 Hz 1.781 Hz 1.781 Hz 89.05%

20 C, 20 sps 8.867 Hz 8.867 Hz 8.867 Hz 88.67%

20 C, 40 sps 17.93 Hz 17.93 Hz 17.93 Hz 89.65%

20 C, 200 sps 89.502 Hz 89.502 Hz 89.502 Hz 89.50%

The passband limits of datalogger 55A0 are tightly clustered across the temperatures at which
observations were made, between 89.55% and 89.65% of the Nyquist frequency. Across the
range of sample rates, analogy bandwidth, expressed as a percentage of the Nyquist frequency,
varied slightly more than over the temperature ranges tested, from 88.67% to 89.65%.

Across all tests, analog bandwidth remained at least 88.67% of the Nyquist Frequency.
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3.13 Total Harmonic Distortion
The Total Harmonic Distortion test is used to measure the linearity of a digitizer channel by
recording a known AC signal at a reference voltage from an ultra-low distortion oscillator.

3.13.1 Measurand

The quantity being measured is the digitizer input channels linearity expressed in decibels.

3.13.2 Configuration

The digitizer is connected to an ultra-low distortion oscillator and a meter configured to measure
voltage as shown in the diagram below.

r "N.

Digitizer

Channel

+c
Oscillator
Source

+

 ..,

•

+

•

 J

r
Voltage
Meter

Figure 114 THD Configuration Diagram

"N

 .J

Figure 115 Total Harmonic Distortion Configuration
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Table 41 Total Harmonic Distortion Testbed Equipment

Manufacturer / Model Serial Number
Nominal

Configuration

Oscillator Source -
Bunker

End Run Technologies/Meridian GPS 3025-0101
Quanterra/Supertonal Signal Source

12010020
021202

+5 V / -5 V

Voltage Meter -
Bunker

Agilient 3458A MY45048372 10 V full scale

Voltage Meter —
Bunker #2

Agilient 3458A MY45048371 10 V full scale

Oscillator Source —
SB1

End Run Technologies/Meridian GPS 3025-0101
Quanterra/Supertonal Signal Source

12010021
021204

+5 V / -5 V

Voltage Meter — SB1* Agilient 3458A MY45048372 10 V full scale

* Meter MY450448372, while installed in SB1, was utilized for measuring THD while
under the following conditions: gain x2 and x4 at a temperature of 20° C; gain xl and
temperatures at -36° C, 20° C, -25° C and 60° C.

The oscillator is configured to generate an AC signal with an amplitude of approximately 50% of
the digitizer input channel's full scale and a frequency equal to 1.41 Hz. This frequency was
chosen as it is near the calibration frequency of 1 Hz and neither this frequency or any of its
nearby harmonics coincide with integer valued frequencies which are typically are often
corrupted with noise from digital electronics containing a pulse-per-second timing.

The meter and the digitizer channel record the described AC voltage signal simultaneously. The
recording made on the meter is used as the reference for comparison against the digitizer
channel. The meter is configured to record at 100 Hz, which is a minimum of 100 times the
frequency of the signal of interest in order to reduce the Agilent 3458A Meter's response roll-off
at 1 Hz to less than 0.01%.

Both the chosen oscillator and reference meter have signal characteristics that exceed that of the
digitizer under test. Therefore, any distortion observed in the signal recorded on the digitizer
channel may be inferred to be due to the digitizer.

A minimum of 1 hour of data is recorded.

The meter used to measure the voltage time series has an active calibration from the Primary
Standard Laboratory at Sandia.
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3.13.3 Analysis

The measured bitweight, frorn the AC Accuracy at 1 Hz, is applied to the collected data:

x[n] , 0 < n < N — 1

The PSD is computed from the time series (Merchant, 2011) from the time series using a Kaiser-
Bessel window varying in length from 4k to 16k window dependent upon on the sample rate of
the data recorded. A Kaiser-Bessel window is used to minimize the width of the main lobe and
the amplitude of side-lobes. The window length and data duration were chosen to provide
sufficient frequency resolution around the primary harmonic and to ensure that the 90%
confidence interval ideally 0.5 db or below, though in practice the 90% confidence interval
ranged between 0.39 dB and 0.89 dB; at the lowest sample rate the 90% confidence interval
increases to has high as 1.43 dB.

Over frequencies (in Hertz):

Pxx[k], < k < N — 1

f [k], k < N — 1

A peak-detection algorithm is applied to identify peaks that occur at the location of expected
harmonics within the power spectra and the RMS power is computed for each of the peaks that
are present (Merchant, 2011).

The THD is then computed as the ratio power in the harmonics to the power in the fundamental:

THDdB = 10 logn (\lIP-1,1(snirms[1])27m 

2

The THD of the signal recorded on the reference meter is computed as well. The reference rneter
THD provides a baseline for the quality of the signal that was introduced to the digitizer. Any
increase in signal distortion may be inferred to be due to the digitizer.
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3.13.4 Result

The figure below shows a short segment of a representative waveform time series recorded on
both the reference meter and a digitizer channel under test of the sinusoid that was used to
measure harmonic distortion.
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Figure 116 THD Time Series

The figures below show the power spectra of the THD for each of the digitizers evaluated.
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Table 42 Total Harmonic Distortion, All Datalo ers, 23° C

DWR
Reference
Meter

00HHE
(chan 3)

00HHN
(chan 2)

00HHZ
(chan 1)

55A1 -132.97 dB -126.01 dB -123.61 dB -122.54 dB

559A -133.23 dB -122.16 dB -126.10 dB -124.80 dB

559B -133.29 dB -123.29 dB -124.34 dB -124.30 dB
55A0 -133.10 dB -124.25 dB -126.33 dB -126.01 dB

In all cases, the reference measurement of the signal generated by the low distortion oscillator
exceeded the measurement made on the digitizer channel indicating that the distortion observed
is due to the digitizer. The observed harmonic distortion ranged between -122.16 dB and
-126.33 dB.

The figures below show the power spectra of the THD for Affinity 55A0 across a range of
temperature exposures and gain levels.
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Table 43 Total Harmonic Distortion at Select Temperatures

Temp
Reference
Meter

00HHE
(chan 3)

00HHN
(chan 2)

00HHZ
(chan 1)

60° C -139.55 dB -122.38 dB -125.33 dB -124.74 dB

20° C -142.12 dB -124.47 dB -126.55 dB -125.99 dB

20° C, gain 4x -128.49 dB -122.51 dB -123.63 dB -122.07 dB

-25° C -141.56 dB -124.96 dB -125.63 dB -124.38 dB

-36° C -140.93 dB -124.09 dB -124.98 dB -123.92 dB

Total Harmonic Distortion varied, though no relationship between THD with temperature is
present. Channels 1 and 2 had their best THD values at 20° C while recording at a gain of lx;
channel 3 at -25° C. Channel 2 had the most stable THD over the temperatures tested, varying
no more than 1.24% when exposed to -36° C. The maximum variation of THD over
temperatures was 2.07%, which was observed on channel 3 while exposed to 60° C.

The following figures show the power spectra of the THD for Affinity 55A0 across a range of
sample rates.
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Table 44 Total Harmonic Distortion at Select Sam le Rates
Sample
Rate

Reference
Meter

Channel 3 Channel 2 Channel 1

4 sps -137.06 dB -180.06 dB -181.14 dB -181.50 dB

20 sps -141.55 dB -125.01 dB -127.76 dB -126.67 dB
40 sps -141.28 dB -124.54 dB -126.58 dB -126.08 dB
100 sps -142.12 dB -124.47 dB -126.55 dB -125.99 dB
200 sps -140.56 dB -124.31 dB -126.22 dB -125.78 dB

Total Harmonic Distortion varies several dB (discounting the very low THD calculated at 4 sps
in this analysis due to the limited number of harmonics present). When compared to the lowest
THD, which occurred, for all channels, at a sample rate of 20 sps, Channel 3 (AE6) varied the
least from its best THD, -125.01 by only 0.56% at 200 sps sample rate. The largest varying THD
occurred on Channel 2, where it varied as much as 1.20% at 200 sps from -127.76 dB, its best
THD calculated.

THD over all test conditions (at lx gain) varied from -122.16 dB (100 sps sample rate) at 23°C
to -127.76 db at 20 sps sample rate (discounting the calculated THD at 4 sps).
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3.14 Common Mode Rejection
The Common Mode Rejection test measures the ability of a digitizer to reject a common mode
signal on a differential input channel

3.14.1 Measurand

The quantity being measured is the ratio of the common mode signal amplitude to the observed
amplitude on the digitizer input channels in dB.

3.14.2 Configuration

The digitizer is connected to a AC signal source and a meter configured to measure voltage as
shown in the diagram below.

AC Signal
111- Source

"N.

Digitizer Voltage• •

Channel Meter•

Analog

Q Ground

Figure 131 Common Mode Rejection Configuration Diagram

Since the digitizer input channels are differential and are shorted together, the digitizer should
not be recording any signal. However, some amount of common mode signal will still be present
on the digitizer input channel

Figure 132 Common Mode Rejection Configuration
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Table 45 Common Mode Re ection Testbed E ui ment

Manufacturer / Model Serial Number Configuration

DC Signal Source - Bunker Stanford Research Systems DS360 123672 +1V / - 1 V
Voltage Meter - Bunker Agilent 3458A MY45048372 1 V full scale
DC Signal Source - SB1 Stanford Research Systems DS360 123669 +1V / - 1 V
Voltage Meter - SB1 Agilent 3458A MY45048372 1 V full scale

The AC Signal Source is configured to generate an AC voltage with an amplitude of
approximately 50% of the digitizer input channel's full scale and a frequency equal to the
calibration frequency of 1 Hz. One minute of data is recorded.

The meter and the digitizer channel record the described AC voltage signal simultaneously. The
recording made on the meter is used as the reference for comparison against the digitizer
channel. The meter is configured to record at 100 Hz, which is a minimum of 100 times the
frequency of the signal of interest in order to reduce the Agilent 3458A Meter's response roll-off
at 1 Hz to less than 0.01 %.

The meter used to measure the voltage time series has an active calibration frorn the Primary
Standard Laboratory at Sandia.

3.14.3 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 in order to determine the sinusoid's amplitude, frequency, phase,
and DC offset:

Vref sin(27f0 tri + 60 + Vdc

A similar sine-fit is performed on the data recorded on the digitizer:

Vmeas sin(27Cfotn + 0) + Vdc

The Common Mode Rejection is then computed as the ratio between the reference and measured
amplitudes:

 )2

CMRdB = 10 * 1og10 ( 
Vref 

um
v eas

3.14.4 Result

The figures below show the waveform time series for the recording made on the digitizer
channels under test. The window regions bounded by the red lines indicate the segment of data
used for analysis.
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Figure 133 Common Mode Rejection Time Series

Station: Bunker Agilent Meter 1

Channel:

Rate: 100 Hz

Bitweight: ,32.945 nV/count

Response Deconvolution

Response: NONE SELECTED 

Unit:  Voltage 111

Station: SSAO

Channel: AE2

Rate: 100 Hz

Bitweight: 0.99966 uV/count 

[I Response Deconvolution

Res ponse: NONE SELECTED El
Unit: Voltage 13

Station: 55AO

Channel: AN2

Rate: 100 Hz

Bitweight: 10.99969 uV/count

Response Deconvolution

Response: NONE SELECTED 

Unit: ,  Voltage

Station: 55A0

Channel: AZ2

Rate: 100 Hz

Bitweight: 10.99966 uV/count

Response Deconvolution

Response: NONE SELECTED 

Unit: I  Voltage 

101



The following table contains the computed common mode noise and rejection ratio.

Table 46 Common Mode Re ection Ratio, All Datalo ers, 23° C

DWR
AE2

(chan 3)
AN2

(chan 2)
AZ2

(chan 1)

55A1
Amplitude 0.09 uV 0.06 uV 0.12 uV

Rejection Gain 126.66 dB 130.87 dB 124.52 dB

559A
Amplitude 0.12 uV 0.21 uV 0.23 uV

Rejection Gain 123.83 dB 119.42 dB 118.59 dB

559B
Amplitude 0.13 uV 0.80 uV 0.04 uV

Rejection Gain 123.43 dB 107.71 dB 133.00 dB

55A0
Amplitude 0.11 uV 0.46 uV 0.54 uV

Rejection Gain 124.62 dB 112.54 dB 111.13 dB

The observed common mode rejection across dataloggers ranged from 107.71 dB to 130.87 dB.

Table 47 Common Mode Rejection: 55A0, at Select Temperatures and Sample Rates

Temperature,
Sample Rate

Channel 3 Channel 2 Channel 1

60° C, 100 sps
Amplitude 0.23 uV 1.30 uV 1.69 uV

Rejection Gain 132.64 dB 117.67 dB 115.36 dB

20° C, 100 sps
Amplitude 0.06 uV 1.66 uV 2.22 uV

Rejection Gain 144.18 dB 115.50 dB 112.99 dB

20° C, 100 sps
2x gain

Amplitude 0.06 uV 0.87 uV 1.09 uV
Rejection Gain 143.99 dB 121.18 dB 119.19 dB

20° C, 100 sps
4x gain

Amplitude 0.07 uV 0.43 uV 0.54 uV
Rejection Gain 131.35 dB 115.28 dB 113.16 dB

-25° C, 100 sps
Amplitude 0.51 uV 2.41 uV 4.09 uV

Rejection Gain 125.86 dB 112.30 dB 107.70 dB

-36° C, 100 sps
Amplitude 0.80 uV 3.41 uV 6.02 uV

Rejection Gain 121.87 dB 109.28 dB 104.33 dB

20° C, 4 sps
Amplitude 0.14 uV 1.62 uV 2.21 uV

Rejection Gain 137.09 dB 115.75 dB 113.02 dB

20° C, 20 sps
Amplitude 0.10 uV 1.66 uV 2.24 uV

Rejection Gain 140.13 dB 115.51 dB 112.93 dB

20° C, 40 sps
Amplitude 0.10 uV 1.67 uV 2.21 uV

Rejection Gain 139.97 dB 115.46 dB 113.05 dB

20° C, 200 sps
Amplitude 0.07 uV 1.67 uV 2.22 uV

Rejection Gain 143.29 dB 115.48 dB 113.00 dB

The observed common mode rejection with datalogger 55A0 while the is gain set to lx, ranged
between 104.33 dB (channel 1, -36° C) and 144.18 dB (channel 3, 20° C) over the temperatures
evaluated. Across sample rates evaluated, the observed common mode rejection ranged between
112.93 dB (channel 1, 20 sps) and 144.18 dB (channel 3, 100 sps). Over temperatures and
sample rates channel 1 (vertical) consistently had the lowest rejection gain and channel 3 (east)
the highest rejection gain.

