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lntJ"oduction
This report presents a study of the feasibility of using the laser Doppler technique for
remote sensing of vibrations of underwater structures. Specifically, estimates are presented for
detection of low frequency vibrations in ice, at the water-ice surface, with a laser Doppler
system located on a submerged platform at a distance of -100 meters from the ice surface.
In Section 1 the basic laser Doppler vibrometer (LDV) configurations for measuring out-

of-plane and in-plane surface displacement are described, and expressions are derived which
relate the output signal from the LDV to the amplitude of the surface displacement. Theoretical
expressions for minimum detectable out-of-plane and in-plane surface displacements are
developed in Section 2. Minimum detectable displacements are calculated in Section 3 for an
LDV system constructed from commercially available components. Some system design issues,
such as alignment of the two light beams for measurement of in-plane displacement, are
discussed in Section 4. A summary and conclusions are given in Section 5.
The state of the seawater, and how the seawater alternates light propagating through it,
are important parameters in the present study. It is assumed that the seawater is .clear, and the
coefficient for light attenuation in clear seawater is used in calculations of system performance.
One approximation made in the present study is to neglect the effect on the light signal of
fluctuations in the refractive index of seawater along the light propagation path.

The estimate presented here are for an LDV system with an Argon ion laser operating at
a wavelength A. = 530 run and with an output optical power of 10 watts.

The estimated

minimum detectable vibration displacements, and various optical dimensions, are given in units
of micrometer (J.UD, where 1 J.1ID = 10-6 meters) or nanometers (nm, where 1 run= 1o-9 meters).

1. The basic laser Dol)l)ler yibrome(er confiprations

The basic configurations for detecting the out-of-plane component, w, and the in-plane
component, u, of surface displacement are shown in Figures 1a and 1b respectively. In each
case light from a laser illuminates the vibrating surface, and the reflected light is received by a
photodetector (a photomultiplier or an avalanche photodiode ).

The ac signal from the

photodetector is processed to determine the amplitude and phase of the surface vibration.

(a) Detection of the out-of-plane displacement

The reflected light signal, Es, is combined with a reference light signal, ER, where Es
and ER are the amplitudes of the electric fields of the two optical signals.

The simplest

assumption is that Es and ER are plane waves. Then the total optical electric field at the
photodetector is,

(1)

where co is the optical angular frequency (co= 21ru, where

'U

is the laser light frequency),

cpy is

the phase modulation due to the surface vibration, and A~ is a quasi-static (low frequency noise)
phase difference between the scattered and the reference light signals. The frequency COB

2

= 21t

fB is an additional frequency shift (typically fB

=40 MHz) which is required for heterodyne

detection of the surface vibration [ 1]. In practice the frequency shift CJlB is generated using an
acousto-optic (Bragg cell) modulator [1].
For harmonic surface vibration at frequency IDy the out-of-plane displacement is,

(2)

where Aw is the amplitude of the vibration. The optical phase modulation due to the surface
vibration is,

«Pv

= 2kAw sin myt

(3)

where k is the optical wavenumber in seawater (k = nmlc , where n is the refractive index of
seawater and c is the speed of light in vacuum).
In the photodetector an electric current is developed which is proportional to the time
averaged light intensity at the photodetector, that is, propo~onal the time average of Et2· The
time average of Et2 is taken over a time interval which includes many optical periods (a time
interval approximately equal to the response time of the photodetector, which is typically 1Q-9
sec). From Eq. (1) and (3) it follows that the total current generated at the front (active) surface
of the photodetector is

i a {E~)

(4)

where(... ) denotes the time average. It is convenient to express Eq. (4) in terms of time average
light power at the photodetector. For an incident plane EM wave, E cos rot, the time average
light power is [2],

3

(5)

where Da is the input area of the photodetector, and it is assumed that the photodetector is
contained in an air-filled enclosure. Therefore, Eo in Eq. (5) is the permitivity of free space.
From Eq. (4) and (5) it follows that the total current generated at the front surface of the
photodetector is,

(6)

where P8

=.!.aE~
2

is the average light power incident on the photodetector from the scattered

light beam alone, PR = .!.aEi is the average light intensity from the reference beam alone, and
2

the third term in Eq. (6) is the ac current due to interference between Es and ER·

The

proportionality constant c0 includes the quantum efficiency of the photodetector and the
quantum of light energy hv (see Eq. 18). The output current from the photodetector is the
current i generated at the front surface multiplied by the photodetector gain. A load resistor at
the detector output converts the output current to an output voltage.
Eq. (6) is based on the assumption that the scattered signal Es and the reference signal
ER are collimated, plane, coherent waves at the photodetector.

However, in practice the

vibrating reflecting surface is rough on the scale of an optical wavelength and the scattered wave
Es is not plane.

