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A laser doppler vibrometer (LDV) is being used for high frequency 
characterizations of accelerometers at Sandia National Laboratories (SNL). 
A LDV with high frequency (up to 1.5 MHz) and high velocity (10 d s )  
capability was purchased from a commercial source and has been certified by 
the Primary Electrical Standards Department at SNL. The method used for 
this certification and the certification results are presented. Use of the LDV 
for characterization of accelerometers at high frequencies and of 
accelerometer sensitivity to cross-axis shocks on a Hopkinson bar apparatus 
is discussed. 

. . 

INTRODUCTION l 
e The Mechanical Shock Laboratory at Sandia National Laboratories (SNL) has developed a 

Hopkinson bar capability to characterize accelerometers for both in-axis .and cross-axis response. 
A diagram of the Hopkinson bar I configuration for in-axis accelerometer characterizations is 
shown in Figure 1. This capability is being used to characterize accelerometers for SNL and other 
government agencies and for, development of new accelerometers and mechanical isolators for 
accelerometers as Cooperative Research and Development Agreements (CRADA’s) with 
transducer manufacturers. Usually, strain gages mounted on the Hopkinson bar have been used as 
the reference measurements. A method for calibrating the Hopkinson bar strain gages has been 

* developed Cl]. However, as the frequency bandwidth for the accelerometer characterizations has 
been .extended, another reference measurement has become necessary. A laser doppler 
vibrometer (LDV) has been chosen as the reference measurement for the high ‘frequency 
accelerometer characterizations. and for cross-axis accelerometer characterizations. The 
manufacturer’s specifications for the LDV indicate a frequency bandwidth of up to 1.5 MHz and a 
velocity range of 10 d s ,  but there is no commercially available technique to certify or 
characterize the LDV. This pauer describes the dvnamic characterization of the LDV using 
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Figure 1: Hopkinson Bar Configuration for In-Axis Accelerometer Characterizations 

optical and electrical inputs to the device that are substituted for the interferometric signal usually 
created by the test object. Since the wavelength of the laser is known to one part in lo6, 
certification accuracy is conceptually limited only by the accuracy of the electronic frequency 
generators and demodulators. An arbitrary waveform generator (AWG) is used to create the 
dynarnic signal that is input to.the LDV. Since the electrical signal in the LDV is frequency 
modulated with a center frequency of 40 MHz and a dynamic range of 32 MHz, the AWG must 
have a capability of varying a sine wave from 8 MHz to 72 MHZ at slew rates representing the 1.5 
MHZ velocity response capability of the LDV. The results of the LDV characterization are 
presented and include the LDV uncertainty assigned by the SNL Primary Electrical Standards 
Department. The use of the LDV as a reference measurement in the characterizations of 
accelerometers for both high frequency characterizations of in-axis response and cross-axis 
measurements (out-of axis response) is discussed. 

.. LDV CERTIFICATION COWIGURATION 

A block diagram for the LDV is shown in Figure 2, where it can be seen that the optical signal is 
transformed into a frequency modulated electrical signal and then demodulated. This LDV is 
commercially available from Polytec PI*. .Model OFV-3000 controller and Model OW-302 
sensor head have been certified in the.configuration shown in Figure 3. The reference frequency, 
fm, is 40 MHz for this device. A Tektronix Model AWG 2040 arbitrary waveform generator ’ 
provided the electronic certification signal. A Meret Model MDL 259-20-SMA laser diode 
converted&e AWG 2040 electrical output to an optical signal suitable for input to one of the 
detectors inside the LDV. The other detector was blocked with a piece of black tape. Only one 
detector is shown in the diagrams in Figures 2 and 3 although there are actually two detectors that 
are summed internally to the LDV. The LDV.electrically demodulates the output of the 
interferometer to estimate velocity. The velocity output of the LDV at the BNC connector on the 
front panel was measured with a Tektronix Model 11402 or Model DSA 602A digitizing 
oscilloscope with a Model 11A34 amplifier. 