Common mode rejection ranged between 104.33 dB to 144.18 dB over all test conditions.
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3.15 Crosstalk
The Crosstalk test measures how much of a signal recorded on one channel of a digitizer is also
present on another channel as noise.

3.15.1 Measurand

The quantity being measured is the ratio of the signal power present in one or more other
channels to the observed signal power on another channel in dB.

3.15.2 Configuration

The digitizer is connected to a AC signal source and a meter configured to measure voltage as
shown in the diagram below.

Digitizer
Channel 1

—

-•Digitizer AC Signal•

Channel 2 Source

Digitizer •

Channel 3 •

Digitizer •

Channel N  

Figure 134 Crosstalk Configuration Diagram

Figure 135 Crosstalk Configuration
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Table 48 Crosstalk Testbed Equipment

Manufacturer / Model Serial Number
Nominal

Configuration
AC Signal Source Bunker Stanford Research Systems DS360 123672 +1V / - 1 V

AC Signal Source SB1 Stanford Research Systems DS360 123669 +1V / - 1 V

The AC Signal Source is configured to generate a AC voltage with an amplitude of
approximately 50% of the digitizer input channel's full scale and a frequency equal to the
calibration frequency of 1 Hz. Approximately 1.2 minutes of data are recorded.

3.15.3 Analysis

The measured bitweight, from the AC Accuracy at 1 Hz, is applied to the collected data:

x [n]

The PSD is computed from the time series (Merchant, 2011) from the time series using a 2k-
sample Hann window and 5/8 overlap of the input terminated channel and all of the tonal
channels:

Pi[k] , 1 < i < N

For the purposes of convention, the input terminated channel is assumed to be the first channel
and the tonal channels are 2 through N. The RMS value of the maximum peak in each of the
power spectra are identified and computed:

Vrms i) 1 < < N

The mean crosstalk value is also computed between the terminated channel and each of the tonal
channels is computed:

N

1 
1 Vrms 11

2

Mean Crosstalk = 10 1og10 ,„ —
iv i 

i=2
1 Vrms i
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3.15.4 Result

The figure below shows a representative waveform time series for the recording made on the
digitizer channels under test. All of the results were similar to the waveforms shown below. The
window regions bounded by the red lines indicate the segment of data used for analysis.
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Figure 136 Crosstalk Time Series Example, Affinity 55A0

The figures below show a representative power spectra of the terminated and tonal channels for
each of the two sample rates for which crosstalk was evaluated. All of the results were similar to
the power spectra shown below.
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Figure 137 Crosstalk Power Spectra
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The following table contains the computed crosstalk ratios for all digitizers measured in the
bunker at 23 C. Notice the lack of an observable peak in the terminated channel's power spectra.

Table 49 Crosstalk*, All Dataloggers, 100 Hz, 23 C

DWR
AE2

(chan 3)
AN2

(chan 2)
AZ2

(chan 1)

55A1 -153.11 dB -153.25 dB -152.58 dB

559A -153.73 dB -153.88 dB -153.27 dB

559B -153.56 dB -146.63 dB -152.85 dB

55A0 -153.79 dB -153.43 dB -153.76 dB

No peak is observable in the terminated channel's power spectra, therefore the values represent
the maximum possible observable crosstalk*. The maximum possible observable levels of
crosstalk were all between -142.63 and -153.88 dB

The following table contains the computed crosstalk ratios for 55A0 measured across
temperature and gain levels.

Table 50 Crosstalk*, Datalogger 55A0 at Select Temperatures

Temperature
AE2

(chan 3)
AN2

(chan 2)
AZ2

(chan 1)

60° C -152.54 dB -153.19 dB -152.45 dB

20° C -150.92 dB -151.31 dB -151.13 dB

20° C, Gain 2x -148.80 dB -149.56 dB -151.02 dB

20° C, Gain 4x -147.90 dB -146.55 dB -145.66 dB

-25° C -151.03 dB -151.02 dB -152.08 dB

-36° C -152.34 dB -150.46 dB -150.99 dB

No peak is observable in the terminated channel's power spectra, therefore the values represent
the maximum possible observable crosstalk*. The maximum possible observable levels of
crosstalk (lx gain) calculated over the temperatures selected for evaluation varied from as little
as -150.46 dB as -153.19 dB. No significant trend with respect to temperature is noted.

The following table contains the computed crosstalk ratios for 55A0 measured across sample
rates.

Table 51 Crosstalk*, Datalogger 55A0 at Select Sam le Rates, 20° C

Sample Rate Channel 3 Channel 2 Channel 1

4 sps -149.19 dB -149.57 dB -147.95 dB

20 sps -151.58 dB -149.47 dB -149.16 dB

40 sps -149.09 dB -148.66 dB -149.28 dB

100 sps -150.92 dB -151.31 dB -151.13 dB
200 sps -151.69 dB -151.12 dB -151.33 dB

No peak is observable in the terminated channel's power spectra, therefore the values represent
the maximum possible observable crosstalk*. No correlations are present between maximum
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possible observable crosstalk (lx gain) and changes in sample rates or temperatures; values
range from -147.95 dB to as much as -151.69 dB.
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3.16 Time Tag Accuracy
The Time Tag Accuracy test measures the digitizer's timing accuracy under stable conditions in
which the digitizer is clock is locked and stable.

3.16.1 Measurand

The quantity being measured is the error in the time tag of specific time-series sample in
seconds. Error is defined to be the observed time-stamp minus the expected time-stamp.

3./6.2 Configuration

The digitizer is connected to a timing source as shown in the diagram below.

Digitizer
-F

=•F Timing

Channel 1 0- Source

"N.

Digitizer
Channel 2 •

Digitizer
Channel

Figure 138 Time Tag Configuration Diagram

Figure 139 Time Tag Configuration Picture
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Table 52 Time Tag Testbed Equipment

Manufacturer / Model
Serial
Number

Nominal
Configuration

SB1
End Run Technologies/Meridian GPS 3025-0101

Quanterra/Supertonal Signal Source
12010021
021204

GPS PPM Output

Bunker
End Run Technologies/Meridian GPS 3025-0101

Quanterra/Supertonal Signal Source
12010020
021202

GPS PPM Output

The timing source may be configured to generate a time-synchronized pulse-per-minute, pulse-
per-hour, or sinusoid. In each case, there is an observable signal characteristic

3.16.3 Analysis

The difference between the digitizers actual and expected time stamps are measured by
evaluating the unique characteristics of the signal being recorded (Merchant, 2011). The average
time tag error is computed over a minimum of an hour.

3.16.4 Result

The figure below shows a representative waveform time series of a Pulse-per-minute (PPM) for
the recording made on a digitizer channel under test.
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Figure 140 Time Tag Accuracy PPM Time Series
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The following table contains the computed timing offsets as measured from the testing
configuration as shown in Figure 138, where all input channels are connected in parallel to the

timing source, not isolated as the Guralp engineers suggested, as the equipment under test was no
longer available when the suggestion of the alternative test configuration was made.

Table 53 Time Tag Accuracy, All Affini s, 23° C

DWR
AE2

(chan 3)
AN2

(chan 2)
AZ2

(chan 1)

55A1 -25.51 us -25.75 us -25.75 us

559A -25.27 us -25.27 us -25.03 us

559B -25.51 us -25.27 us -25.51 us

55A0 -25.51 us -25.75 us -25.51 us

Table 54 Time Tag Accuracy, Affinity 55A0 100 Hz, Select Tem eratures

Temperature
AE2

(chan 3)
AN2

(chan 2)
AZ2

(chan 1)

60° C -39.10 us -39.10 us -38.86 us

20° C -38.86 us -39.10 us -38.86 us

100 Hz, gain 2x -31.95 us -31.95 us -31.71 us

100 Hz, gain 4x -31.47 us -31.95 us -31.47 us

-25° C -38.86 us -39.34 us -38.86 us

-36° C -39.58 us -39.82 us -39.58 us

Table 55 Time Tag Accuracy, Affinity 55A0, Select Sam le Rates

Sample Rate Chanel 3 Channel 2 Channel 1

4 Hz -34.81 us -35.05 us -35.05 us

20 Hz -33.86 us -34.33 us -34.09 us

40 Hz -35.52 us -35.76 us -35.52 us

100 Hz -38.86 us -39.10 us -38.86 us

200 Hz -41.25 us -41.48 us -41.01 us

Over all test configurations and conditions, timing offsets varied from -25 us to -41 us, with no

correlation of offset with temperature or sample rate.
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3.17 Timing Drift
The Time Tag Drift test measures how the digitizer's timing accuracy drifts when the digitizer's
clock is not locked and recovers once lock is restored.

3.17.1 Measurand

The quantity being measured is the error in the time tag of specific time-series sample in seconds
and the rate at which the error changes with time. Error is defined to be the observed time-stamp
minus the expected time-stamp.

3.17.2 Configuration

The digitizer is connected to a timing source as shown in the diagrarn below.

r
Digitizer
Channel 1
 ../

+ 

-0 

r "N.

Digitizer
Channel 2
 ..i

r -\
Digitizer
Channel N
 .i

+

+
0- Timing

Source
 .)

Figure 141 Timing Drift Configuration Diagram

Table 56 Timing Drift Testbed E ui ment

Location Manufacturer / Model
Serial
Number

Nominal
Configuration

SB1
End Run Technologies/Meridian GPS 3025-0101

Quanterra/Supertonal Signal Source
12010021
021204

GPS PPM Output

Bunker
End Run Technologies/Meridian GPS 3025-0101

Quanterra/Supertonal Signal Source
12010020
021202

GPS PPM Output

The timing source may be configured to generate a time-synchronized pulse-per-minute, pulse-
per-hour, or sinusoid. In each case, there is an observable signal characteristic

The digitizer clock is allowed to stabilize before the GPS antenna is covered, which results in the
digitizer losing timing lock. The digitizer is allowed to drift before the GPS antenna uncovered
and then regains its timing lock and corrects for drift.
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3.17.3 Analysis

The difference between the digitizers actual and expected time stamps are measured by
evaluating the unique characteristics of the signal being recorded (Merchant, 2011).

The levels of timing error and rates of change are observed while the digitizer has GPS lock,
while it is drifting without GPS lock, and while it is recovering once GPS lock is resumed.

3.17.4 Result

The figures below show the timing offsets over time as the digitizer channels drift and recover.
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Figure 142 Time Tag Drift, Affinity 55A1, 23° C
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Figure 144 Time Tag Drift, Affinity 559A, 23° C
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Figure 145 Time Tag Recovery, Affinity 559A, 23° C
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Figure 148 Time Tag Drift, Affinity 55A0, 23° C
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Figure 155 Time Tag Recovery Affinity 55A0, 20° C, 2x Gain
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Figure 156 Time Tag Drift, Affinity 55A0, 20° C, 4x Gain
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Figure 157 Time Tag Recovery Affinity 55A0, 20° C, 4x Gain
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Figure 167 Time Tag Recovery, Affinity 55A0, 20° C, 40 sps
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The following table contains the computed timing offsets when locked and the estimated rate at
which the digitizer was observed to drift prior to recovering GPS lock.

Table 57 Time Tag Drift and Recovery

Digitizer Config/Conditions Timing Offset Drift Rate

55A1 100 sps, 23° C -5305 ms 278 us/h

559A 100 sps, 23° C -5995 ms 314 us/h

559B 100 sps, 23° C -3972 us 194 us/h

55A0 100 sps, 23° C -3579 us 187 us/h

55A0 100 sps, 60° C -4055 us 262us/h
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55A0 100 Hz, 20° C -2292 us 150 us/h

55A0 100 sps, 20° C, gain 2x -2764 us 208 us/h

55A0 100 sps, 20° C, gain 4x -3290 us 211 us/h

55A0 100 sps, -25° C -997 us* 130 us/h

55A0 100 sps, -36° C 5686 us -411 us/h

55A0 4 sps, 20° C -2268 us 148 us/h

55A0 20 sps, 20° C -2288 us 150 us/h

55A0 40 sps, 20° C -2288 us 150 us/h

55A0 200 sps, 20° C -2290 us 150 us/h

*Drift window was less than 12 hours.

Drift rates varied widely across dataloggers, from as little as 187 us/h to as much as -411 us/h.
Positive drift rates equate to timing advancing ahead of the actual time. Drift rates of datalogger
55A0 decreased as temperature decreased; eventually, at the lowest temperature to which 55A0
was exposed, the drift direction reversed, e.g. the timing slowed to a rate slower than actual time.
Over the suite of sample rates evaluated, drift rates maintained relatively steady, between
148 us/h to 150 us/h.

In every instance of the GPS receivers regaining lock and timing was corrected, to essentially the
same measured timing offset as that prior to the drift test, within just a few minutes.
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4 SUMMARY

Power Consumption
The average observed power consumption of 1.65 W is reasonably consistent with the datasheet
specification, as it is 6.5% greater than the 1.55 W power consumption specificied in the
manufacturer's datasheet for a 4 channel system while ethernet and GPS are active.

Input Impedance
All dataloggers had very consistent measured impedance values. Under all test configurations all
dataloggers remained from 0.44% to 0.45% higher than the specification of 113 kOhm provided
by the manufacturer.

DC Accuracy
Across selected sample rates, gains and temperatures, bit weights remained very stable, varying
no more than 0.08% (at a temperature of -36° C) from the respective nominal bitweight.

AC Accuracy
As with DC Accuracy Tests, bitweights remained very near the respective nominal bitweight
over the temperatures and sample rates evaluated, never diverging more than 0.08% (at a gain of
4x) of the respective nominal bitweight.

Input Shorted Offset
The maximum observed input shorted offset 1.933 mV or 0.0097% of full scale, occurred on
channel 3 at 60° C. Minimum input shorted offset voltages occurred generally at mid
temperatures (20° C or -25° C), rather than at either of the extremes (60° C or -36° C).

AC Full Scale
For all sample rates and gain levels, the digitizer channels were able to fully resolve the sinusoid
with a peak-to-peak amplitude at or near the channels claimed full scale value without any signs
of flattening that would indicate that clipping is occurring.