The superposition of Es and ER produces a speckle pattern [3] at the

photodetector. It can be shown [4,5,6] that the speckle effect reduces the amplitude of the ac
signal, and the ac current generated in the photodetector is,

(7)

4

where F0 is a factor which depends on the statistics of the reflecting surface and accounts for the
speckle effect An approximate estimate for F0 is [4,5]

1

F=o
JN

(8)

where N is the number of nearly uniphase surface elements (light scattering centers) inside the
illuminated spot diameter. For a specular reflecting (optically flat) surface N is unity. For rough
surfaces it could be a large number depending on the surface fmish. An upper limit for N is
obtained by assuming that the average size of the uniphase surface element is A,2, where A. is the
optical wavelength [5]. Eqs. (7) and (8) are used in the next section to estimate the minimum
detectable displacement Aw.

(b) Detection of the in-plane displacement

The configuration for detecting the in-plane surface displacement u is shown in Fig. 1b.
The surface is illuminated by two light beams which are incident on the surface at different
angles. Therefore, the Doppler frequency shift due to the surface vibration u is different for the
two scattered signals Es 1 and Es2· When the two beams are incident symmetrically with
respect to the surface normal the difference in the Doppler shift between Es 1 and Es2 is due
only to the in-plane displacement u. For heterodyne detection an additional frequency shift C1l1J

is imposed on one of the incident light beams. The scattered signals interfere at the input to the
photodetector. The output signal from the photodetector is similar to the signal in part (a), with
ER replaced by Es2· The ac signal generated at the photodetector is at the carrier frequency ID1J,
with an additional frequency modulation from the vibrating surface,

(9)
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when m sin COyt is the frequency modulation from the vibrating surface and the modulation
index m is [6],
m=2ksinJJA.

(10)

where JJ is the half angle between the two incident light beams, and Au is the amplitude of the
in-plane surface displacement. Also, in Eq. (9) Ps1 is the power at the photodetector from beam
1 alone, and Ps2 is the corresponding power from beam 2, and Fi is a factor which accounts for
the speckle effect due to scattering from a rough surface. It is assumed that,

(11)

2. Estimate of optical power levels and minimum detectable displacement

Let P 0 be the optical power in a single laser beam transmitted from the system into
seawater. The light is attenuated as it propagates and the optical power incident on the surface
of the ice is,
Pi = P0 e-OIL

(12)

where L is the distance from the system to the ice surface and a is the light attenuation
coefficient in seawater. It is assumed that the angle of incidence is small, so the incidence of the
beam on the ice surface is close to normal. Therefore, the amplitude reflection coefficient for
light at the ice surface is [7],

(13)
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where n2 is the refractive index of ice and n 1 is the refractive index of seawater. Also, it is
assumed that the surface of the ice is rough and light is reflected in directions other than
specular. The reflected optical power in the direction of the receiving lens is, as shown in Fig. 2,

(14)

where

Or is the

solid angle subtended by the receiver lens at the illuminated spot on the ice

surface. From Fig. 2,

(15)

where D 1. is the diameter of the receiving lens. The factor 2 in Eq. 14 is empirical and is based
on laboratory measurements of light scattering from different rough surfaces, including a
machine fmished metal surface, and a painted surface. This factor describes the observed slight
bias to scattering in the backward (specular) direction. The light is attenuated as it propagates
from the ice to the receiving lens, and the received power is,

PS =Pe-aL
r

(16)

Under optimum conditions, when various sources of noise are either eliminated or
minimized, the minimum detectable surface vibration is determined by the shot noise generated
at the front, active surface of the photodetector by the received light It is sufficient to calculate
the shot noise due to the average, de light power. This noise can then be expressed in terms of
the de current, ide' generated in the photodetector and the bandwidth, B, of the receiving system.
The root-mean-square noise current at the front of the photodetector, in bandwidth B, is [8],

7

(17)

and i

*

=c

P
o

,

= 1'\eP,
hv

(18)

where e is the electronic charge, h is Planck's constant, v is the light frequency, 11 is the quantum
efficiency of the photodetector, and Pt is the total average light power received by the
photodetector.
The exact analysis of noise in a heterodyne system is complicated. An approXimate
estimate for the minimum detectable displacement is obtained using the analysis developed for a
homodyne system [8]. The approximate condition for minimum detectable displacement is that
the level of the signal from the vibrating surface be comparable to the root mean square noise
signal in the bandwidth of the receiving system. That is,

(19)

where iac,sb is the ac signal from the vibrating surface (the frequency modulating sideband
signal in Eqs. 7 and 9). The above criterion is applied to the detection of out-of-plane and inplane surface motion as follows.

