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Optical FM System for Measuring Mechanical Shock
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A technique is described for calibrating shock accelerometers by measuring the Doppler shift in
light frequency produced by the change in velocity of a target. The system employs a quadrature laser
interferometer and a single-sideband carrier insertion circuit to distinguish between positive and nega-

tive velocities.
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1. Introduction

Shock loading may be one of the most destructive
or most beneficial environments encountered by
mechanical systems. The damage to structures by
sudden loads, such as produced by the collision of
objects, is familiar. The forming of materials into
desired shapes by forging or explosive forming tech-
niques are examples of desirable effects of controlled
impact, or shock loading.

There is a demonstrated need to measure shock
loads accurately over a wide range of amplitudes and
wave forms. The design of structures to withstand such
loads and the efficient use of energy for forming ma-
terials are only two of the more obvious benefits of a
knowledge of shock loadings and their effects.

One of the problems in measureing mechanical
shock has been the inability to calibrate shock meas-
uring systems absolutely except by subjecting them to
intense, steady state, sinusoidal motion at a few dis-
crete frequencies. Such calibrations are inherently
suspect because they are not characteristic of the
environment to be measured, and transducers are
frequently damaged during such tests. Sinusoidal
calibrations of this nature offer the added difficulty
that the tests are very time consuming and expensive.

Shock measuring transducers can also be calibrated
by measuring lumped response integrated over the
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total energy spectrum with no attempt to determine
response as a function of frequency. An example of
this type of calibration is a peak value calibration where
the transducer is subjected to a shock input and cali-
brated as to the peak reading obtained. The calibra-
tion comes from either a reference transducer or com-
puted accelerations via measuring velocity changes
over finite time intervals. There is a need for a fast,
accurate and absolute method for calibrating shock
measuring systems under conditions closely simulating
those encountered in actual use |1-7].!

2. Shock Measuring System

An interferometer system has been devised to pro-
vide an absolute calibration facility for measuring
shock induced motion. This system produces an elec-
trical signal that is directly proportional to the velocity
of the moving element being studied. This signal can
be processed, analyzed and compared to the signal
from a transducer that is subjected to the same motion.
The system has the following advantages: (1) it is a
system completely independent of the transducer, (2)
it is based on the Doppler shift of light frequency de-
tected by a moving interferometric fringe pattern, a
phenomenon that is known to be linear with velocities

! Figures in brackets indicate the literature references at the end of this paper.



in the range of the mechanical shock spectrum, (3) it
is capable of measuring actual shock motion having a
wide range of amplitudes and rich in frequency con-
tent, and (4) the resulting signal can be rapidly and
accurately analyzed by known methods and techniques

(8].
2.1. Theory

The moving reflector of an optical interferometer is
attached to the object whose motion is to be measured.
A narrow section of the fringe pattern is viewed by a
photodetector; if the interferometer plates are un-
coated the photodetector output is [9].

E\=A+E, sin [k(8+2¢)] (1)
E,=output voltage
E,=signal out, dependent upon light intensity
A=d-c term
k=2m|\
A= wavelength of monochromatic light
8= average optical separation between interfering

light beams

&=displacement of reflector
If we had, instead of eq (1)
Es=A+E,sin [ot+k(8+2¢)]

= carrier frequency

2)

which is a frequency modulated wave [10], the velocity
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of the reflector could be obtained by demodulation. The
output of a demodulator is proportional to the instan-
taneous frequency deviation and the instantaneous
frequency in eq (2) is

2¢

_14d 2¢
. 3)

)
fi=s- 0 [wt + k8 + 2k¢] ot
Therefore, the instantaneous frequency will define
what the instantaneous velocity is. Equation (3) could
have been obtained by direct application of doppler
shift equation [11].

If E; in eq (1) were demodulated directly, or even
after up-conversion of the frequencies, the sign of the
output would be ambiguous. The problem is therefore
to insert a carrier into E; of eq (1) and convert it to

E; of eq (2).
2.2. Description

The interferometer used in the present work is a
commercial model shown schematically in figure 1.
It is a modified Michelson type, illuminated by a single-
frequency He-Ne laser so that long path differences
are possible. The moving retroreflector is a corner
cube for the usual reasons. The interfering beams are
circularly polarized so that by use of a beam splitter
and analyzers, followed by two photodetectors, two
electrical outputs in phase quadrature are obtained.
The original purpose of this arrangement is for fringe
counting [12]. The instrument has internal preampli-
fiers of bandwidth DC to 500 kHz; for higher velocity
external preamplifiers of bandwidth 20 Hz to 60 MHz
were used.