All equipment used for the LDV certifications was calibrated according to either manufacturer’s 
procedures or military calibration procedures. and their uncertainties (30 or coverage factor of 
* Reference to a commercial product implies no endorsement by SNL or the Department of 
Energy nor lack of suitable substitute. 
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Figure 2: Normal Operating Block Diagram for LDV 
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Table I: Equipment Used for LDV Certification 

Function 
Frequency 
Voltage 
Voltage 

Manufacturer Model 
Tektronix AWG 2040 

Uncertainty 
1 ppm 
0.6 % 
0.6 % 

11A34 
Laser Diode 

Freq. 
Spectrum 
Frequency 

Meret MDL259-20-SMA 

Hew let t- 8590A 
Packard 
Hewlett- 5371A 
Packard 

~ 

NA 

NA 

1 PPm 

Identification 
E8341 
5008 

E8799 

20161A 
s/N 119 
E7294 

E8635 
I I 

k=3) appear in Table I. As an additional check, the frequency of sine waves from the AWG 2040 
was measured with a Hewlett-Packard Model 5371A frequency and time interval analyzer. At 8, 
40 and 72 MHz, the signal was within 1 ppm of its setting. Both the LDV reference frequency 
(40 MHz) and the output of the laser diode through the LDV detector (with certified input 
frequencies) were also measured and found to be within .1 ppm of the frequency setting of the 
AWG 2040. Additionally, all warranteed specifications for the AWG including a rise time 
capability of 2.5 ns were verified in an AWG certification. The rise time, t, capability may be 
converted to bandwidth using [2] 

. 

t, = 0.35 / f,, 
a 

where f,, is the single pole bandwidth, so the AWG has a bandwidth of 140 MHz. Thus, the 
AWG has a capability of varying a 40 MHz sine wave from 8 MHz to 72 M H z  at frequencies 
exceeding the 1.5 IvlHz velocity response capability of the LDV. 

A Hewlett-Packard Model 8590A spectrum analyzer was used to check for harmonics and 
interference signals. At amplitudes of 0.5 and 1 volt peak and frequencies of 8, 40 and 72 MHz, 
the AWG 2040’s fundamental was about 50 dBm.above its second harmonic; the detector’s 
fundamental was about 30 dBm above its second harmonic. To convert dBm to RMS volts with a 
50 Q impedance that dissipates the power, the conversion formula is [3] 

Pdnm = 2010g(V,,, / V,,, ) = 20log(VmS / 0.2236) . 

Since a 1 volt peak value is 0.707 volts RMS or 10 dBm and the second harmonic of the AWG 
2040 was 50 dBm less than the-fundamental, the second harmonic value is -40 dBm or 2.2 mV 
RMS. The -30 dBm for the second harmonic at the detector corresponds to 22.0 mV RMS. 
Voltage time histories of the signals showed no signs of amplitude clipping for these 
measurements. From these measurements, it was concluded that the effect of harmonic distortion 
in the AWG and the diode/detector was minimal. 



The repeatability of the Tektronix Model 11402 digitizing oscilloscope with a Model llA34 
amplifier was checked by measuring the output of a DC calibrator over a 24 hour period at -2 V 
and +2V. Both of the standard deviation of the means were less than 0.05% which indicates that 
the 0.6% uncertainty for voltage measurements listed in Table I is conservative. 

CERTIFICATION PROCEDURE 

A complete certification of the LDV would include static (constant velocity) and dynamic input 
signals. A constant sine wave input (constant velocity) to the LDV could be used for the static 
certification; however, a static certification does not accurately reflect the LDV’s dynamic 
performance. The LDV velocity output incorporates an offset limiter circuit that removes the 
collective DC drifts of the various electronic components and still gives the velocity output at the 
low frequency limit of 0.1 Hz. Thus, if a surface moves towards the LDV at a constant velocity, 
the velocity output will, at first, represent the speed but will fall off to zero volts in a time equal to 
the limiter’s response. 

The dynamic portion of the LDV certification was fourfold short duration haversine pulses with 
various repetition rates, a rise time measurement using ramped signals, a bandwidth measurement 
with sinusoidally varying velocity, and a verification of the. slew rate specification using small 
signals up to 1.5 MHz. AU signals are frequency modulated (FM) signals created by.the AWG. 
An example of how the signals were created is given for the short duration haversine pulses. 
Although both RMS and peak measurements of the LDV output were made, in most cases, the 
results shown in this paper are for peak measurements because the primary ,application of interest 
is for shock (transient) measurements. 