Self-Noise
Rms noise values did not exceed the equivalent of 2 counts rms while operating at a gain of lx;
at gains of 2x and 4x, rms noise did not exceed the equivalent of 3 counts rms. Self noise levels
decreased with temperature in all pass bands, with the exception of AN2 (channel2) in the low
passband at -25° C where self noise increased slightly to 479.60 nV rms.

Dynamic Range
Dynamic Ranges over all evaluated conditions and passband varied from as low 137 dB to as
much as 150 dB.

System Noise
Over the sample rates evaluated, at a gain of lx, seismic system noise exceeded the CMG-3VB
noise model from as low as 1.9 Hz to 2.0 Hz (north channels) to as high as 12.0 Hz (north
channels) to 12.9 Hz.
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Response Verification
Over the temperatures and sample rates evaluated, magnitude and phase varied little. Roll-off in
the relative phase is apparent in the data consistent with slight timing offsets between channels.

Relative Transfer Function
All of the channels were observed to have a timing skew that was within half a microsecond of
one another.

Analog Bandwidth
In all cases analog bandwidth was at least 88.67% or better of the Nyquist Frequency.

Total Harmonic Distortion
THD over all test conditions (at lx gain) varied from -122.16 dB (100 sps sample rate) at 23°C,
to -127.76 db (20 sps sample rate) discounting the calculated THD at 4 Hz.

Common Mode Rejection
Common mode rejection ranged between 104.33 dB to 144.18 dB over all test conditions.

Crosstalk
No peak is observable in the terminated channel's power spectra, therefore the values represent
the maximum possible observable crosstalk. The maximum possible observable levels of
crosstalk were all between -142.63 and -153.88 dB.

Time Tag Accuracy
Over all test configurations and conditions, timing offsets varied from -25 us to -41 us, with no
correlation of offset with temperature or sample rate.

Time Tag Drift
Drift rates varied widely across dataloggers, from as little as 187 us/h to as much as -411 us/h.
In every instance of connecting the GPS antenna to the receiver, GPS receivers locked and
timing was corrected, to essentially the same measured timing offset as that prior to the drift test,
within just a few minutes.
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APPENDIX A: SELF-NOISE

Digitizer self-noise values are reported in units of dB relative to 1 V2/Hz at the defined octave-
band frequencies. The 90% uncertainty of the provided estimates are 0.43 dB for all gain
settings.
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Table 58 Affinity Di itizer Noise Model, lx Gain
Frequency
(Hz)

AE2
(chan 3)

AN2
(chan 2)

AZ2
(chan 1)

0.00315 -118.0 dB -118.1 dB -117.3 dB

0.004 -118.0 dB -118.1 dB -117.3 dB

0.005 -120.8 dB -120.6 dB -120.5 dB

0.0063 -120.8 dB -120.6 dB -120.5 dB

0.008 -122.5 dB -122.1 dB -122.0 dB

0.01 -122.5 dB -122.1 dB -122.0 dB

0.0125 -123.2 dB -123.4 dB -122.8 dB

0.016 -123.2 dB -123.4 dB -122.8 dB

0.02 -124.1 dB -124.2 dB -124.2 dB

0.025 -124.1 dB -124.2 dB -124.4 dB

0.0315 -124.3 dB -124.7 dB -124.9 dB

0.04 -124.9 dB -125.6 dB -125.2 dB

0.05 -125.1 dB -125.5 dB -125.0 dB

0.063 -125.6 dB -125.9 dB -125.3 dB

0.08 -125.5 dB -125.9 dB -125.7 dB

0.1 -125.9 dB -126.1 dB -125.8 dB

0.125 -126.0 dB -126.2 dB -125.8 dB

0.16 -126.1 dB -126.2 dB -126.0 dB

0.2 -126.1 dB -126.4 dB -126.1 dB

0.25 -126.0 dB -126.4 dB -126.2 dB

0.315 -126.2 dB -126.5 dB -126.2 dB

0.4 -126.2 dB -126.6 dB -126.2 dB

0.5 -126.2 dB -126.6 dB -126.4 dB

0.63 -126.3 dB -126.6 dB -126.4 dB

0.8 -126.3 dB -126.7 dB -126.4 dB

1 -126.4 dB -126.7 dB -126.5 dB

1.25 -126.4 dB -126.7 dB -126.4 dB

1.6 -126.4 dB -126.7 dB -126.5 dB

2 -126.3 dB -126.7 dB -126.4 dB

2.5 -126.4 dB -126.7 dB -126.4 dB

3.15 -126.5 dB -126.7 dB -126.5 dB

4 -126.4 dB -126.7 dB -126.5 dB

5 -126.5 dB -126.7 dB -126.5 dB

6.3 -126.5 dB -126.8 dB -126.5 dB

8 -126.5 dB -126.8 dB -126.5 dB

10 -126.5 dB -126.7 dB -126.5 dB

12.5 -126.5 dB -126.8 dB -126.4 dB

16 -126.5 dB -126.8 dB -126.5 dB

20 -126.5 dB -126.7 dB -126.5 dB

25 -126.5 dB -126.8 dB -126.5 dB

31.5 -126.5 dB -126.8 dB -126.5 dB

40 -126.5 dB -126.8 dB -126.5 dB
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Table 59 Affinity Digitizer Noise Model, 2x Gain

Frequency
(Hz)

AE2
(chan 3)

AN2
(chan 2)

AZ2
(chan 1)

0.00315 -123.0 dB -121.9 dB -123.2 dB
0.004 -123.0 dB -121.9 dB -123.2 dB
0.005 -125.5 dB -124.7 dB -125.9 dB

0.0063 -125.5 dB -124.7 dB -125.9 dB
0.008 -127.0 dB -126.1 dB -127.3 dB
0.01 -127.0 dB -126.1 dB -127.3 dB

0.0125 -127.6 dB -126.9 dB -127.9 dB
0.016 -127.6 dB -126.9 dB -127.9 dB
0.02 -128.9 dB -127.8 dB -128.8 dB

0.025 -129.3 dB -128.1 dB -128.8 dB
0.0315 -129.5 dB -128.3 dB -129.2 dB

0.04 -129.9 dB -128.7 dB -129.6 dB
0.05 -129.9 dB -129.1 dB -129.8 dB

0.063 -130.3 dB -129.4 dB -130.3 dB
0.08 -130.5 dB -130.0 dB -130.4 dB
0.1 -130.5 dB -130.2 dB -130.5 dB

0.125 -130.8 dB -130.4 dB -130.8 dB
0.16 -131.1 dB -130.7 dB -130.9 dB
0.2 -130.9 dB -130.9 dB -131.2 dB

0.25 -131.4 dB -131.1 dB -131.3 dB
0.315 -131.4 dB -131.3 dB -131.4 dB

0.4 -131.5 dB -131.3 dB -131.4 dB
0.5 -131.4 dB -131.3 dB -131.4 dB

0.63 -131.5 dB -131.4 dB -131.5 dB
0.8 -131.5 dB -131.5 dB -131.6 dB

1 -131.5 dB -131.4 dB -131.6 dB
1.25 -131.6 dB -131.4 dB -131.6 dB
1.6 -131.6 dB -131.5 dB -131.7 dB
2 -131.6 dB -131.5 dB -131.7 dB

2.5 -131.6 dB -131.5 dB -131.6 dB
3.15 -131.6 dB -131.5 dB -131.7 dB
4 -131.7 dB -131.5 dB -131.7 dB
5 -131.7 dB -131.5 dB -131.7 dB

6.3 -131.6 dB -131.5 dB -131.7 dB
8 -131.6 dB -131.5 dB -131.7 dB
10 -131.6 dB -131.5 dB -131.7 dB

12.5 -131.7 dB -131.5 dB -131.7 dB
16 -131.7 dB -131.5 dB -131.7 dB
20 -131.7 dB -131.5 dB -131.7 dB
25 -131.7 dB -131.5 dB -131.7 dB

31.5 -131.7 dB -131.5 dB -131.7 dB
40 -131.7 dB -131.6 dB -131.7 dB
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Table 60 Affinity Digitizer Noise Model, 4x Gain
Frequency
(Hz)

AE2
(chan 3)

AN2
(chan 2)

AZ2
(chan 1)

0.00315 -128.5 dB -127.6 dB -128.9 dB

0.004 -128.5 dB -127.6 dB -128.9 dB

0.005 -130.4 dB -129.1 dB -130.6 dB

0.0063 -130.4 dB -129.1 dB -130.6 dB

0.008 -131.7 dB -130.7 dB -131.5 dB

0.01 -131.7 dB -130.7 dB -131.5 dB

0.0125 -132.1 dB -130.9 dB -132.0 dB

0.016 -132.1 dB -130.9 dB -131.8 dB

0.02 -132.8 dB -131.8 dB -132.7 dB

0.025 -133.0 dB -131.8 dB -132.7 dB

0.0315 -133.1 dB -132.0 dB -132.8 dB

0.04 -133.6 dB -132.2 dB -133.1 dB

0.05 -133.6 dB -132.5 dB -133.4 dB

0.063 -134.1 dB -133.2 dB -133.8 dB

0.08 -134.1 dB -133.5 dB -134.2 dB

0.1 -134.3 dB -133.8 dB -134.4 dB

0.125 -134.4 dB -134.4 dB -134.6 dB

0.16 -134.6 dB -134.7 dB -134.9 dB

0.2 -134.8 dB -134.8 dB -135.0 dB

0.25 -134.9 dB -135.0 dB -135.2 dB

0.315 -135.1 dB -135.0 dB -135.1 dB

0.4 -135.0 dB -135.0 dB -135.1 dB

0.5 -135.1 dB -135.1 dB -135.2 dB

0.63 -135.1 dB -135.2 dB -135.3 dB

0.8 -135.2 dB -135.1 dB -135.3 dB

1 -135.3 dB -135.2 dB -135.3 dB

1.25 -135.2 dB -135.2 dB -135.3 dB

1.6 -135.3 dB -135.2 dB -135.3 dB

2 -135.2 dB -135.3 dB -135.3 dB

2.5 -135.3 dB -135.3 dB -135.3 dB

3.15 -135.3 dB -135.3 dB -135.3 dB

4 -135.3 dB -135.3 dB -135.3 dB

5 -135.3 dB -135.3 dB -135.4 dB

6.3 -135.3 dB -135.2 dB -135.4 dB

8 -135.3 dB -135.2 dB -135.4 dB

10 -135.3 dB -135.2 dB -135.4 dB

12.5 -135.3 dB -135.2 dB -135.3 dB

16 -135.3 dB -135.2 dB -135.3 dB

20 -135.3 dB -135.2 dB -135.3 dB

25 -135.3 dB -135.2 dB -135.3 dB

31.5 -135.3 dB -135.2 dB -135.3 dB

40 -135.4 dB -135.3 dB -135.4 dB
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APPENDIX B: RESPONSE MODELS

4.1 Guralp Systems CMG-3VB Response

Guralp Systems Model ENG-3VB-JSV500300203L seismorneter amplitude and phase response.
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APPENDIX C: TESTBED CALIBRATIONS

Agilent 3458A # 2823A10915

PRIMARY STANDARDS
LABORATORY
Sandia National Laboratories. Albuquerque. Ncw Mexico 87185 -0665

Item Identification
Asset Number

Description

Model
Serial #
Manufacturer
Customer Asset Id
Purchase Order

Customer

Custodian

Location

Date of Receipt

Dates Tested (Start — End)

Date Approved

Calibration Expiration Date

Calibration Description
Calibration Lab
Calibration Procedure, rev.

Temperature
Humidity
Barometric Pressure
As Found Condition
As Left Condition
Software Used
Tamper Seal

Limited Calibration Certificate
Document #: 41628_11719482

41628

Meter,Multifunction

3458A
2823A10915
Hewlett Packard Co
N/A
N/A

Ground-Based Monitoring R&E
06752

Slad, George William

SNLNWTA1/758/1029

July 27, 2017

August 09, 2017 - August 09, 2017

August 11, 2017

August 11, 2018

PSL-ELECTRICAL
HP 3458A, 4.2

23 t 2 deg C
40 t 20 %RH
NA mmHg
PASS
PASS
MET/CAL 8.3.2.37
None

Page 1 of 8
41628_11719482
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PRIMARY STANDARDS
LABORATORY
Sandia National Laboratories, Albuquerque, Ncw Mexico 87185-0665

Calibration Specifications and Results

This instrument (Agilent/HP 3458A) was tested using the SNL Primary Standards Laboratorys Multimeter/
Multifunction Station MMS #9300 and is certified to be within the following LIMITED specifications:

DC Volts:
(11 ppm of reading + 10 ppm of range) 100 mV range
± (10 ppm of reading + 1 ppm of range) 1 V range
± (10 ppm of reading + 0.2 ppm of range) 10 V range
± (12 ppm of reading + 0.3 ppm of range) 100 V range
± (12 ppm of reading + 0.1 ppm of range) 1000 V range

AC Volts:
10 Hz to 40 Hz ± (0.2% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.045% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.08% of reading + 0.002% of range) 1000 V range
20 kHz to 50 kHz ± (0.1% of reading + 0.011% of range) 10 mV range
20 kHz to 50 kHz ± (0.1% of reading + 0.002% of range) 100 mV to 100 V ranges
50 kHz to 100 kHz ± (05% of reading + 0.011% of range) 10 mV range
50 kHz to 100 kHz ± (02% of reading + 0.002% of range) 100 mV to 100 V ranges
100 kHz to 300 kHz ± (4% of reading + 0.02% of range) 10 mV range
100 kHz to 300 kHz ± (1% of reading + 0.01% of range) 100 mV to 10 V ranges
100 kHz to 200 kHz ± (1% of reading + 0.01% of range) 100 V range

NOTE: 700 V RMS maximum on 1000 VAC range

4-wire Ohms:
± (100 ppm of reading + 10 ppm of range) 10 S2 range
± (50 ppm of reading + 5 ppm of range) 100 f2 range
± (50 ppm of reading + 1 ppm of range) 1 KO to 100 KO ranges
± (100 ppm of reading + 2 ppm of range) 1 MO range
± (200 ppm of reading + 10 ppm of range) 10 MO range
± (500 ppm of reading + 10 ppm of range) 100 MO range
± (2% of reading + 10 ppm of range) 1 GO range

DC Current
± (10% of reading + 0.01% of range) 100 nA range
± (3.0% of reading + 0.01% of range) 1 yA range
± (0.3% of reading + 0.001% of range) 10 /4A
± (0.04% of reading + 0.01% of range) 100 i4A and 1 A ranges
± (0.02% of reading + 0.005% of range) 1 mA, 10 mA, and 100 mA ranges