If one output is described by eq (1), which we re-
write, dropping the constant A and replacing k(5+2¢)
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FIGURE 1. Schematic, laser interferometer.
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by x, as

E.=C sinx
then the other is

Eyz=C cos «x.

The signal £y is multiplied, in a balanced mixer by
the output D sin wt of a local oscillator, giving

CD sin wt cos x,

and E, is multiplied, in another balanced mixer. |
D cos wt, giving,
CD cos ot sin kt

the outputs (4) and (5) are added in a suitable circuit
to give

CD sin (ot +x)=CD sin [wt+ k(8+2¢)] (6)
which is the frequency-modulated wave of eq (2). As
already explained, demodulation of this wave yields
an output proportional to the velocity of the reflector.

The above method is similar to the phase-shift
method of single-sideband generation [13] with the
distinct difference that the signal phase shift is pro-
duced optically.

The single-sideband circuit was assembled from
off-the-shelf hardware of balanced mixers, quadrature
hybrid, KM demodulator and carrier oscillator. The
carrier used in this case is 60 MHz. The signal is
demodulated by a conventional FM discriminator,
and the resulting signal can be analyzed by either
digital or analog techniques.
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The system can be readily calibrated by subjecting
the moving element to steady state sinusoidal motion.
One technique that has been used involves counting
interference fringes over a known time interval.
Average and peak velocities can then be computed
for the frequency of vibration. Other methods for
calibrating the system, such as the Crosby method
for determining peak FM swing, could also be used.
[14, 15, 16] Inherent in the system is a possible means
of checking the calibration factor during the course
of each experiment. The calibration factor can be
determined by comparison of the average velocity
over a known time interval, during which there are
no velocity reversals, with the average discriminator
output over the same interval. The former is the
displacement, determined from a fringe count, divided
by the time interval.

3. Performance

To obtain data an accelerometer was attached
directly to the face of a corner cube retroreflector.
The accelerometer was small enough to fit in a quad-
rant of the corner cube so as not to interfere with the
laser beams. The- moving corner cube of the inter-
ferometer was mounted on the table of an electro-
dynamic shaker. The input signal to the shaker was
a single sine pulse (301 Hz) repeated at a rate of
75.3 Hz. Qualitative comparisons of signals obtained
from various subsystems can be made from figures
2a, b, and c. Figure 2a shows the signals from the
discriminator of the interferometer system and from
the accelerometer. Figure 2a shows the signals from
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FIGURE 2. Simultaneous signals from shock motion measuring system.

a. Discriminator versus accelerometer, b. discriminator versus velocity coil, c. differentiated discriminator versus accelerometer.
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the discriminator of the interferometer system and
from the accelerometer. Figure 2b shows the signals
from the discriminator and from the velocity coil of
the shaker. Figure 2¢ shows the differentiated output
of the discriminator and the output of the acceler-
ometer. The two outputs shown in figure 2¢ were fed
to a frequency analyzer and the results plotted on
an X-Y plotter. The measured peaks of response are
shown in table 1. The calibration factors were arbi-
trary and the results are only meaningful when
compared to each other as shown in the percent
deviation column. The differences in- harmonic rela-
tionships of the frequencies are due to errors in
determining the frequency at a point in a logarithmic
sweep.

TABLE 1. Comparison between accelerometer and differentiated
discriminator output spectrum due to repetitive sine pulse

Accelerometer
Frequency | Differentiated | Accelerometer” |output deviation
discriminator® from discrimi-
nator output?
Hz Units Units Percent
76.5 4.50 4.63 =316)
151 8.23 8.18 0.0
225 7.76 7.75 T o)
301 7.41 7.45 9152
376 6.46 6.72 +4.6
2104 6.02 5%75 —-3.8

a Normalized to maximum discriminator amplitude recoreed at 151 Hz.
b Amplitude as measured on a X-Y plotter.

4. Other Applications

The development of this system was oriented to-
wards motion with large velocities and displacements.
If the emphasis is changed from detecting frequency
to detecting phase modulation, it is feasible to measure
fractional parts of a fringe displacement. [17] This
approach is not limited to a laser as an electromagnetic
radiation source; any coherent source will do, such
as radar.

5. Summary

A system has been described that is capable of
sensing mechanical shock induced motion and pro-
viding a signal that is proportional to the velocity of
the motion. The system makes use of the Doppler
shift in light frequency, a phenomenon that is known
to be linear with amplitude and frequency of motion.
The information output is a variable frequency thereby
minimizing the linearity requirements for electronic
components other than the discriminator. The system
can be readily calibrated by use of steady state sinusoi-
dal motion. The information is available in a form that
can be analyzed by known methods and techniques.
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