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Sensing the Position and Vibration of Spacecraft Structures
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The authors are involved in the development of a family of laser heterodyne sensors for use in the active
control of spacecraft structures. These sensors include a HeNe distance measuring system for structures
requiring accuracies to 0.1 mm, and a CO2 distance measuring system which will measure unambiguously down
to 0.01 Atm. Vibration sensors based on both HeNe and CO2 lasers are also being developed. These systems will
measure fractions of a /im displacement from dc to kHz. This paper discusses the design theory and tradeoffs
required for instrument selection.

Nomenclature
A =?rx modulation depth
B = electronic bandwidth
hv = photon energy
k = Boltzman's constant
PI = optical local oscillator power
Pn — dc signal power (n - 1,2,...)
Ps = optical signal power
q = electron charge
R =range
RL = resistance of load resistor
S/N = signal-to-noise ratio
t = time
TA = equivalent temperature of amp
\m = modulation wavelength
X0 = optical wavelength
t] = detector quantum efficiency
QO^M = phase constants
</>m = range-related modulation phase =
<t>0 = range-related optical phase = 4irR/\0
cofl = angular frequency of acoustic wave driving dual

Bragg cell
com = angular frequency of phase modulation
v — frequency

Introduction

FOR several years the authors have been developing
sensors to be used for the measurement and active control

of spacecraft structures. These sensors are all laser heterodyne
systems. Both HeNe and CO2 lasers have been used. All of
these sensors have been breadboard to verify performance
and are in various stages of development directed toward
prototype engineering models.

A coarse system, which is designed for applications where
high accuracy is not required, uses a modulated beam and a
high-accuracy phase measurement scheme to obtain
resolution on the order of 0.1 mm. With several modulation
frequencies, distances on the order of kilometers can be
measured. A fine measurement system has been developed
that will work either in conjunction with the coarse system or
independently. It uses a multistate two-color CO2 laser which
can be used to produce unambiguous measurements from 20
cm down to 0.01 jum resolution over distances to 100 m.

A summary of the distance-measuring capabilities is
illustrated in Table 1. This table gives the approximate range
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covered by the different modes of each sensor. The first three
are achieved by impressing different modulation frequencies
on the coarse sensor. The last five are achieved by working
through a hierarchy of frequencies obtained from the four
states of operation for the two-color CO2 laser used in the fine
system.

Deployment of these measuring systems is very dependent
upon the application. A typical example is the coarse system
used to monitor the figure of an antenna, as illustrated in Fig.
1. The fine system requires special beam-directing techniques
discussed later with Fig. 7. For the vibration sensor, up to 50
separate beams can be brought out in parallel and directed
toward the points to be monitored. Care must be taken to
separate beam director vibrations from structural vibrations.

Vibration measurements have been made using both
doppler frequency detection and a beat frequency phase
measurement system with capabilities of measuring
displacements less than a 0.1 /*m at vibration frequencies from
essentially dc to several kHz.

All of the sensors described herein use Bragg cells. These
are acousto-optical devices which, when a frequency is ap-
plied, produce a moving diffraction grating across the optical
beam in the cell. The beam sent in is partially diffracted and
frequency shifted, providing an output which is spatially
separated (in angle) and frequency shifted from a throughput
beam which is straight through and unshifted in frequency.
When several frequencies are applied, several outputs are
produced, each spatially and frequency separated.

Coarse Measurements
The coarse system measures distance by accurately

measuring the phase of a modulated laser beam. Distance to a
reference point is compared with the distance to the target.
This method eliminates, through common moding, any drifts
prior to the output beamsplitter. Actual implementation of
both CO2 and HeNe systems has been accomplished. The
following discussion applies to both systems.

An optical layout and signal processing flow are illustrated
in Fig. 2. The beam from the laser is both spatially and
frequency shifted by the Bragg cell. The unshifted portion of
the beam is used as the local oscillator for the heterodyne
receiver. The shifted beam is directed through the phase
modulator with mode matching lenses. This modulated beam
is split, with one beam sent to the reference mirror and the
other to the target. The beams are sampled alternately, 180
deg out of phase, for signal processing. Both the reference
beam and target beam are returned to combine with the local
oscillator beam than be received by the detector.