AC Current:

Page 2 of 8
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20 Hz to 1 kHz ± (0.15% of reading + 0.02% of range) 100 p A range
20 Hz to 5 kHz ± (0.15% of reading + 0.02% of range) 1 mA to 100 mA ranges
40 Hz to 5 kHz ± (0.15% of reading + 0.02% of range) 1 A range
5 kHz to 10 kHz ± (0.5% of reading + 0.02% of range) 1 mA to 100 mA ranges

Frequency:
10 Hz to 40 Hz ± 0.05% of reading
40 Hz to 10 MHz ± 0.01% of reading

Note 1: Measurement setup configuration is defined in manufacturers accuracy statement footnotes.
Note 2: Additional errors due to deviations in setup configuration shall be added by the user to the
specifications in this certificate.
Note 3: Contact the Primary Standards Laboratory for assistance with uncertainty calculations as needed.
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PRIMARY STANDARDS
LABORATORY
Sandia National Laboratoncs, Albuquerque, New Mexico 87185-0665

Calibration Data Report
Primary Electrical Lab

Unil Under Tesl HP 3458A Mu'howler

Asset Number 41828

Serial Number 2823A10915

Procedure Name HP 3458A

Rewsion 4 2

Calibrated By Jason Chance

Test Result PASS

Test Type FOUND-LEFT

Cabbration Date 8192017

Temperature 23 C

Humidity 10 %

• Test Type is defined as loNows

AS FOUND Data coNected price to adjustment and'or ;roam

AS LEFT Data collected after adjustment and,. repair

FOUND LEFT Data collected wrthout adjustment ander, repair

• Test Uncertanty Ratio (TURIN dellned as

TUR • Speakshon Lund r Uncenamly of the Measurement

• A haSh (ft) aPpended b Ihe TUR mdcates a puardbanded measurement

• All astensk Cl appended to the TUR ondrcates use of e Test Accuracy Ratio (TAR) instead of • TUR

TAR • Spealcation Limit Accuracy of the Standard

COMMENTS

Standards used

11121

20174

b0561

nn51372

MAS4(41

Test Results

Inlitusrletlea

MKS:

'badmen

End*, 8159.4 I Golln reudor

11.1Le STZSA Amplifier

11 I isa STurrA CA1 IllitA

Atoka 1129rA 1 uurnrnrArtuorrn Or an CLAM trend..

nuke 3719A Ml41111k110.1.1

Itesibit
311012015

W1012017

9f2017

1115/20111

961/2017

30IIVANI 014.0. Mot/Cal Vertu.% 11.3.2

CALIBRATION MANUAL:

...silent Technologies 1458A Moltaneter

CalbratiOn Manual. 141110n 6. Cctober 2013

PM 01458-90017

LIMITED CALIMRATION:

P3L spselfscat/ons are larger than VAAW4Ctur.1.41

speclfscatsons reported In rectory User NAnkkal.

Thts ta • lsmutatton of ths

leessclad SkoseeLlelat Leea_Lsal LALII 7..19 Is][21 Itabe

The Internal

DC Volt.

temperature of the 3454A se 34.1 ded.0

100.00000 NW 99.99612 09.91176 100.00164 NV 2.266 11

.100.00000 raV .100.00184 -99.99174 .99.99812 Of 2.240 14

1.00000000 v 0.99994945 0.9,999495 1.00001035 V 2.979 10

-1.00000000 V -1.00001015 -0.99119126 -0.99994965 V 2.976 1

-10.0000000 V -10.0000987 -0.9999912 -9.9999011 V 1.926 9

-5.0000000 V -5.0000501 .4.9999940 -4.9999499 V 3.719 4

-2.0000000 V -2.0000209 -1.9999174 -1.9999791 V 3.244 12

2.0000000 V 1.9111791 1.9011967 2.0000209 V 1.246 16

5.0000000 V 4.9999499 4.9999951 5.0000501 V 3.716 9

10.000000D V 9.9999013 9.9999494 10.0000967 V 3.920 11

100.000000 v 99.994421 99.999960 100.0011'9 V 3.519 3

14P 3438/ Moo It sr KM Pre., Docincal Lab TUR Ropprt wrvylOeylU11

Calknibon DaY 69'2017 05 29 47
Page 1 of 3

Page 4 of 8
41628_11719482

132



PRIMARY STANDARDS
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trestResufts
loWnalalsa 1.44•1 11.1 M.-1,111 1110 1 111.1 5101

t.  

100.000 nA rA 1. d t 1

1.000000 oA 0. 999960 1.030100 aA 5.5 0

10.000000 AA 9. 9994144 10.030100 6/. 5.2 1

100.00000 M 99.95000 99.91002 100.05000 M 5.7 2

1.0000000 M 0.9997500 0.9919961 1.0002500 •A 7.6 2

10.000000 sA 9.997500 9.999991 10.002500 au 8.1

100.00000 oA 99.97500 100.00062 100.02500 aP. 6.1 :

1.0000000 A 0.9995000 1.0000213 1.0005000 A 7.4 4

..... nee

10.00000 0110 10.000210 9.99917 10.00021 10.00137 OM 5.8 4

100.00000 Oha 100.003620 99.99812 103.00318 100.00912 OM 6.5 II

1.000000D Wt. 0.999911460 0.9999336 0.9999631 1.0000)56 Who 7.3 3

10.000000 00189 9.9998320 9.999322 9.999430 10.000)42 18011 7.3 0

100.00000 90110 100.000630 91.99553 100.00075 100.00573 KM 6.0

,

1.0000000 MOM 0.99996060 0.999115116 0.9999499 1.0000424 5101. 7.3 0

10.000000 193M 9.9902310 9.996130 9.991227 10.000330 1111.1. 7.2 1

100.00000 MOM 100.001520 99.95152 100.01160 100.05952 NOM 6.0 18

1.00192000 0005 0.9914716 1.0024601 1.0219444 4,07•1 010

PC Currmat

100.0000 taA • 20 Ns 99.4300 99.9346 100.1100 06 1.4 39

100.0000 11A • 45 Hz 99.6300 99.9404 100.1700 oh 9.1 11

100.0000 OA • 1 MU 99.11300 99.91120 100.1700 8A 9.4 10

1.000000 RA • 20 Mx 0.990300 0.99940$ 1.001700 EA 10.0 30

1.000000 sA • 45 Hz 0.991300 0.999930 1.001700 DA >10 4

1.000000 AM • 5 W. 0.998300 1.000112 1.001100 ae. 6.3 10

1.000000 aA • 10 0.995013 1.000288 1.004987 stA 3.411

10.00000 *A 0 20 H. 9.90300 9.19494 10.01100 M 10.0 30

10.00000 •A • 45 H. 9.911300 9.99944 10.01100 BA >10

,

10.00000 sA • 5 101. 9.98300 10.00133 10.01100 M 7.7 4

10.00000 BA • 10 101. 9.94910 10.00200 10.05030 M 4.0 4

100.0000 sA • 20 Hs 99.4300 99.9529 100.1700 M 10.0 29

100.0000 NA • 45 Hz 99.0300 99.9995 100.1700 NA >10 0

100.0000 sA 5 5.H. 99.8300 100.0300 100.1700 a6 0.5 10

100.0000 M • 10 MP 99.4600 100.0495 100.5200 a6 5.5 10

1.000000 A • 40 ID 0.998300 0.999896 1.001700 A 6.5 6

1.000000 A 5 kHz 0.998357 1.001093 1.001643 A 3.951 67

AC Volts

10.00000 aV • 10 H. 10.006200 9.98599 9.99490 10.02641 etV 7.2 31

10.00000 aV • 40 Ho 9.996000 9.99359 9.99425 10.00242 aV 2.941

10.00000 ny • 20 kHz 9. 99,000 9.99250 9.997190 10.00142 RV 1.941 20

10.00000 teV 9 50 kHz 9. 997600 9.98650 9.99413 10.00070 NV 4.1 31

10.00000 aV • 100 kHz 9.94890 9.98216 10.05110 •V >10 35

10.00000 aV • 300 611. 9.997300 9.59541 9.945117 10.39119 aV >10 39

100.0000 aNt • 10 ID 100.07110 99.8696 99.9998 100.2730 EV >10 36

100.0000 aV 0 40 Hs 99.99470 99.9471 99.9957 100.0417 •V >10 2

100.0000 aV • 20 100 99.97850 99.9315 99.9969 100.0255 RV >10 39

100.0000 aV • 50 011. 99.98210 99.8801 99.9912 100.0141 •V >10

100.0000 RV • 100 101. 99.98540 99.7831 99.9719 100.1974 RV >10 7

100.0000 aV • 300 kHz 99.98800 99.9791 99.6645 100.9979 RV >10 12

1.000000 V 0 10 lie 0.9999929 0.997913 1.000036 1.002013 V >10

1.000000 V • 40 Hz 0.9999930 0.999523 1.000025 1.000163 V >10 1

1.000000 V ! 20 kHz 0.9999961 0.999526 0.999969 1.000466 V >10 6

1.000000 V • 50 kHz 1.0000142 0.998994 0.999990 1.001034 V >10 2

1.000000 V • 100 101. 1.0000316 0.998012 1.000109 1.002052 V >10 4

1.000000 V • 300 Mb 1.0003600 0.990256 1.001526 1.010464 V >10 12

10.00000 V • 10 He 10.000022 9.97902 10.00055 10.02022 V >10

10.00000 V 6 40 He 9.999991 9.99530 10.00036 10.00470 V >10 8

10.00000 V • 20 1241 10.000074 9.99137 9.99981 10.00177 V >10 6

10.00000 V • 50 Ms 10.000247 9.99005 9.99966 10.01045 V >10 6

HP 1450A Anel *41628 Penury Beelneal Lab TUR Repat rmian 06/14/17

CalteMan Date 0592017 052947
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Test RessoPts

13P911011m laBLIAME tdriscalliet Lndalloll Lila III tut
P 100 Ms 9.90043 10.02003 V >10 15

11 300 kHz 9.10235 10.10442 V >10 13

10 sk 99....94 99.7970 ,,,..037 100.2010 V >10 2

100.0000 V 9 40 Hs 100.00010 99.9531 100.0019 100.04/1 V >10

100.0000 V P 20 kHz 100.0021/ 99.9552 100.0041 100.0492 V >10 4

100.0000 V 9 50 kHz 100.00724 99.9052 100.0091 100.1092 V >10

100.0000 V 9 100 1042 100.01276 99.5107 100.0074 100.2145 V >10

100.0000 V 9 200 kHz 100.06317 99.0525 100.0525 101.0730 V >10 1

700.0000 V 0 40 Hz 700.01700 099.4370 619.97115 /00.5970 V >10

700.0000 V 9 20 kHz 700.03190 699.4510 699.9037 700.6110 V >10 22

P151011113k,

10.00000 Hs 9 1 V 9.995000 10.000040 10.005000 Ha >10

40.00000 Hs 9 1 V 39.096000 39.919966 40.034000 Hs >10

100.00000 160 9 1 V 99.990000 99.9190$7 100.010000 Hz >10

1000.0000 Hs 0 1 V 999.10060 1000.00029 1000.10000 Hz >10

10000.0000 tk 0 1 V 9999.00000 10000.00302 10001.00000 Hp >10

20000.0000 tk * 1 V 19990.00000 20000.00073 20002.00000 lk >10

50000.0000 Hs • 1 V 49995.00000 50000.0190/ 50005.00000 tft >10

100.00000 Ilk 0 1 V 99.990000 100.000030 100.010000 00 >10

500.00000 ktk 11 1 V 499.950000 500.000191 500.050000 Mt >10

1.000000 11130 • 1 V 0.9999000 1.0000004 1.0001000 100 >10

2.000000 Mk 0 1 V 1.1995060 2.0000006 2.0002000 HP. >10

4.000000 Mk 0 1 V 3.9996000 4.0000013 4.0004000 100 >10

6.000000 Ilk 9 1 V 5.9994000 6.0000021 6.0106000 1061 >10

9.000000 NU • 1 V 7.9912000 0.0000032 4.0000000 109 >10

10.000000 KM • 1 V 9.9990000 10.0000030 10.0010000 Ms >10

End of Tot Roman

181, UNA Ammt emus Prenary Elt09>W 160 VIA Report >Irk:0002140 7
1:011.110,1)010:01112017 0520.47
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Limitations
PSL specifications are larger than manufacturer's specifications reported in Factory User Manual. This is a
limitation of the PSL.

Equipment (Standard) Used
Asset # Description Model Expires
6651332 Generator,Function 33250A February 16, 2018
20563 Standard,Measurement,AC 5790A September 19, 2017
20174 Amplifier 5725A August 10, 2017
6664631 Calibrator,Multifunction 5730A April 25, 2018
11123 Resistor,Standard 5155-9 May 10, 2018

Page 7 of 8
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LABORATORY
Sandia NaHonal Laboralones, Albuquerque, New Mcxico 87185-0665

Traceability

Valucs and thc associated unccrtaintics supplicd by thc Primary Standards Lab (PSL) arc traccablc to thc SI through onc or morc of
the following:

I. Reference standards whosc valucs are disseminated by thc National Institutc of Standards and Technology (Unitcd States
of America) or, whcrc appropriate, to thc national mctrological institutc of another nation participating in thc CIPM MR A;

2. Rcfcrcncc standards whosc valucs arc disseminated by a laboratory that has dcmonstratcd competence, mcasurcmcnt
capability, and traceability for those valucs:

3. Thc acccptcd valuc(s) of fundamcntal physical phcnomcna (intrinsic standards);
4. Ratio(s) or other non-maintaincd standards established by cithcr a sclf-calibration and/or a dircct calibration tcchniquc;
5. Standards maintaincd and disseminated by the PSL in special cascs and where warranted, such as consensus standards

whcrc no national or international standards exist:

Note 1: This certificate or report shall not be reproduced except in full, without the advance written approval of the Primary
Standards Lab at Sandia National Laboratories.

Note 2: The as received condition of the standard, set of standards, or measurement equipment described herein was as expected,
unless otherwise noted in the body of the certificate or report.

Note 3: The presence of names and titles under "Authorization" are properly authenticated e!ectronic signatures conforming to the

equivalent identification signatory• requirements of ISO 17025:2005 5.10.2.j.