CERTIFICATION RESULTS 

FM signals modulated by haversine pulses with short durations were also input to the LDV 
because haversine pulses are similar to pulses often encountered in shock testing. The haversine 
was programmed as 1. - cos(a t) and -(1 -. cos(a t)), so positive and negative haversine pulses 
alternated at the test frequencies. Two frequencies were used: 33.3333 kHz (15. ps wide per . 
pulse) and 66.6666 H z  (7.5 ps wide per pulse). The form of a FM signal is [4]: 

$ ( t )  = 27ckf x(t)dt 
‘0 

(3) 

x ( t )  = the modulating (message) signal 

The center frequency of the FM signal is a,. The instantaneous phase is @(t) .  The derivative of 
$(t)  is proportional to the instantaneous frequency deviation. The constant k is the frequency 
deviation constant with units of hertz per unit of x(t )  . 
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Table II shows an equation file to create a FM signal for a haversine pulse train with the 
Tektronix Model AWG2040 arbitrary waveform generator. The DC value of the pulse train is 
zero. Comment lines begin with the "#',symbol. Constant kl  defines the center frequency of the 
FM signal. Constant k2 defines the haversine amplitude. Constant k3 controls the repetition rate 
of the pulse train and is set equal to twice the repetition rate of the pulse train. Constant k4 
defines the frequency deviation constant of the FM signal. Line 11 defines the range or time 
interval of the positive haversine. Line 12 defines the FM signal for the positive haversine. Line 14 
defines the range of the negative haversine. Line 15 defines the FM signal for the negative 
haversine. Note that the integral of the haversine 1 - cos(k,t) over the time interval Oto t is 
t - sin(k,t) / k,  . To verify the fidelity of the FM signal created by the AWG, the signal could be 
demodulated with a FM receiver other than the LDV. Since a F M  receiver was not available, 
digitizing the FM signal and then demodulating it was considered, but this task was not performed . 

because of lack of time. 

Line 
Number 

1 
2 
3 
4 

Table 11: Equation File for Tek Model AWG2040 

Command 

# FM signal for haversine pulse train 
# Center frequency = 40 MHz 
kl=2*pi*40e6 
# Haversine amditude = 9 V 

5 
6 
7 
8 
9 

k2=9 
# Period of haversine pulse train = 30 us 
k3=2*pi*66.6666e3 
# Frequency deviation constant 
k4=2*~i*32e6/20 

10 
11 range(Ous, 15us) 
12 
13 
14 ranie(15us.30~~) 

# FM signal for positive haversine 

sin( k 1 * t+k2* k4* (t-sin(k3 * t)/k3)) 
# FM signal for negative haversine 

. .  

I' . 15 I sin(kl*t-k2*k4*(t-0.000015-sin(k3*t~/k3~) I 

Table 111 shows the measurement results for the haversine pulses. For each measurement, there 
are: the frequency (repetition rate of the positive and negative haversine pulses); the theoretical 
peak-peak response amplifude in volts; the peak-to-peak value of the LDV output as measured by 
the Tektronix DSA 602A, and finally the percent difference calculated as the percent of full scale. 
Other measurements were also made of the RMS values of both the LDV and the Tektronix 
AWG 2040 but are not shown here. For the data at 33.333 kHz and at 66.6666 kHz, the largest 
deviation of the peak-to-peak of the response from the theoretical peak-to-peak is 0.92 V at -10 
V. These deviations are similar to the deviations found for the slew rate tests described below for 
the 1000 m d s N  range. 



The operating range of the Polytec Model OVD-02 velocity output module is limited to 1.5 MHz. 
Equation (1) indicates for a 1.5 MHz bandwidth, the risetime is about 0.23 ps. To study the 
risetime of the LDV, the risetime of the Tektronix AWG 2040 was varied from 10 to 0.1 ps for 

. pulse inputs. The upper and lower levels of the .pulses correspond to modulating frequencies of 
60 MHz and 20 MHz, respectively. These modulating frequencies should produce voltages- of 
6.25 V and - 6.25 V at the velocity BNC connector. Table N summarizes the risetime data. The 
data in Table IV show that the risetime for a step of 12.5 V peak-to-peak is between 0.8 and 0.16 
ps, which is consistent with the LDV minimum rise time specification. The main degradation of 
the velocity data is the overshoot due to the ringing after the pulse transition. 

AWG Risetime (ps) 
8.00 

- 4.00 

Table 111: Measurements of LDV Response to Short Duration Haversine Pulses. 