The processing electronics consist of the system to be
described, as well as a microprocessor for converting the
signals to a digital range output. The signal processing scheme
described in this section has been breadboarded and its
performance demonstrated.
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Table 1 Measurement ranges

Measurement technique3 103 102 10°
Distance meters

10~2 10~3 10~4 10~5 10~6 10~7

Coarse 1 MHz mod
Coarse 100 MHz mod
Coarse 500 MHz mod
Fine syn. wavelength III
Fine syn. wavelength II
Fine syn. wavelength I
Fine diff. fringe
Fine fractional fringe

a Vibration measurement system demonstrated with 0.05 m-Hz (displacement-frequency product) capability, 0.08 />im resolution from dc to kHz.

BEAM DIRECTOR

RETRO REFLECTORS
AT POINT OF
MEASUREMENT

— DISTANCE MEASURING SENSOR

Fig. 1 Coarse sensor deployment.

The processing flow is shown in Fig. 2. Beginning in the
upper left-hand corner, FM modulation frequencies of 1 .0 or
100 MHz are selectable by the rf switch. The selected rf power
is divided and the first fraction passes successively through an
adjustable (phase shifting) transmission line, a power am-
plifier, and a phase modulator for the working beam. The
other fraction of the rf power passes to the 90-deg hybrid,
where about one-half the power is phase shifted and two
outputs corresponding to sine and cosine functions are
provided. These outputs, each with a phase and amplitude
trimmer, go to the inputs of a pair of SPST rf switches. The
switch output provides the following rf mixer with sine and
cosine inputs on alternate half-cycles. The crystal detector,
amplifier, and logarithmic voltmeter provide the output
shown.

Observe in Fig. 2 that phase shifting is used to move the
observation close to a phase angle of 45 deg or 45 deg ±Nx 90
deg. The phase shifting can be accomplished by several
methods and the switching of calibrated delay lines is a case in
point. Whatever technique is used requires that the phase shift
calibration and stability be compatible with the range
resolution required. For the case of switched delay lines used
as an example, this applies to both delay lines and the
switches.

Observation of delay line and switch stability has been
made for the 100 MHz amplitude modulation case. The
stability has been found compatible with the range resolution
requirements discussed previously.

Photomixing the optical local oscillator and target-sensing
beams produces signal components (two sidebands) consisting
of a mix between the dual Bragg cell-generated acoustic
frequency and the electro-optic modulator phase modulation
frequency (carrying range information) of the following
form:

cos[ (c t- (<t>0 - (<t>m -

Suppose we mix these two sidebands (at frequencies
w+co a and um-ua) with coscomf and sincomf, alternately

(which are derived from a 90-deg hybrid power divider), by
using an rf mixer. Then the output of the rf mixer will contain
sin(0w-</>M) sin(o>a/ + 4>0-</> f l)and cos(</>m-</>M) sin(uat
+ </>0-00), alternately. If we take the amplitude ratio of
these two alternate signals, a range-related function tan(</>m -
</>M) =tan(47r/?/Xm -0M) will be obtained. Since we take the
ratio of two rf mixer outputs to obtain range function, any
variation of signal power, electronic gain, etc., is common to
both outputs and is cancelled. The theoretical details on range
function and range resolution derivations are described in the
following paragraphs.

With a dual Bragg cell used, the laser output at frequency
co0 is frequency shifted to co0 — coa. The frequency unshifted
beam is employed as the optical local oscillator (LO). After
passing through the phase modulator, the frequency shifted
beam is directed alternately to the target and reference mirrors
at ranges Rt and Rr, respectively. An optical chopper may be
employed to select alternately between the target and
reference beams. Upon return, the distance-measuring beam
is made congruent with the LO beam and photodetected. The
output of the photodetector is amplified and sent through a
notch filter centered at frequency cofl before reaching the RF
mixer.

A 90-deg hybrid power divider employs a portion of the
output of the oscillator at wm and presents two signals with a
90-deg phase difference to a SPDT rf switch and, in turn, to
an rf mixer. The inputs combined by the mixer from the
signals sin (</>m-</>M) sin(wa/ + </> 0-</> a) and cos(</>m-</>M)
sin(co f f^ + </>0 — <t>a) according to whether the rf switch is
passing cosumt or sinwm/. The bandpass filter selects only
those spectral components at frequency cofl. The output of a
square law crystal detector thus consists of signals with
amplitudes sin2(</>m -<t>M) or cos2(</>m -</>M). By taking the
logarithmic difference of these two signals, we obtain:

10 log[sin2 (</>m -0M) ] - 101og[(cos2(</>m -</>M) ]

= 101og[tan2(</>m(*)-</>M)]

The range R can be solved for explicitly in a simple
straightforward manner. The target range relative to the
reference mirror can be calculated by subtracting two con-
secutive range measurements, one to the target and another to
the reference mirror. From Refs. 1 and 2, the range resolution
is found to be
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Fig. 2 Coarse sensor signal processing.
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Fig. 3 Coarse sensor data.