Authorization
Calibrated By:

Chance, Jason

Metrologist

Approved By:

Aragon, Steven J.

Metrologist

End-of-Document
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Agilent 3458A # MY45048371

PRIMARY STANDARDS
LABORATORY
Sad. Nenonal Labormonts. Albuquerque. Neu Mexeco 87185.0565

Item Identification
Assct Number

Description

Model
Serial 4
Manufacturer
Customer Asset Id
Purchase Order

Customer

Custodian

Location

Datc of Rcccipt

Dates Tested (Start — End)

Date Approved

Calibration Expiration Datc

Calibration Description
Calibration Lab
Calibration Procedure. rev.

Temperature
Humidity
Barometric Pressure
As Found Condition
As Left Condition
Software Used
Tamper Seal

Limited Calibration Certificate
Document r 665254111682157

6652541

Multimeter.Digital

3458A
MY45048371
Agilent Technologies
N/A
N/A

Ground-Based Monitoring R&E
05752

Slad. George William

SNLNM1A1/758/1044

Scptcmbcr 13, 2016

Septcmbcr 30, 2016 - Septembcr 30. 2016

October 12, 2016

October 12, 2017

PSL-ELECTRICAL
HP 3458A. 4.2

23 deg C
40 °oRH
NA mmHg
PASS
PASS
MET/CAL 8.3.2.37
None

Pave 1 of 8
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PRIMARY STANI)ARI)S
IABORATORY
Sendla Neho,A1 I ahoretnewn. Albuqueique. Neu Mexico 87 I SC•066‘

Calibration Specifications and Results

This instrument (Agilent/HP 3458A) was tested using the SNL Primary Standards Laboratorys Multimeter/
Multifunction Station MMS 49300 and is certified to be within the following LLMITED specifications:

DC Volts:
± (11 ppm of reading 10 ppm of range) 100 my range
± (10 ppm of reading + 1 ppm of range) 1 V ranee
± (10 ppm of reading 0.2 ppm of range) 10 V range
± (12 ppm of reading + 0.3 ppm of range) 100 V range
+ (12 ppm of reading + 0.1 ppm of range) 1000 V range

AC Volts:
10 Hz to 40 Hz ± (0.2% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.045% of reading + 0.00216 of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.08°0 of reading + 0.002°0 of range) 1000 V range
20 kHz to 50 kHz ± (0.1°0 of reading + 0.011°0 of range) 10 mV range
20 kHz to 50 kHz + (0.1°0 of reading + 0.002°0 of range) 100 mV to 100 V ranges
50 kHz to 100 kHz ± (0.5°0 of reading + 0.011°0 of range) 10 my range
50 kHz to 100 kHz ± (0.2°0 of reading + 0.002% of range) 100 mV to 100 V ranges
100 kHz to 300 kHz ± (4°0 of reading + 0.02°4 of range) 10 mV range
100 kHz to 300 kHz ± (1°0 of reading + 0.01°0 of range) 100 mV to 10 V ranges
100 kHz to 200 kHz ± (1% of reading + 0.01% of range) 100 V range

NOTE: 700 V RMS maximum on 1000 VAC range

4-wirc Ohms:
± (100 ppm of reading + 10 ppm of range) 10 Q range
± (50 ppm of reading + 5 ppm of range) 100 S2 rangc
± (50 ppm of reading + 1 ppm of range) 1 KO to 100 KQ ranges
* (100 ppm of reading + 2 ppm of range) 1 MQ rangc
± (200 ppm of reading + 10 ppm of range) 10 MQ rangc
± (500 ppm of reading + 10 ppm of range) 100 MQ range
± (2% of rcading + 10 ppm of range) 1 GO rangc

DC Current
± (10°0 of reading + 0.01°/0 of range) 100 tiA rangc
(3.0°0 of reading + 0.01% of range) 1 µA range
± (0.3°0 of reading + 0.001% of range) 10 µA
(0.04°0 of reading + 0.01% of range) 100 µA and 1 A ranges
± (0.02°0 of reading + 0.005% of range) 1 mA. 10 mA. and 100 mA rangcs

Paize 2 of 8
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AC Current:
20 Hz to 1 kHz ± (0.15°0 of reading + 0.02°0 of range) 100 µA range
20 Hz to 5 kHz ± (0.15°0 of reading + 0.02°0 of range) 1 mA to 100 mA ranges
40 Hz to 5 kIlz ± (0.15°0 of reading + 0.02°0 of range) 1 A range
5 kHz to 10 kHz ± (0.5°0 of reading + 0.02°0 of range) 1 mA to 100 mA ranges

Frequency:
10 Hz to 40 Hz ± 0.05% of reading
40 Hz to 10 MHz ± 0.01°0 of reading

Note 1: Measurement setup configuration is defined in manufacturer's accuracy statement footnotes.
Note 2: Additional errors due to deviations in setup configuration shall be added by the user to the
specifications in this certificate.
Note 3: Contact thc Primary Standards Laboratory for assistancc with uncertainty calculations as needed.

Page 3 of 8
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PRIMARY STANDARDS
LABORATORY
Sandia National Laboratories. Albuquerque. New Mexico 87185-0065

Calibration Data Report

Primary Electrical Lab O

U1.1 Ur der InOt. Ack;erl 3458A Up.lal Multuneter

Asset Number. 6652541

Sena! Number W45048371

Procedure Name. HP 3458A

Bevis on: 4 2

Calibrated By Brian Liddle

,o; ho,JI: PASS

Test Type- FOUND-LEFT

Catibraton Date 9,30./016

Temperature. 23 C

Hunschty 40

• Test Type ra delayed as kOloon.

• AS-FOUND Data collected PoCe 10 adjustment and'ot (apse
• AS-LEFT Dsts collected seer adjustment andke repair
-FOUND.LEFT Data celk,ted wrelnut adsrstrnanl anew repar

• Test Uncerlanly Rabo (TURI is defined as

• TUR • SPeokolien Unlit/ Uncerlainty or the Measurement

• A hash 14.) 08/yended to ne TUR tedicates a guardbended measurement
Guardbanded 'wits are smaller Mar the soeca,catIon limns

• Guard, many performed a.xord n to the Pitman, Standards LaLcratom Operations Procedure (PSL PRO 001)
• An asteog C/40400400 lo Oro T UR indicates we of a Test Accuracy Ralm (TAR) rialearl of a TUR

• TAR • SpeciaceSon Limit • Accuracy ot the Standard

COMMENTS

Stendsrds Used

AWe

11121

X1124

Dewsimam

Avank, ‘1,5 0 1 globs ft's,Inrt

Mix 5725A Amplifier

6651132 Natant 11250A louril.m'Arbilra) W.netenn Gonne.,

6664631 Ilske 57:10A Mubillmetioe Caliber..

14.61091 Mir 374014 likaemsners &raised

20170201,

59f2017

1029d017

Test Results

Jtu Cincrierlea InUalas.

MA: 91,0

sormana CS60. met /Cal Version 11 .3.2

CALlbAAT10M MAMNAL,

49:1eat Tochnologlas )4504 moltuseter
Calbration Manual, &Helm 6, October 2013

FIN 03451.00017

1.1)MTND cAl..161141•100:

PSC speolf teat tons are larger than aneuracturer's

*smelt a... Lana reported In Factory Ilaat Hernial.

ISA• as • luotation ot the 991..

lamer Lien Su...yds. Ow Ussadak rat NIA Raz

The anternal

bc Volts

lovirratury of She 34514 air 16.2 442.0

133. CO Dec aiv 0449120 1G0.o00E1 100.00180 oar 1.014 4

-137.00 WC my -100.00180 -100.131580 -49.19020 wit 1.910 0

1 . 3003)403 V 0.99999035 1.00003011 1.00000965 V 2.011 2

-1. SC.)", -1.00000965 -1.000o1044 -0.99999035 V 2.014

1. c0reCS -10.0000941 -10.000E107 -9.9949031 V 3. 004 11
-s.rccrecn v -5.0000481 -5.0000059 -4.9999512 V 2.191 12

-2.0400196 -2.1003012 -1. 9999804 V 2.224 6

1.9999104 2.0000015 2.0000193 V 2.224

40er 13414.4 Hw18 0052641 Armory ElecOreal lae TUR Resort semen 03138110
Calibs04, One 9,3020,6 1032.13

Pepe 1 of 3
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PRIMARY STANDARDS
LABORATORY
Sondi. Notion Laboratoires. Albuquerque. New Mexico S7 l84-0064

Test Resuks

luadu hInmaalt 11111 ELI 5.1>1 llama
4.9999512 5.00000465.0009:tt V 5.0000488 V 2.890 ID

10.0000600 V 9.9990036 10.0000382 10.0000964 v 3.090

100.00VAC V 99.998108 100.000131 100.1031122 V 2.469 12

1000.00000 V 999.909117 1002.00176 1000.01013 V 1.830 11

DC Currant

1.00.000 rA 91.597 99.961 1011.403 NA 1.850 0

1. 000000 NA D.969900 0.9999,3 1.030103 NA 5.5 C

10.000000 9.8 9.969900 9.999795 10.030103 00 S. 2 1

100.00000 LaA 99.95000 99.99037 100.0 5033 00. 5.4

1.0000000 1.0 0.9997500 0.9999940 1.0002.503 NA C. 4

10. 000000 19*. 9.997500 9.999940 10.002,00 NA 7.1 2

100. 00 MO aA 99.07500 100. 00013 100.1.000 NA 0.6

1. 0000000 A 0.9995000 1.0000079 1.0005000 A e. 2

114Ntotere.

10.00000 Ohs 10.000241 9.99918 10.00027 10.00138 01. 5.2 1

100.00000 Oba 100.003660 99.99016 103.110314 100.00916 Ohs 5. 9 1

1.0000000 Wm 0.99998410 0.9999331 0.9999872 1.0000351 1000 8. 2 6

10.000 X0 0010 9.0990320 9.909322 9.99913E14 10.020342 tOlts 8.2 10

100.00000 6010 100.000690 91.99559 /00. 00193 100.00579 60h10 6.5 19

.0000 OM NSW O. 99.6060 O. 9999589 0.9999697 1.00006. Ir.

10.000 000 /101.4 9.9982260 9.996126 9.991093 10.000326 IlDho 5.0 3

100.00000 9310 100.010650 99.95964 99.94520 100.06164 101189 5.5 30

1. 00192000 03he. 0.9814718 1.0005328 1.0219484 000,a ,10 7

10 Cu, 000

100.0000 eh 0 20 tU 99.8300 99.9431 100.1703 vA C. 8 31

100.0000 el. 0 45 110 99.8300 99.9865 100.1700 vA 10.0

100.0000 elk 8 1 kHz 99.8300 99.9852 100.1700 99. 10.0 9

1.00000D NA • 20 110 0.998303 0.999530 1.001700 NA 8.9 20

1.00000: NA • 45 ft D. 990300 0.999976 1.001700 AN >10 1

1.000000 rAA II 5 1110 D.998300 1.000252 2.001700 NA 5.9 17

1.000000 NA 8 10 Alb 0.995062 1.000536 1.004938 NA 3.251 11

10.00000 NA 0 20 140 9.98300 9.99535 10.01700 NA 8.9 20

10.00000 NA 0 45 Xs 9.90300 9.99981 10.01700 AA >10 1

10.00000 NA 1/ 5 9110 9.98303 10. 00160 20.01700 NA 7.1 9

10.00000 alc 0 10 kHz 9.95013 10. OC*77 10.04987 NA 3.410 6

100.000D NA 0 20 140 99.8300 99.9560 100.1703 nA 6. 9 26

100.0000 00 0 45 Ns 99.8300 100.0021. 100.1703 aA >10 1

100.000D NA 11 5 Wiz 99.8300 100.0331 100.1700 NA 7.7 2D

100.0000 00 0 10 1220 90.4000 100.0596 100.5200 8A 4.7 12

1.000000 A 0 40 MA 0.990303 0.990931 1.001703 A 6.5 4

1.000000 A 0 5 Itte 0.198365 1.001055 1.001635 A 3.620 65

0C 0015,

10.00000 EV ip 10 Ha 9.997600 9.97740 9.99911 10.01700 aV 7.2 3

10.00000 aV 0 40 191 9.997703 9.99328 9.99040 10.00912 aV 2.941 1.6

10.00000 AV 0 20 KM 9.998300 9.99388 9.999/0 20.00272 eV 2.940 20

10.00000 NV 0 50 1040 9.999003 9.98790 9.99777 10.01010 eV 4.1 11

10.00000 AV 8 100 kHz 10.001400 9.97029 9. 90096 10.0,251 . >10 29

10.00000 eV 0 300 1.14s 9.998300 9.59637 9.80230 10.40023 aV >10 29

100.0000 AV II 10 180 99.99503 90.7910 19.9984 100,000 eV >10 2

100.0000 NV 0 40 Rs 99.99530 99.9483 99.9955 100.0923 aV >10 1

100.000D AV • 20 8/10 99.99520 99.9482 99.9907 100.042:: eV 010 10

100.0000 AV 9 50 kmA 99.99520 99.8932 99.9943 100.0311 au >10 1

100.000D AV 0 100 1110 99.99690 99.7949 99.9042 200. .. 049 00 >10 6

100.0000 eV 0 300 Mx 99.99400 98.9841 99.9211 101.0031 aV >10

1.000000 V • 10 Hz 1.0000237 0.998004 1.000022 1.002044 V >10 0

1.000000 V • 40 Ifs 1.0000196 D.999550 1.000034 1.000490 V >10 3

1.000000 V 0 20 IOU 1.0000224 D. 999552 0.999957 2.000492 V >10 14

1.000000 V 0 50 9200 1.0000291 0.999009 1.000049 1.001019 V >10 2

1.0,,000) V • 103 kHz 1.0000269 D.998007 1.000153 1.062041 V >10 6

1 .0001000 0.9903110 1.000503 1.010202 V >10 14

• • V 9 10 Ili 10.000326 9.98013 10. 00062 20.02053 V 110 1

A9er13458A Asset 8 6652511 Away 0.12441 UN 111R Report wersoce 03/30018
Calixabon Ore monole lo 1219
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PRIMARY STANDARDS
LABORATORY
Sandia !Conceal L.loorolonec, A1130411147110e, Neo Mexico 07185•0665