Measured Risetime (p) Measured Overshoot (%) 
7.93 0.26 
4.04 1.27 

Table IV: Risetime Measurements 

0.16 
0.08 

0.32 16.46 
0.3 1 18.35 

I 0.80 I 0.8 1 I 3.17 I 

Next, measurements were made to determine the bandwidth (BW) for the LDV. The operating 
range of the Polytec Model OVD-02 velocity output module is limited to a BW of 1.5 MHz and a 
slew rate of 200,000 g, and both conditions must be met simultaneously. The operating range 
polygon for the Polytec Model OVD-02 shows that the 1.5 MHz BW specification applies only to 
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small signals and that large signals with frequency content above 31 lcHz are slew rate limited. A 
discussion of BW specifications in contained in [5]. According to the operating range polygon at 
1.5 NHZ, the maximum signal which is not slew rate limited is approximately 0.25 V peak. The 
BW was-’checked at modulation frequencies that would theoretically produce 1 V RMS output 
(over five times larger than 0.25 V peak) and with FM signals modulated by sinusoidally varying 
velocities at various frequencies and amplitudes. Their parameters are: 1 V RMS at 33.3333 
kHz; 1 V RMS at 1.65 NHZ; 7 V RMS (10 V peak) at 1.5 MHz;. and 7 V RMS (10 V peak) at 
1.3 MHz. All waveforms were correctly reproduced, so the LDV meets or exceeds its 
specifications for BW. Table V shows the results of these measurements. The first two columns 
in Table V show the frequency and RMS of the modulating signal in the AWG 2040. Column 3 
shows the measurements acquired with the DSA 602A from the velocity output BNC connector 
on the LDV. According to these data, the -3 dB (0.707 gain) frequency is about 1.65 MHz. 
These measurements indicate that the instrument exceeds its specifications. Fipre 4 is a plot of 
the RMS voltage versus frequency where the RMS voltage increases slightly from about 500 kHz 
to about 1.5 M H z  and then decays rapidly. 

Table V: BandMdth Measurements at 1000 d s N .  
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Finally, the slew rate specification for the LDV was checked. The Polytec Model OVD-02 
velocity output module is limited to 1.5 MHz and slew rates of 200,000 g. According to the 
specifications of the vibrometer, both conditions must be met simultaneously. The slew rate limits 
the maximum full scale range to 31 kHz. The relationship between slewing time, tslew,-’and 
bandwidth, fb ,  is [2] 

The slewing time, tslew, for 31 kHz is 10 ps. Figures 5 to 7 show a typical simulated velocity pulse 
as measured with a Tektronix Model DSA 602A digitizing oscilloscope with a Tektronix Model 
llA34 amplifier (1 M?2 input impedance and 300 MHz bandwidth), at the velocity output BNC 
connector on the front of the LDV. The pulse transitions from one level to another level in 10 ps. 
The lower and upper levels are varied to characterize the instrument over its full range. The pulse 
in Figure 5 switches between modulation frequencies of 10 MHz and 70 MHz. The amplitude of 
the overshoot and subsequent ,oscillations are larger at the negative voltages than at the positive 
voltages. This behavior was typical of the LDV performance on the 1000mmlsN range: the 
overshoot and subsequent oscillations in the velocity output are larger for modulating frequencies 
less than 40 M H z  than for modulating frequencies above 40 MHz. . 

Figure 5: Simulated Velocity Pulse Output from the LDV. 
(500 MHz Sample Rate) 



Figure 6: Lower Level of Simulated Velocity Pulse Output from 
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Table VI shows measurements of the velocity output voltage for the 1000 d s N  range. The 
first two columns are the frequency of the modulating signal and the corresponding theoretical 
voltage that should appear at the velocity output BNC connector. The third column is the voltage 
that deviates the most from the theoretical voltage over about a 5 ps analysis interval. The fourth 
column is the difference between the largest deviation and the theoretical value as a percent of full 
scale. The largest percent difference is 8% of full scale at 8 MHz. The second largest percent 
difference is 2.9% at 68 MHz. 

4 

Table VII shows measurements of the velocity output voltage for the 125 d s N  range. The 
information in the columns is the same as for Table VI. The largest deviations from the theoretical 
values are smaller than those for the 1000mmlsN range. Tables Vm shows the measurements of 
the velocity output voltage for the 25 mm/sN range. The worst deviation from the theoretical 
value, 2.7% of full scale, occurs at 40.8 MHz. 