Table 2 Parameters for range resolution calculation

Parameters HeNe system CO2 system

\*>m
Modulation depth
i?
q,C
hv,J
PI, W
p
s> w

B, Hz
*, J/K
T U , K
/?L,n

0.2
0.8
0.8

3 .13xlO~ 1 9

3
0.02
0.5

1.6X10-19

1.87 x 10 -20

io-3

io-6

IO3

1.38X10-23

596a

50

aFor an amplifier with 3 dB noise figure which implies

(A/?m)cQ2
 65'5^m ;,.———————— — ————— — i.zj.

The range of resolution of an HeNe system is found to be
comparable with that for a CO2 system for the typical
parameters listed in Table 2.

Range resolution can be improved by a factor ^fBf for a
given integration time T and electronic bandwidth B. Sub-
sequent to integration, the theoretically derived range
resolution for a data rate of one reading per second is 1.66
and 2.07 /*m for HeNe and CO2, respectively.

Figure 3 illustrates three examples of coarse system data.
The outputs are 1-s time averages of data showing the system
resolution capability. Figure 3a is a CO2 system modulated at
100 MHz and Fig. 3b is an HeNe system modulated at 400
MHz.
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As can be seen from this data, the rms noise is approaching
the theoretical limit. The data was taken in an open lab with
minimal vibration isolation.

Fine Measurements
The heart of the fine measurement system is the switchable

two-color CO2 laser. Gain occurs in the CO2 gas mixture in
many distinct lines corresponding to a given vibrational
transition frequency. These lines, corresponding to R and P
branches, and numbered in each, are illustrated in Fig. 4.

By controlling the cavity length, as described in Ref. 3, the
line of operation can be established. If the length is such that
an R frequency and a P frequency have the same gain, they
will operate simultaneously. This can be accomplished by
separation of the signals (spectrally) and servoing a
piezoelectric driven mirror to the proper cavity length. Thus,
two-color operation is achieved. This can be refined further
by selecting a specific R line and P line within the branches for

Fig. 4 CO2 gain curve, 10.4 jtm band.

laser operation. A laser has been developed which can be
switched through four pairs of lines.

By obtaining the difference frequency between pairs of
lines, longer wavelengths can be produced. By looking at the
difference between a pair of differential fringes, still longer
wavelengths occur. In Fig. 5, a hierarchy of wavelengths is
established which can be obtained from the laser. The dif-
ferential fringes are those obtained from a single two-color
state. The synthetic wavelengths only exist in the comparison
of one state to another. From this, it can be seen that an
ambiguity of 40 cm can be obtained in total path length (20
cm in measuring distance). This operation is described in
more detail in Ref. 4.

Two types of phase measurement techniques have been
used. If the position sensor is to- include the coarse system,
then a similar processing scheme can be used. For this system,
the rf switch is operated at coa andthe mixer input is filtered to
allow w0 in. The resulting output is 10 log (tan2 (<t>0 —<t>a)),
where a variable line has now been used for the wfl in Fig. 6.

These systems operate simultaneously producing the coarse
and fine data. The theoretical range resolution for this scheme
is 0.0008 /xm for a 3 kHz bandwidth. This has not been ac-
complished due to internal optical contamination, but better
than 0.01 ptm has been achieved.

An alternate phase measurement scheme, described in Ref.
4, for the fine system only, which employs a digital zero
crossing phase comparison has been used and it, too, is able to
achieve a distance resolution of 0.01 jun.

The optical layout of the fine system is illustrated in Fig. 7.
A beam-directing scheme needed to be devised that would not
affect the path length. That scheme is also shown in Fig. 7,
where all errors occurring behind the output beamsplitter are
common-moded in the reference and target measurements. It
will require calibration of all measurement positions to ac-
count for optical differences, but no scanner-induced errors
should occur.