Vest Results

lasaliail %teem ed \ duo LausLIJsWi 11.1t adiu
0041 4.1 1.0 11 •

12.000 X. V 0 21 lad

. 00010 V 0 SC ktla

10.000190

10.000107

9. 39310
9.09001

9.99939

iC.000)7

10.00499

10.01041

V >10

010

1,

10.40411: V 0 100 kit 9. r)371ra 9.17960 9.33230 10.01099 010

to.  0, I 4.111 1,144 1C.1101014 v.10064 0.0.11190 10.1026 f 0.0

ICC .002 GO 99.900' 120.0033 100.2047 V 010

47 It 1CC .00213 19.9492 11.0.0044 100.0492 010

100 91.0910 /00.04.103 100.0500 V 010

0L: 1414 ICC .00>C1 v9.90,11 110.0111 100..110 0.0

0 11C 1154 1CC .01330 99.9113 120.10903 100.2/94 0.0

110.00;.: V 9 200 tit 10C .04044 19.0490 1:0.0313 101.0110 V 010

0200.0X0 V 9 40 IC MC .01490 6011.4019 /10.00 C1 /00.9019 V 010

UD.0 >X V to tt: Ai6c 1CC .024 10 600.404. ecv. MO. r 0.0

TRZ0UllICI

10.00000 It 9 1 V 1.995000 10.0000 /3 1C.005000 10 010

40.40000 194 0 1 V 29.196000 41.400110 4C. C041000 Its 010 11

100 . 000 2: 04 IP 1 V 99. 990JDO 119.000409 10C . 010091 Ph 0.0

10(1.00 X 13 9 1 V 099.10000 1/0C.004711 1003.103C0 10 >10

1X00.0 11C /L 0 1 0 99/1.0 0000 1010C.06/61 1 XC1.00000 10 >10

/X 40.0 ), 00 10 1 v 100.0.0 0001 2 o xx. . 11013 2 Xt t.0.101,, Ilt ).0 J

31:00.0 1:C /1.• V 1 w 49999.00000 3010:. 39293 9 1CCO.00011 Ms 0.0 7

110.00001 0115 • 1 V 99. I ;WOO 100.000194 1CC . 010900 atz >10

,

100.00000 10t. 0 1 V 400. 910000 519.009431 5011  01.0," '012 010 40

I.: 0100, t Vtz V 1 ... U. 44440UO 1.10001/1 .1H, 0.0

2.(00000 00, 4 1 V 1.9991000 2.0000119 or, ,..0

4.000009 Ha 91 V 1.9111000 4.0000271 Orr >10 ;

6.000010 VIIst e 1 V

.: IX." PS, IiI I V

0.9414000

...44201.1.

6.00004.ce

.1.: IrlraVIVtt

•01, >10

13.0000J: mu e 1 4 9.999000C :D.:00009Z 1-

End o' Test Resoles

0.01411941410 4 .4014109120,41 Vm>a9l19c6sal La2 11.11414400341 weraor 40110/10
C4111.110o 919,001e 101190
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PRIMARY STANDARDS
LABORATORY
Sandia Nahonal Labocatone.. Albuquelque. New Mexico V155-0665

Limitations
PSL specifications are larger than manufacturer's specifications reported in Factory User Manual. This is a
limitation of the PSI..

Equipment (Standard) Used
A55 Description MIXkl Expires
6668991 Standard.Measurement 5790B June 29. 2017
6664631 Calibrator.Multifiinction 5730A April 25, 2017
6651332 Generator.Function 33250A February 18, 2017
20174 Amplificr 5725A August 10, 2017
11123 Resistor.Standard 5155-9 May 10. 2018

Page 7 of 8
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PRIMARY STANDARDS
LABORATORY
Sandia National Laboratociea. AlbuTterque. New Mexico S7185-0665

Traceability

Values and the associated uncertainties supplied by the Primary Standards Lab (PSL) are traceable to the SI through one or more of
the following:

l. Reference standards whose values are disseminated by the National Institute of Standards and Technology (United States
of America) or. where appropriate. to the national tnetrological institute of another nation participating in the CIPM MRA:

2. Reference standards whose values are disseminated by a laboratory that has demonstrated competence. measurement
capability. and traceabiliry for those values:

3. The accepted value(s) of fimdamental physical phenomena (iutrinsic standards):
4. Ratio(s) or other non-maintained standards established by either a self-calibration and/or a direct calibration technique:
5. Standards maintained and disseminated by the PSL in special cases and where warranted. such as consensus standards

where no national or international standards exist:

Note I: This cemficate or report shall not be reproduced except in full, without the advance written approwil of the Primary
Standards Lab at Sandia National Laboratories.

Note 2: For National Voluntary Laboratory Accreditation Program asIVLAP) accredited capabilities, the PSL at Sandia National
Laboratories is accredited br NVLAP for the specific scope of accreditation wider Laboratory Code 105002-0. This certificate or
report shall not be used by the customer to claim prodnct endorsement by NVIAP, the Primary Standards Laboratorv, Sandia
National Laboratories or any agenry of the U S. Government.

Note 3: The as received condition of the standard, set of standards, or measurement equipment described herein was as opecred.
unless otherwise noted in the body of the certificate or report.

Note 4: The presence of names and titles under "Authorization" are properly authenticated electronic signatures conforming to the
equivalent identification signatory requironents of ISO 17025:2005 3. la 2 j.

Authorization
Calibrated By:

Liddle. Brian David
Metrologist

Approved By:

Aragon. Steven J.
Metrologist

End-of-Document
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Agilent 3458A # MY45048372

PRIMARY STANDARDS
LABORATORY
Sandia National Laboratoric, zUbuquentue. New Maximo 87185-0665

Item Identification
Asset Number

Description

Model
Serial #
Manufacturer
Customer Asset Id
Purchase Order

Customer

Custodian

Location

Date of Receipt

Dates Tested (Start - End)

Date Approved

Calibration Expiration Date

Calibration Description
Calibration Lab
Calibration Procedure, rev.

Temperature
Humidity
Barometric Pressure
As Found Condition
As Left Condition
Software Used
Tamper Seal

Limited Calibration Certificate
Document 4: 6652539 11669844

6652539

Multimeter.Digital

3458A
MY45048372
Agilent Technologies
N/A
N/A

Ground-Based Monitoring R&E
05752

Merchant, Bion J.

SNLNMITA1/758/1042

May 05, 2016

May 24, 2016 - May 24, 2016

May 24, 2016

May 24, 2017

PSL-ELECTRICAL
HP 3458A. 4.1

23 deg C
40 °/oRH
N/A mmHg
PASS
PASS
MET/CAL 8.3.2.3
Yes

Page 1 of 8
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PRIMARY STANDARDS
LABORATORY
Sandia Na Labor:11one, Albuquerque. New Mexico 87185.0665

Calibration Specifications and Results

This instrument (Agilent/HP 3458A) was tested using the SNL Primary Standards Laboratory's Multimeter/
Multifunction Station MMS #9300 and is certified to be within the following LIMITED specifications:

DC Volts:
± (11 ppm of reading + 10 ppm of range) 100 my range
± (10 ppm of reading + 1 ppm of range) 1 V range
± (10 ppm of reading + 0.2 ppm of range) 10 V range
± (12 ppm of reading + 0.3 ppm of range) 100 V range
± (12 ppm of reading + 0.1 ppm of range) 1000 V range

AC Volts:
10 Hz to 40 Hz ± (0.2% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.045% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.08° o of reading + 0.002% of range) 1000 V range
20 kHz to 50 kHz ± (0.1°0 of reading + 0.011% of range) 10 mV range
20 kHz to 50 kHz ± (0.1°0 of reading + 0.002% of range) 100 mV to 100 V ranges
50 kHz to 100 kHz ± (0.5% of reading + 0.011% of range) 10 mV range
50 kHz to 100 kHz ± (0.2% of reading + 0.002% of range) 100 mV to 100 V ranges
100 kHz to 300 kHz ± (4% of reading + 0.02% of range) 10 mV range
100 kHz to 300 kFlz ± (1% of reading + 0.01% of range) 100 mV to 10 V ranges
100 kHz to 200 kHz ± (1% of reading + 0.01% of range) 100 V range

NOTE: 700 V RMS maximum on 1000 VAC range

4-wire Ohms:
± (100 ppm of reading + 10 ppm of range) 10 SI range
± (50 ppm of reading + 5 ppm of range) 100 Q range
± (50 ppm of reading + 1 ppm of range) 1 KC/ to 100 KO ranges
± (100 ppm of reading + 2 ppm of range) 1 MD range
± (200 ppm of reading + 10 ppm of range) 10 MD range
± (500 ppm of reading + 10 ppm of range) 100 ma range
± (2% of reading + 10 ppm of range) 1 GO range

DC Current
± (10% of reading + 0.01% of range) 100 nA ranee
± (3.0% of reading + 0.01% of range) 1 µA range
± (0.3% of reading + 0.001% of range) 10 µA
± (0.04% of reading + 0.01% of range) 100 µA and 1 A ranges
± (0.02% of reading + 0.005% of range) 1 mA. 10 mA. and 100 mA ranges

Page 2 of 8
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PRIMARY STANDARDS
I ABORATORY
Sandia National taboratoric, Alboquanoc. Nen Mcznco ST s.o66i

AC Current:
20 Hz to 1 kHz ± (0.15% of reading + 0.02% of range) 100 µA range
20 Hz to 5 kHz ± (0.15% of rcading + 0.02% of rangc) 1 mA to 100 mA ranges
40 Hz to 5 kHz ± (0.15°0 of reading + 0.02% of range) 1 A range
5 kHz to 10 kHz ± (0.5°0 of reading + 0.02°0 of range) 1 mA to 100 mA ranges

Frequency:
10 Hz to 40 Hz ± 0.05°0 of reading
40 Hz to 10 MHz ± 0.01% of reading

Notc 1: Mcasurcmcnt sctup configuration is dcfincd in manufacturer's accuracy statemcnt footnotcs.
Note 2: Additional errors due to deviations in setup configuration shall be added by the user to the
specifications in this ccrtificatc.
Note 3: Contact the Primary Standards Laboratory• for assistance with uncertainty calculations as needed.

Page 3 of 8
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PRIMARY STANDARDS
LABORATORY
Sandia Narrows! Laboratorits..Albumritque. New Menico S7ISS-0665

Calibration Data Report

Primary Electrical Lab
Urit Under Test. Ageerl 3458A Nat'l MuSumter

Asset Number 6852539

Senal Number MY45048372

Procedure Name. HP 3458A

Revisor,: 4 I

Calibrated By Bnan Liddle

Test Result PASS

Test Type- FOUND-LEFT

Calobraton Date 5/24I2016

Temperature. 23 C

Humidly- 40 %

• Teal Type rs earthed as tolletA

• AS-FOLiND Date collected onor to ediusunent near, pep.

• AS-LEFT Data collected ale, erdruagnenl aryPor repair

.FOL1110.LEFT Data collected pihnut a larattrthnt owe Yri repair

• Tear UnAvranty Rahn (OUR) rs defined as

• TUR • Spea9cabon tired r Lthectlathty or the Athostaerren1

• Aline WI appended to The TUR lotteries a 9;Jan:banded eneasureneent

- 0Jardb6nded lira% ate smiler elan eve spectScation Mm,p

Ethardbandlog performed retoorring to the Primary Standards Laboratory Connate. Procedure (1091 PRO 0011

• An asterisk el appended to the TUR new-ales use of a Test Accuracy Rato (TAR) Prksteari of n T LIR

- TAR • Spades:aeon Lora Accuracy alba Sterelerd

COMMENTS

sundae* Used

Ape

trill

2036J

41992

6051132

004,4011

titat 

Isatesdaln

Dasarthaiaa

s I .S. •i 1 I:al,.

11.112.1:37643 CAI IBRATOR

FlUke S1251 .Nrnpirlica

Age., 33250A rialaon'Arbillar% Wavafom C. en. ato

Fluke 11111A Nu6dueu.n Cehhnato

u. luta

J•:

933I

5Fira s'alet

znSTIEARI. 036D. Ifiet/Cal Veralon 1.1.2

CALIBIAT1CH PlAtIVAL,

Aollasta Prclarologie. 3.450A waltlaatair

Ca:brae:on manual, Beretta, 6. orserther 2013

PIC 3'V:51-V1317

LINIT.0 CALIBRATION:

L021,111E8 Skr.arad V alga UrnrLleM Lelq 5.11 42iai

PSC apecificationa are larger than manufart..r4r•a

sPs_ificatione raportiad In Factory II.: laaraal .

Pus la a I/Altman of eh. ins.

The Jaternee ol Vt. 34,00 as 34.:. deg .2

OC Vole•

30D.L11t0 say 99.99100 99.991ES 109.e01/0 TAT 1.914 20

-100.530n0 -10).491PC -99.99940 -99.99020 eV 1.911 22

1.0009900 C .99999991 1.0900 0965 V 2.004 JS

-1.00000000 v -1.ulea1945 -C .1199905 -0.99999035 V 2. )14 32

-63.0000000 v -10.00t3.004 -9.999912. -1.9949016 1.394 21

-5.0000000 V -5.000040. -4.9919849 -4.9999512 2.991 2/

-2.0600000 V -2..963198 -1.9999932 -1.9999604 • 2.221 JZ

2.0000000 v I. 999510.1 1.9999937 2.0000194 1.2211 32

Aphant 3aSSA Awe IP 0652536 Primary EAcrucal lab '691 Redd! waxen 03eXPII
Cefenten deee 50.20:0 43-5'

Page 1 el]

Page 4 of 8
6652539_11669844

148



PRIMARY STANDARDS
LABORATORY
Sandia ]alioaul Labormiies. Albuquerque. New Mexico ST 185-01565

Test Results

5.000

10.0000600 V

100.000030 V

1000.00000 V

CC Currant

100.000 DA

1.000000 aPi

10.000000 9.8

100.00000 uA

1.00000:0 zaft

10.000000 214

10D. 009C0 aA

1.0000000 A

Ram totane.

10.00000 Ohs

100.00000 Oha

1.0000VA 60182

10.000000 10128

100.00000 60786

.0000060 POW

10.000900 /10266

100.00000 7018.

1.00192000 000a

PC Curr 04.15.