LDV CERTIFICATION UNCERTAINTY 

The main contributors to the uncertainty of our certification of the velocity output of the LDV 
. are: (1) the frequency of the FM signal generated by the Tektronix Model AWG 2040 arbitrary 

waveform.generator (from Table I); (29 the uncertainty of the voltage measurements with the 
Tektronix Model 11402 or Model DSA 602A digitizing,waveform recorder with a Model 11A34 
amplifier (from.Table I); (3) the residualsaof a linear fit of the mean output velocity voltage to the 
theoretical output velocity voltage computed from the frequency.of the modulating signal in the 

, AWG 2040 (not shown); and (4) the difference between the theoretical output voltage and the 
worst deviation from the theoretical output voltage. The total uncertainty for a particular velocity . 
is the RSS of the values from sources 1 to 3 plus the-value of source 4 The random components I 

' (1) to (3J are combined as the-square root of the sum of the squares (RSS). Component (4) is a 
worst case error which is not combined as RSS. For the 1000 mm/sN range, the total uncertainty' 

. 
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Table VI: LDV Measurements for 1000 m d s N  Range with 8 ~ L S  Risetime. 



Table VII: LDV Measurements for 125 d s / V  Range with 8 p Risetime. 

Source 

1 
2 
3 
4 

Total Uncertainty 

. Table VIII: LDV Measurements for 25 d s N  Range with 8 ps Risetime. 

.. , 

Uncertainty of Velocity 

1000 mIn/sN ’ 1 2 5 d d V  25 d s N  
0.0001 % 0.0001 % 0.0001 % 
0.6% 0.6% 0.6% 
1.5% 1.5% 1.5% 
8.0% 6.4% 2.7% 
9.6% 8.0% 4.3% 

with approximately a 95% confidence level for the velocity is 9.6%. Table M summarizes the 
uncertainty analysis. One can use the percent difference values of Tables VI, Vll,and VIII in 
place of the 8.0%, 6.4% or 2.7% for source 4 to arrive at an uncertainty for a particular velocity. 
To find an uncertainty for a range of velocities,.substitute the largest value of percent difference 
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(full scale) for the restricted velocity range for source 4. For example, for the 1000 d s N  
range, the uncertainty for velocities corresponding to voltages ranging from -9.375 to 10 V is 
4.5%. Similarly, for the 125 d s N  range, the uncertainty for velocities corresponding to 
voltages ranging from -9.5 to 10 V is 3.8%. 

ACCELEROMETER CHARACTERIZATIONS 
USING A LASER DOPPLER VIBROMETER 

The LDV is being used to make measurements at the end of beryllium Hopkinson bars where 
accelerometers are mounted for characterization. The high frequency response of the LDV and 
the, high wave speed for beryllium allow characterizations of accelerometers for the frequency 
range of DC-50 kHz. The LDV is also being used to make measurements.of the lateral motion 
due to Poisson's effect of a Hopkinson bar. The lateral motion is then subtracted out of the 
accelerometer response for accelerometers mounted on the side of the Hopkinson bar. These 
accelerometers are subjected to stress waves in their non-sensitive axis or cross-axis direction. 
The accelerometers correctly respond to the lateral motion, so this motion must be subtracted out 
to .derive the cross-axis response. No sensor, other than the LDV, can detect this lateral motion 
at frequencies up to 1.5 MHz. Other researchers [6,7,8] are using a LDV to characterize strain 
gages. However, the LDV used in these studies has one-tenth the velocity range of the LDV 
certified in this paper and does not have the high frequency capability of DC-1.5 MHz. 

' CONCLUSIONS 

The dynamic parameters (short duration haversine pulses, rise time, bandwidth and slew rate) for 
the LDV have been successfully certified. The measurements in this paper provide information 
about the LDV that has not been previously known. The largest uncertainty occurs on the largest 
velocity scale of 1000 d s N  and at only one point. The largest uncertainty corresponds to the 
condition where the testobject is moving away from the LDV. FOF accelerometer measurements, 
the LDV is customarily used for measurements when the target is moving towards the LDV. 
Additionally, the largest uncertainty occurs due to overshoot. Whenthe LDV is used over 90% 
of its range, this LDV has a 2-3% uncertainty for all specified frequencies and velocities. The 
uncertainty decreases for decreasing velocity scales. The LDV provides a reference velocity 
measurement for velocities up to 10 m/s  and for frequencies up to 1.5 MHz. This reference 
measurement provides information,in a bandwidth that is not available from strain gages that. are 
generally considered to have a bandwidth of no greater than DC-40 kHz. Future work should 
include digitally demodulating the FM signal from the AWG and comparing it with the LDV 
output. Additionally, the LDV should be used to characterize strain gage response for 
frequencies up to 1.5 MHz. 
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