SYNTHETIC
WAVELENGTHS
FREQUENCIES

FOUR-STATE
T - C LASER

21 .0879 mm THREE-STATE
T 4 2 1 6 . 3 MHz T C LASER

DIFFERENTIAL
FRINGE
WAVELENGTHS
FREQUENCIES

OFF LINE CENTER
WAVELENGTHS/
FREQUENCIES

TWO-STATE
T-C LASER

10.571011(27) _
2 8 3 5 9 7 8 9 . 0 MHz 29178489 .6 ' M H z 29178471 .6 MHz 2 8 3 0 6 2 6 6 . 0 MH

( L C I l M H z ) ( LO9MHz) ( L C 9 M H z ) (LC + 1 5 M H z )

P(22)

28306236 .0 MHz 29218464.6 MHz 29218446.6 MHz 28251978.7 MHz
( L C * 5 M H z ) (LC + 9 M H z ) (LC-9MHz) (LC + I IMHz)

THE ABOVE DATA ARE BASED ON THE FOLLOWING:

R ( 1 6 )
R ( 1 8 )
P ( 1 3 )
P ( 2 0 )
P ( 2 2 )

29,178, 480. 6
2 9 , 2 1 8 , 4 5 5 . 6
2 8 , 3 5 9 , 8 0 0 . 0
2 8 , 3 0 6 , 2 5 1 . 0
2 8 , 2 5 1 , 9 6 7 . 7

MHz
MHz
MHz
MHz
MHz

2 9 9 , 7 9 2 . 5 ( 0 0 } KM/SEC.

Fig. 5 Wavelength hierarchy pyramid.
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Typical performance data for the fine system is illustrated
in Fig. 8. The sensor tracked a target moved out and back a
distance of 1.5 m. At the same time, a Hewlett-Packard
interferometer was used to track the same target with a
congruent beam. The data represents the difference in output
of the two systems. The slope can be accounted for by slight
inaccuracies in the atmospheric corrections used.

Vibration Measurements
A HeNe laser vibration sensor5 has been demonstrated

which features analog and digital outputs for computational
convenience, and which complements conventional vibration
sensors (i.e., accelerometers) by sensing vibratory events at
low frequencies from dc to beyond a kHz. Vibration am-
plitude resolution of the sensor is 0.08 /zm, maximum am-

plitude and frequency product is 0.05 m-Hz for a 2 MHz
electronic bandwidth. For example, the maximum measurable
vibration amplitude for a 25 Hz vibration is 2 mm. The time
delay of the sensor output from the actual vibration is less
than 2 /*s, which is essentially real time for measuring the
dynamics of structures and vibration sensing for the dynamic
damping of structures (active control). By electronically
splitting the laser beam using a Bragg cell, it is possible to
simultaneously sample and, hence, monitor a large number of
points to which retroreflectors have been affixed. Although
the laboratory vibration sensor employed but two channels, it
exhibited the basis for continuously sensing more than 50
independent vibrating targets.

The vibration sensor employs a low-power HeNe laser and
two Bragg cells—one to provide a heterodyne offset
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frequency for use as a local oscillator, the other for generating
multiple beams for various targets. Optical path variations
due to the vibratory motion of each target is measured by
comparing zero-crossings of the local oscillator signal with
those of each target, identifiable by a specific Bragg
frequency. The various differential zero-crossings provide the
basis for the digital output of the vibration sensor. Ex-
perimental results compare well with theoretical predictions.

The vibration sensor conceptual layout diagram is
illustrated in Fig. 9. The first Bragg cell translates the laser
output frequency from v0 to v0 + va. The frequency-translated
beam is directed by the second Bragg cell to two target
retroreflectors which correspond to two driving frequencies,
Vj and v2, respectively. The laser beam incident upon the
channel 1 target at range Yj has a frequency v0 + va + vl9
which is different from the frequency v0 + va + va for the laser
beam on the channel 2 target at range Y2(t). The returning
signals v0 + va + vl + 2Yj/\, where X is the laser wavelength,
are being shifted in frequency, when returned through the
second Bragg cell, by vl and *>2, respectively. A photodiode
detector is used to sense the heterodyne beat between the
optical local oscillator (LO) beam, which is derived from the
laser output directly, and the vibration sensing beams.