100.00 30 uh 0 20 2U

100.0000 AA 0 45 110

100.0000 ulk 6 1 kHz

1.00000D NA • 20 90

1.000000 91A 0 45 94

1.000000 nA II 5 IOU

1.000090 •11 8 10 *991

10.00000 NA • 20 140

10.00090 sA 6 45 Hs

10.00000 •A 6 5 5.116

10.00000 AA 0 10 kHz

100.000D AA 0 20 Hz

100.0000 144 I 45 Ns

100.000D NA 8 5 4116

100.0090 V. (/ 10 Ills

1.000095/ A • 40 114

1.000000 A 0 5 !Ha

PC 00179

10.00000 AV ip 10 Ha

10.00000 AV 11 40 181

10.00000 AV 0 20 1218

10.00000 AV 0 50 1240

10.00000 AV 8 100 kHz

/0.00000 AV 0 300 1148

100.0000 AV II 10 186

100.0090 AV 0 40 Ns

100.000D AV • 20 6116

100.0090 AV 0 50 kez

100.000D AV 0 100 4116

100.0000 .0 0 300 Mx

1.000000 V • 10 Hz

1.000000 V • 40 Ifs

1.000000 V • 20 IOU

1.000000 V 0 50 alts

1.000000 V 8 103 0.100

1.000000 V I) 300 IVA

10.00000 V 9 10 It

11111 IVA Ms
4.9999512 4.1999071 5.0000488 V 2.898 26

9.9990036 9.99999/5 10.0300964 v 3.091 30

99.998878 99.999755 100.1031122 V 2.461 22

999.98907 999.99751 1000.01013 1.830 24

01.593 199.101 104.403 nA 1.850 1

D.969900 1.000066 1.030100 u4 5.5

9.969100 9.999933 10.030100 94 S. 2 C•

99.93000 99.99059 100.05003 04 5.4

0.9907500 0.9999936 1.00C:500 nA C. 8 2

9.997500 9.999938 10.062' CO 84 7.1 2

99.97500 100.00034 100.0.500 AA 0.6

0.9995000 1.000022D 1.0035000 A e. 2

10.000291 9.99918 10.00025 10.00138 01. 5.2

100.003660 99.99016 103.90905 100.00916 Ohs 5. 9

0.99998110 0.9999331 0.9995415 1.0000351 101125 8.2

9.0999320 9.949311 9.959951 10.030342 160166 9.2

100.000690 99.99559 /03.00099 100.00579 RO7n 6.5

O. 99.0090 0.9999500 0.9999074 1.00006. Ir.

9.9962260 9.996126 9.999412 10.000326 Mks 5.8

100.010650 99.95964 102.00127 100.00164 19070 5. S 2

0.9819710 1.0025255 1.0219484 00189 >10

99.9300 99.9362 100.1700 uh C. 8 3

99.8300 99.9019 100.1100 vA 10.0 1

99.8300 99.9814 100.1703 nA 10.0 1

D. 998303 0.999413 1.001700 nA 8.9 3

0.998300 0.999950 1.001900 54 >10

D.998300 1.000239 1.001700 6612 5.9 1

0.995062 1.000505 1.1201930 106 3.251 1

9.99300 9.99464 10.01700 nA 8.9 3

9.99300 9.99954 10.01900 14 >10

9.98303 10.00141 10.01700 6.12 7.1

9.95013 10.00230 10.04997 vA 3.171

99.9300 99.9517 100.1703 14 6. 9 2

99.8300 19.9993 100.1703 2* >10

99.8300 100.0313 100.1700 RA 1.1 1

99.1000 100.0969 100.5200 44 4.7 1

0.008300 0.995482 1.001700 A 6.5

0.108365 1.000787 1.001635 A 3.62 8 4

10.009400 9.99918 9.99004 20.02962 aV 7.2 5

10.031600 9.99718 9.99122 10.00602 aV 2.918 7

10.000500 0.99608 9.90885 20.00492 aV 2.948 1

10.031000 9.98990 9.99607 10.01210 aV 4.1 4

10.003500 9.95238 9.99557 10.05462 AV >10 3

9.999403 9.59742 9.05991 10.40138 AV >10 3

100.07420 90.8711 19.9986 100. :067 eV >10 3

99.99530 99.9183 99.9977 100.0423 aV >10

99.97920 99.9322 99.99D6 100.0262 AV >10 2

99.911203 99.9900 99.9917 100.0810 AV >10 1

99.98440 99.7924 99.9790 100.1064 W.' >10

99.96950 98.9598 99.9037 100.9192 aV >10

0.9999851 0.997965 1.000062 1.002005 V >10

0.9999931 D.999523 1.000040 1.000463 V >10 1

0.5999986 0.999529 0.999974 1.000469 V >10

1.0000001 0.990980 1. aoao33 1.6201028 V >10

1.0000056 0.997986 1.000094 1. CO2026 >10

1.0000952 0.989994 1.001301 1.010196 >10 1

9.999939 9.97976 10.001060 10.0201e >10

40444 3/WNW/ 6652918 Primary E.30441 la6 11.18 sersicel 0130019

Caltratice Dow 5124/2010 094351
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PRIMARY STANDARDS
I ABORATORY
Sandia National Aboratoni, Anwpwqm. New Mex.,. 87186.0609

Teti Results

mctric Illigialk
.r. ,,,,,,,.

alLIALSSWIES SJKS1../.1111/1 /Mil ILE :alai k1.1111

10.0X03S 9.90533 0.990E1 .10.00479 v AC 5

10.000005 9. 9.4107 10. 53C75 10.C1017 v plc 5

10. P 100 kit: 10.1:1CCIVI 9.99700 9.996:9 :9.72040 V P1C

0. V4 m v 0 ..1-0 9,9 10.00179/ 9.•0979 9. V9,9 10.10 90 v NI0 i

1.03.:C00 V 10 lig 13.99609 9). no 101%12 10C.2009 v AC S

I 1.:4 V 0 40 Or 0.9,40 99. v99,1 10 P.11( .0. 100.094. V ,10 1 9

10J. ,..00 V ➢ :0 kik 100.CC:03 99.1740 107. x:o ac. (Rao v >LC 3

P 50 419.

173 lens

100. CC567

100.0[996

99. 973,

9).9050

100.7131

100.0[11

10G. 1077

I0C. 1039

V

v

,1C

P1C

':100004442 V9.11601 161..11.1 '01.01.6/ V +in

JU./ V 9 40 119 700.C2360 493. 4320 69,."17; '104.5070 v >LC Li

.1 .1 I 23 A11. no. MOO 677.4550 693.6811 nc. 6:so v >1C 61

:n. • . 19. P 1 V 9. 79000O 10. XACZ 9 10.CC5000 12 ,1C 1

4U  • ) 16 0 :. V 39.114710 4C. 20% 00 40. CC4000 IQ P LC C.,

:. k. n : 0 1 V 19. 990040 10P. 07GCO: 100. C10000 12 •1C

100, R. Hz 6 1 v 166. ECG) 10.00.321.11 1000.10000 M >1C 2

1.C1033. :ON :0 I 1 V 5579. COCO/ 1007). )11X 1000:. C0000 11 PIC

'I...033.1.two ke 6 1 V .5ws.n.V.,Co 4.0o. n4 .9 <0000 .....00.00 1.2 ',IC

:00 33. C 000 = 0 1 v 49 tn. CNC* 50000. 04(71 !WC .00400 ta AC 1;

100 . Y.0 00 at If 1 V 99. 090X0 100.007155 1041. C10000 Me PLC

COO. WOO "..).2 4 1 V 499. 9907C0 !00. 1004131 SOO. C50000 112 o 1 C t

..07X40 *Is 0 1 v 0. 999,000 1.00%91: 1 . 04:41,..040 09, ,1 t: 1

:. 0 80CCO Ms i 1. v .1.. 9990000 :.035X:, 1.01C:000 nee AC

,.. 0 7/1t r. We 0 1 v N. 0006."410 4.05001.5 4.14f:aem We Mr: 11

6.033.3t0 Ma 4 1 V 1. 9999C00 4.0730C19 6.000000 T OLC 1

(.033.7(0 1111: I 1 v 7.7332M0 C.0372101 0.0=6100 WI •IC

I

:O. 333C00 101‘ 4 1 V 9. 9090771 10.033)1 34 10.6:10100 1312 >1C 1

End al Test Roma'

PO e.,345so. rtf • 39 In..navy Eavtatcal lab 1131/10.D11,051Ce 03.110)0
Mot, ar.,11 Dale 5,24::.016 CP c S t

agt., 3 or 3
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Limitations
PSL specifications are larger than manufacturer's specifications reported in Factory User Manual. This is a
limitation of the PSL.

Equipment (Standard) Used
Asset 4 Description Model Expires
6664631 Cahbrator,Multifunction 5730A April 25. 2017
6651332 Generator.Function 33250A February 18, 2017
44972 Amplifier 5725A December 15. 2016
20563 Standard.Measurement.AC 5790A June 11. 2016
11123 Resistor.Standard 5155-9 May 10, 2018
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Traceability

Values and the associated tuicertainties supplied by the Primary Standards Lab (PSL) are traceable to the SI through one or more of
the following:

1. Reference staudards whose values are disseminated by the National Institute of Standards and Technology (United States
of America) or. where appropriate. to the national metrological institute of another nation participating in the CIPM MRA:

2. Reference standards whose vahies are disseminated by a laboratory that has demonstrated competence. measurement
capability. and traceability for those values:

3. The accepted value(s) of fiuidamental physical phenomena (intrinsic standards):
4. Ratio(s) or other non-maintained standards established by either a self-calibration and/or a direct calibratiou technique:
5. Standards maintained and disseminated by the PSL in special cases and where warranted. such as consensus standards

where no national or international standards exist:

Note 1: This certificate or report shall not be reproduced except ill fill!, without rhe advance Urineu approval of the Primary
Standards Lab at Sandia National Laboratories.

Note 2: For National Voluntary Laboratory Accreditation Progrant (NVLAPt accredited capabilities. the PSL at Sandia National
Laboratories is accredited by NVLAP for the specific scope of accreditation under Laboratory Code 105002-0. This cernficare or
report shall not be used by the customer to claim product endorsement NVL4P. the Primary Standards Laboratory, Sandia
National Laboratories or any agency of the U. S. GOW711,1011.

Note 3: The as received condition of the standard, set of standards. or measurement equipment described herein was as expected,
unless otherwise noted in the body of the certificate or report.

Note 4: The presence of names and tit/es under "Authorization" are properly authenticated electronic signatures conforming to the
equivalent idennfication signatory requirements of ISO 17025:2005 5.10.2.j.

Authorization
Calibrated By:

Liddle. Brian David
Metrologist

Approved By:

Diana Kothmann
QA Representative

End-of-Document
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Item Identification
Asset Number

Description

Model
Serial #
Manufacturer
Customer Asset Id
Purchase Order

Customer

Custodian

L ocation

Date of Receipt

Dates Tested (Start — End)

Date Approved

Calibration Expiration Date

Calibration Description
Calibration Lab
Calibration Procedure, rev.

Temperature
Humidity
Barometric Pressure
As Found Condition
As Left Condition
Software Used
Tamper Seal

Limited Calibration Certificate
Document #: 6652539_11715460

6652539

MultimeterDigital

3458A
MY45048372
Agilent Technologies
N/A
N/A

Ground-Based Monitoring R&E
06752

Merchant, Bion J.

SNLNM/TA1/758/1042

June 20, 2017

June 27, 2017 - June 27, 2017

June 29, 2017

June 29, 2018

PSL-ELECTRICAL
HP 3458A, 4.2

23 ± 2 deg C
40 ± 20 %RH
N/A mmHg
PASS
PASS
MET/CAL 8.3.2.37
None

Page 1 of 8
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Calibration Specifications and Results

This instrument (Agilent/HP 3458A) was tested using the SNL Primary Standards Laboratorys Multimeter/
Multifunction Station MMS #9300 and is certified to be within the following LIMITED specifications:

DC Volts:
± (11 ppm of reading + 10 ppm of range) 100 mV range
± (10 ppm of reading + 1 ppm of range) 1 V range
± (10 ppm of reading + 0/ ppm of range) 10 V range
± (12 ppm of reading + 03 ppm of range) 100 V range
± (12 ppm of reading + 0.1 ppm of range) 1000 V range

AC Volts:
10 Hz to 40 Hz ± (0.2% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.045% of reading + 0.002% of range) 10 mV to 100 V ranges
40 Hz to 20 kHz ± (0.08% of reading + 0.002% of range) 1000 V range
20 kHz to 50 kHz ± (0.1% of reading + 0.011% of range) 10 mV range
20 kHz to 50 kHz ± (0.1% of reading + 0.002% of range) 100 mV to 100 V ranges
50 kHz to 100 kHz ± (0.5% of reading + 0.011% of range) 10 mV range
50 kHz to 100 kHz ± (0.2% of reading + 0.002% of range) 100 mV to 100 V ranges
100 kHz to 300 kHz ± (4% of reading + 0.02% of range) 10 mV range
100 kHz to 300 kHz ± (1% of reading + 0.01% of range) 100 mV to 10 V ranges
100 kHz to 200 kHz ± (1% of reading + 0.01% of range) 100 V range

NOTE: 700 V RMS maximum on 1000 VAC range

4-wire Ohms:
± (100 ppm of reading + 10 ppm of range) 10 0 range
± (50 ppm of reading + 5 ppm of range) 100 0 range
± (50 prrn of reading + 1 pprn of range) 1 K 0 to 100 K 0 ranges
± (100 ppm of reading + 2 ppm of range) 1 M0 range
± (200 ppm of reading + 10 ppm of range) 10 M0 range
± (500 ppm of rea:ling + 10 ppm of range) 100 M0 range
± (2% of reading + 10 ppm of range) 1 GO range

DC Current
± (10% of reading + 0.01% of range) 100 nA range
± (3.0% of reading + 0.01% of range) 1 µA range
± (0.3% of reading + 0.001% of range) 10 µA
± (0.04% of reading + 0.01% of range) 100 µA and 1 A ranges
± (0.02% of reading + 0.005% of range) 1 mA, 10 mA, and 100 mA ranges

Page 2 of 8
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AC Current:

20 Hz to 1 kHz (0.15% of reading + 0.02% of range) 100 }LA range

20 Hz to 5 kHz (0.15% of reading + 0.02% of range) 1 inA to 100 inA ranges

40 Hz to 5 kHz (0.15% of reading + 0.02% of range) 1 A range

5 kHz to 10 kHz (0.5% of reading + 0.02% of range) 1 mA to 100 rnA ranges

Frequency:

10 Hz to 40 Hz t 0.05% of reading

40 Hz to 10 MHz t 0.01% of reading

Note 1: Measurement setup configuration is defined in manufacturer's accuracy statement footnotes.

Note 2: Additional errors due to deviations in setup configuration shall be added by the user to the

specifications in this certificate.

Note 3: Contact the Primary Standards Laboratory for assistance with uncertainty calculations as needed.

Page 3 of 8
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PRIMARY STANDARDS
LABORATORY
Sancia National Laboratories, Albuquerque, New MeSiCO S7185-0665

Calibration Data Report

Primary Electrical Lab

Unit Under Test Agilent 3458A Digital Multi meter

Asset Number: 6652539

Serial Number: MY45048372

Procedure Name: HP 3458A

Revision: 4.2

Calibrated By: Brian Liddle

Test Result. PASS

Test Type. FOUND-LEFT

Calibration Date. 6127/2017

Temperature 23 'C

Humidity 40 %

• Test Type is defined as folloym:
• AS-FOUND Data collected prior to adjustment and/or repair
• AS-LEFT Data collected after adjustrnent and/or repair
• FOUND-LEFT Data collected without adjustment and/or repair

• Test Uncertainty Ratio (TUR) is defined as:
• TUR • Specification Limit / Uncertainty of the Measurement

• A trash (A) appended to the TUR indicates a guardbanded measurement
• Guarclianded limits ere smaller than the specification Irnits

- Guarcliarufwg performed according to the Primary Standards Laboratory Operations Procedure (PSL-PRO-0471)

• An asterisk (') appended 10 the TUR includes use of a Test Accuracy Ratio (TAR) insteed of a TUR

- TAR = Specification Limit / Accuracy of Ihe Standard

COMMENTS:

Standards Used

Amer II

1112?

20174

6651932

6664631

6665991

Test Results

l'eit Description

Deion

Kuithlry 5155.9 l (lulus reli$1.

Flukc 5725A /unpile.

Agileni 39250A FurtnordArintrary Waveform General.

Fluke 171/1/1 Mullitlenclionrablentrs

Fluke 579013 AC 194asuromont 51amiani

Dur

5/10/2618

8/100017

205/2018

ti/8/2617

629/2017

Tree Valor

M513: 9300

sorreepti VSED: Net/Cal Version 8.3.2

CAL/BRATION MANUAL:

Agilent Technologies 3456A Nultimeter

Call:root/on Dermal, Edition 6, October 2013

PN 03458-90017

LIMITED CALIBRATION:

P51 apecificationa are larger than manufacturer's

apecifications reported in Factory Deer Manual.

Thin irr a limitation of the P5L.

The internal ten...atmra of the 3458A is 35.4 dog.0

DC Volts

,tr Limit Skirkurrd Pont, Limit :ri_dh -13.111 2213a

100.00000 nal 99.99812 99.99985 100.10108 mV 2.260 8

-100.00000 n0., -100.10188 -99.99981 -99.99812 inV 2.260 LO

1.00000000 V 0.99998905 1.00000028 1.00001035 V 2.970

-1.00000000 V -1.00001035 -1.00000058 -0.99990905 V 2.970 6

-10.0000000 V -10.0000987 -10.0000089 -9.9999013 V 3.920 9

-5.0000000 V -5.0000501 -5.0000048 -4.9999499 V 3.710 IA

-2.0000000 V -2.0000209 -2.0000000 -2.9999791 V 3.240

2.0000000 V 1.9999791 2.0000011 2.0000209 V 3.240 5

Aglent 31513A Aimed 0 5552535 Privairy Elect-cal Lab Tilt Report verso° 03/3005
Cslicration Oars: 6/27/2017 08 40-36

Page 1 of 3
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Test Results

Ted Desoringlon LowerIbmft Measured Velne Uucer Units TVA •:u Tol SM.

.01JWA0; V 4.99334)0 1.0000348 5.0000501 V i.714 10

10.0000000 v 9.9999013 10.0000079 10.0000987 V 3.924 13

100.000000 v 99.998821 100.000319 100.001179 V 3.514 27

l000.00000 v 999.98900 1000.00336 1000.01100 V 2.424 31

EC Current

100.000 nA 91.597 99.923 108.403 nA 1.858 1

1.000000 µA 0.969900 0.999917 1.030100 µA 5.5 0

10.000000 µA 9.969900 9.999806 10.030100 µA 5.2 1

100.00000 pA 99.95000 99.99894 100.05000 µA 5.7 2

1.0000000 nA 0.9997500 0.9999959 1.0002500 mA 7.6 2

10.000000 nA 9.997500 9.999998 10.002500 mA 8.1 0

100.00000 nA 99.97500 100.00088 100.02500 mA 6.1 4

1.0000000 A 0.9995000 1.0000031 1.0005000 A 7.6 1

Reeintance

10.00000 Ohm 10.000270 9.99917 10.00025 10.00137 Ohn 5.8 2

100.00000 Ohm 100.003620 99.99812 100.00375 100.00912 Ohn 6.5 2

1.0000000 kOhn 0.99998460 0.9999336 0.9999835 1.0000356 kOhn 9.1 2

10.000000 kOhn 9.9998320 9.999322 9.999839 10.000342 Whet 9.4 1

100.00000 kOhn 100.000630 99.99553 100.00083 100.00573 kOhn B.2 4

1.0000000 MOhn 0.99996060 0.9998586 0.9999657 1.0000626 HOhn 9.3 5

10.000000 )(Ohm 9.9982380 9.996138 9.998409 10.0003313 HOhin 7.2 B

100.00000 Mk. 100.008520 99.95752 100.02156 100.05952 HOhn 6.0 26

1.00192000 GOhn 0.9818716 1.0013050 1.0219684 GOhn >10

AC Current

100.0000 pA ) 20 Hz 99.8303 99.9380 100.1700 µA 7.4 37

100.0000 isA ) 45 Hz 99.8300 99.9850 100.1700 AA 10.0

100.0D00 pA ) 1 kHz 99.8300 99.9838 100.1700 µA 10.0 10

1.000000 nA ) 20 Hz 0.998300 0.999483 1.001700 mA 10.0 30

1.000000 nA 8 45 Hz 0.998300 0.999956 1.001700 mA >10

1.000000 nA ) 5 kHz 0.998300 1.000252 1.001700 mA 6.3 15

1.000000 nA 8 10 kHz 0.995013 1.000531 1.004987 mA 3.474 11

10.00000 nA 0 20 Hz 9.98300 9.99485 10.01700 mA 10.0 30

10.00000 N. 0 45 Hn 9.98300 9.99963 10.01700 min. >10 2

10.00000 nA 8 5 kHz 9.98300 10.00159 10.01700 mA 7.7 9

10.00000 nA 0 10 kHz 9.94970 10.00284 10.05030 nA 4.0 6

100.0000 nA ) 20 Hz 99.8300 99.9512 100.1700 mA 10.0 29

100.0000 nA 0 45 Hz 99.8300 100.0005 100.1700 mA >10

100.0000 nA 0 5 kHz 99.8300 100.0334 100.1700 nA 8.5 20

100.0000 nA ) 10 kHz 99.4800 100.0615 100.5200 mA 5.5 12

1.000000 A 0 40 Hz 0.998300 0.999871 1.001700 A 6.8 8

1.000000 A ) 5 kHz 0.998357 1.000928 1.001643 A 3.954 57

AC Volt,

10.00000 srV ) 10 Hz 9.997500 9.97730 9.99829 10.01769 mV 7.2 4

10.00000 nV 8 40 Hz 9.997600 9.99318 9.99808 10.00202 mV 2.944 11

10.00000 nV 8 20 kHz 9.998400 9.99398 9.99939 10.00282 mV 2.944 22

10.00000 nV 0 50 kHz 9.998900 9.98780 9.99672 10.01000 mV 4.1 20

10.00000 nV 8 100 kHz 10.001500 9.95039 9.98671 10.05261 mV >10 29

10.00000 nV 0 300 kHz 9.998800 9.59685 9.86304 10.40075 mV >10 34

100.0000 nV 0 10 Hz 99.99330 99.7913 100.0001 100.1953 mV >10 3

100.0000 nV 8 40 Hz 99.99450 99.94/5 100.0002 100.0415 mV >10 12

100.0000 nV 0 20 kHz 99.99500 99.9480 99.9922 100.0420 mV >10 6

100.0000 nV 0 50 kHz 99.99490 99.8928 99.9944 100.0968 an' >10 0

100.0000 nV 0 100 kHz 99.99690 99.7949 99.91324 100.1989 mV >10 7

100.0000 nV 0 300 kHz 99.99290 98.9830 99.9141 101.0028 mV >10 13

1.000000 V 8 10 Hz 1.0000181 0.997998 1.000063 1.002038 V >10 2

1.000000 V 0 40 Hz 1.0000172 0.999547 1.000045 1.000487 V >10 6

1.000000 V ) 20 kHz 1.0000173 0.999547 0.999938 1.000487 V >10 17

1.000000 V 0 50 kHz 1.0000320 0.999012 1.000005 1.001052 V >10 3

1.000000 V 0 100 kHz 1.0000237 0.998004 1.000072 1.002044 V >10 2

1.000000 V 9 300 kktz 1.0001382 0.990037 1.001300 1.010240 V >10 12

10.00000 V 0 10 Hz 10.000250 9.98005 10.00071 10.02045 V >10 2

Aglent 9459A Asset ft 6652539 Primary Elechical Lab TUR Report versian 03/30/16

Calibration Date: 6127/2017 08:4038
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Test Results

Tedtkerr**Wm TrueVWue Lowe- Until Measured Vtilue 1lnner I.Imlt Ihdts 11JR A:Tol Status

10.00000 5' 0 40 Hz 10.000221 6.665z. 10.00020 10.064.31 V >10

10.00000 V 0 20 kHz 10.000154 9.9954C 9.99983 10.00465 V >10 7

10.00000 V 0 50 kHz 10.000260 9.99006 10.00042 10.01046 V >10 2

10.0000o v 8 loo kHz 9.999942 9.97974 9.99865 10.02014 V >10 6

10.00000 V 0 300 16U 10.001953 9.90093 9.99372 10.10297 V >10 6

100.0000 V @ 10 H. 100.00196 99.8000 100.0063 100.2040 V >10 2

100.0000 V 0 40 Hz 100.00209 99.9551 100.0053 100.0491 V >10 7

100.0000 V 0 20 kH. 100.00333 99.9563 99.9998 100.0503 V >10 13

100.0000 V @ 50 kHz 100.00953 99.9075 100.0102 100.1115 V >10 1

100.0000 V 8 100 kHz 100.01541 99.8134 100.0069 100.2174 V >10 4

100.0000 V @ 200 kHz 100.06695 99.0563 100.0300 101.0776 V >10 4

769.0000 V 8 40 Hz 700.02110 699.4411 699.9362 700.6011 V >10 15

760.0000 V 8 20 kHz 700.02830 699.4483 699.6416 700.6083 V >10 67

PREQUEtCY

10.00000 HzOIV 9.995000 10.000086 10.005000 Hz >10 2

40.00000 Hz 0 1 V 39.996000 40.000213 40.004000 Hz >10 5

100.00000 Hz 8 1 V 99.990000 100.000457 100.010000 Hz >10 5

1000.0000 Hz 6 1 V 999.90000 1000.00305 1000.10000 Hz >10 3

10060.0000 112 0 1 V 9999.00000 10000.02B61 10001.00000 Hz >10 3

20000.0000 Hz 8 1 V 19998.00000 20000.05913 20002.00000 Hz >10 3

50000.0000 Hz 0 1 V 49995.00000 50000.14782 50005.00000 Hz >10 3

100.00000 kHz E. 1 V 99.990000 100.000296 100.010000 kHz >10 3

500.00000 kHz @ 1 V 499.950000 500.001478 500.050000 kHz >10 3

1.006000 MHz 0 1 V 0.9999000 1.0000029 1.0001000 MHz >10 3

2.000000 MHz 0 1 V 1.9998000 2.0000059 2.0002000 MHz >10 3

4.000000 MHz 6 1 V 3.9996000 4.0000116 4.0004000 MHz >10 3

6.000000 MHz 0 1 V 5.9994000 6.0000174 6.0006000 MHz >10 3

8.000000 MHz 8 1 V 7.9992000 8.0000233 8.0008000 MHz >10 3

10.000009M49 6 1V 9.9990000 10.0000296 10.0010000 Mliz >10 3

End of Test Results

Aglent 14588 Assel*6652539 Prrnary ElectrIcal lath TIJR Report zerme 03/30/16

Calibration Date: 6127/2017 06:4036
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Limitations

PSL specifications are larger than manufacturer's specifications reported in Factory User Manual. This is a

limitati on of the PSL.

Equipment(Standa rd) Used
Asset # Description Model Expires

6668991 Standard.Measurement 5790B June 29.2017

6664631 Calibrator.Multifunction 5730A April 25.2018

6651332 Generator.Functi on 33250A February 16.2018

20174 Amplifier 5725A August 10.2017

11123 Resi stor.Standard 5155-9 May 10.2018
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T ra cea bility

Values and the associated uncertainties supplied by the Primary Standads Lab (PSL) are traceable to the SI through one or more of
the following:

1. Reference standards whose values are disseminated by the National Institute of Standards and Technology (United States
of America) or, where appropriate, to the national metrological institute of another nation participating in the CIPM MRA;

2. Reference standards whose values ae disseminated by a laboratory that has demonstrated competence, measurement
capability, and traceability for those values;

3. The eccepted value(s) of fundamental physical phenomena (intrinsic standards);
4. Ratio(s) or other non-maintaned standards established by either a self-calibration andior a direct calibration technique;
5. Standards maintained and disseminated by the PSL in special cases and where waranted, such as consensus standards

where no national or international standards exist

Note 1: This cerhficate or report shall not be reproduced eccept in fill, withont the advance written approval ofthe Primal),
Standards Lab at Sandia National Laboratories.

Note 2: The as received condition ofthe standard, set ofstandards, or measurement equipment described herein was as expected,
unless otherwise noted in the body ofthe certificate or report

Note 3: The presence of names and tides under "Authortation"are properly authenficated electronic signatures confirming to the

equivalent identification signatory requirenents ofISO 17025:2005 5.10.2j.

Autho rization
Calibrated By:

Liddle, Brian David

Metrologist

Approved By:

Aragon, Steven J.

Metrologist

End-of-Document

Page 8 of 8

6652539_11715460

160



Distribution

1 MS0899 Technical Library 9536 (electronic copy)



Sandia National Laboratories