O -0 .4 —

20 30 HO
TARGET DISTANCE (CM)

ATMOSPHERIC CORRECTION: -265 .57 /im/m

LINEAR BIAS: + 3 . 8 2 ^ m / m

In order to separate two target signals from the
photodetector output, we can first mix it with
c o s [ 2 - j r ( v a - v r ) t ] to obtain cos [2Tr(2vj + vr)t + 4irYj/\] and
cos[27r(2*>2 + j> /.)/ + 47ry2/X]. We can then mix these with
cos[2Tr(2i>j)t] to obtain cos[27n>r/ + 47r}VX], and with
cos[27r(2j>2)/] to obtain cos [2Tn>rt + 4irY2/\] . Here, vr is the
frequency of the reference signal which, in this case, is 4
MHz. The signal cos[2ir(pa — vr)t] is a result of mixing the
reference signal with the first Bragg cell driving signal and
bandpassing at va — vr. Signals cos[27r(2*> ;)/] and
cos[2ir(2v2)t] are derived from frequency doublers and, in
turn, from oscillators at frequencies vl and v2, respectively.

Signals of both channels are centered at frequency j>r, but
separately passed by each bandpass filter. The digital signal
processor takes the reference signal and the output of
two channels from the bandpass filters to process the
vibration information of the targets. By comparing the
zero-crossings of cos(27rj>rO with cos(2irvrt + 4TrY1/\) and

the displacement AYj and AY2 can
easily be determined. For every zero crossing count dif-
ference, there is a phase change of 2?r rad or a displacement of
X/2 = 0.32 /mi. When four reference signals — cos(27n>rO>
(2in>rt + T/2),cos(27n>r'+ *) , and cos(2irvrt + 3ir/2)— are used
for zero-crossing comparison, the displacement resolution is
X/8 or 0.08 /mi.

The power signal-to-noise ratio S/N, of the sensor is

2 —

for channel 1 target and

2 -^

'" •(2 win
hv '

Fig. 8 Fine system data. for channel 2 target.
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Fig. 9 Vibration sensor signal processing.
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Fig. 10 Vibration sensor data.

Assuming a 0.4 mW single-frequency HeNe laser is used to
measure vibrations of 50 targets, the signal-to-noise ratio of
each channel can be calculated according to the following
typical values:

?=1.6xlO

£ = 2 x l 0 6 H z

Ar=1 .38x lO~ 2 3 J/K

TA =596 K

/ = 10~4 W

W

yielding the result S/N= 123.
This signal-to-noise ratio is more than what is required by

the signal digital processor to process the signal. For a con-
stant signal-to-noise ratio, the maximum number of channels
which can be measured by the sensor is proportional to the
laser output power.

The doppler frequency, v d l = 2 Y 1 ( t ) / X , for a sinusoidal
vibration can be written as vdl = 4irvml YdIsin(2in>mlt)/\,
where vml is the modulation frequency and Ydl is the am-
plitude of vibration. For a 2 MHz bandwidth, the peak
doppler frequency is limited to 1 MHz or
47n>w,r^/X=106Hz or vmlYd]=Q.05 m-Hz. Therefore, the
maximum amplitude and frequency product of the vibratory
targets is limited to 0.05 m-Hz for 2 MHz electronic band-
width.

Vibration sensor data is shown in Fig. 10 for a two-channel
system. Figure lOa shows one channel operating at 30 Hz, 3
mm peak-to-peak. The digital resolution of 0.08 /mi is
detectable in the latter channel. The bottom trace is the
piezoelectric drive signal for the 60 Hz, showing negligible
phase shift. Figure lOb has the same outputs with a square
wave applied to the first channel to illustrate dc performance.
The ringing in the signal is caused by the transducer motion.

Conclusions
Based on the above analyses and the breadboard demon-

strations performed, we have made the following conclusions:
1) It is possible to measure distance with HeNe absolutely

from kilometers down to 0.1 mm.
2) It is possible to measure distance with CO2 from

kilometers down to 0.01 /*m.
3) Rates on the above measurements can be made from

rates of 1 per sec to 100 per sec.
4) It is possible to measure vibrations from dc to kHz with

up to 50 channels per detector/laser.
The primary concern in the application of the above sensors

is one of beam direction and integration into the structural
system being controlled. This problem is best approached for
each system configuration.
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