(a)

Minimum detectable out-of-plane dimlacemeot

The root mean square ac sideband current generated at the front of the photodetector due
to modulation of light by the vibrating surface is (from Eq. 6),

8

iac,sb

=J2F

0

C0

.JP,PR . kA.,
(20)

r,;
'Jle
= -v~FoP,. kA.,
hv

where it is assumed that Ps

= I>R_, and c0 = 'JlelhV (Eq.

18). From Eqs. 20, 19, 18 and 17 it

follows that the minimum detectable out of plane displacement is,

(21)

where in Eq. 18 the total average light power received by the photodetector is,

and A, c are, respectively, the optical wavelength and the speed of light in seawater.

(b)

Minimum detectable in-plane displacement.

The configuration for measuring in-plane displacement is shown in Fig. lb. The ac root
mean square sideband current generated at the phBtodetector by the in-plane motion of the
surface is (from Eqs. 9 and 10),

(22)

where it is assumed that Pst = Ps2 = Ps. From Eqs. 22, 19, 18 and 17 it follows that the
minimum detectable in-plane displacement is,

9

(23)

where the totiu average light power received by the photodetector is Pt = Pst + Ps2 = 2Pst·

3. Calculation of the minimum detectable diglacement

To calculate the minimum detectable displacement it is necessary to determine the total
scattered light power received by the photodetector. It is frrst necessary to specify the power
output of the laser. The attenuation coefficient for light in seawater is minimum at the frequency
of green light Therefore, an Argon-ion laser with light output in the blue-green region of the
spection (at A.= 530 run in vacuo) should be used. It is assumed that the output power from this
laser is P 0 = 10 watts, which corresponds to the maximum power level for commercially
available Argon-ion lasers.
The speckle effect, that is the factor F0 which is the decrease in amplitude of the ac
signal due to the roughness of the reflecting surface, is a parameter which is difficult to estimate.
From Eq. 8 it follows that

F = re
0

r,

(24)

where rs is the radius of the light spot illuminate the ice surface and re is the average radius of an
equiphase element [4] of the ice surface. The radius of the light spot is determined by the
aperture D t of the lens which focuses the light on the ice surface [7],

2A.f

r =•
Dt

10

(25)

where A is the optical wavelength in seawater and f is the focal length of the lens. It is assumed
that the laser beam is frrst expanded to a beam with diameter D t and the lens focuses this beam
on the ice surface. Therefore, f = L, where L is the distance from the LDV platform to the ice
surface. Eq. 25 assumes that the light is a coherent, Gaussian beam. In practice there may be
some loss of coherence, as the light propagates through seawater, due to random fluctuations in
refractive index (caused by temperature fluctuations and eddy currents).
There are no available values of re for the ice surface. Therefore the value re = 1 Jlffi
was used, which was determined from laboratory measurements of ide and iac for several rough
surfaces, mainly machine-fmish metallic surfaces. The values assumed or chosen for the various
system parameters, such as the lens diameter D t , are based on experience with laboratory LD V
systems and on commercial availability of the components.
The bandwidth B of the receiving electronics is an important parameter in estimating the
minimum detectable displacement In the present case the frequency range of interest was taken
to be from 1 to 100 Hz, corresponding to the propagation of low-frequency waves in ice.
The out-of-plane displacement is measured using the configuration shown in Fig. 1(a).
The reflected light power, Pr, and the received light power, Ps, for this configuration are
calculated using Eqs. 12 to 16. The value of the coefficient of light energy attenuation in clear
seawater, a= 0.051 meters-1 at A= 530 nm, is taken from reference 9. The light power incident
on the ice surface is Pi= e-aL P 0 = 6.1 x 1o-3 x P0 = 0.061 watts. The amplitude reflection
coefficient, R, of light at the ice surface is an important parameter. It is calculated from Eq. 13,
with the value of n1 = 1.345 for the refractive index of seawater at 4°C taken from reference 10,
and the value n2 = 1.31 for the refractive index of ice taken from reference 11. Then, from Eq.
13, R = -1.32 x 10-2. The light energy reflection coefficient is R2.
The solid angle subtended by the receiver lens at the illuminated spot on ice is calculated
from Eq. 15. With a lens diameter Dt = 0.2 meters, and L = 100 meters, the solid angle

nr

=

1t

x 10~ steradians. The reflected optical power in the direction of the receiving lens is,

11

from Eq. 14, Pr = 1.06 x to-ll watts. Finally, from Eq. 16, the reflected optical power collected
by the receiving lens is Ps = 6.46 x Io-14 watts.
The factor F 0 is calculated from Eq. 24. The radius of the light spot, rs is calculated
from Eq. 25- the optical wavelength in seawater A.= 530 nm/1.345, f = 100 meters, D 1 = 0.2
meters, and rs = 0.394 millimeters. Then, with re = 1 J.Ull, F 0 = 1/394.
The minimum detectable displacement is calculated from Eq. 21 to be,
Aw,min =

2.26 x to-6 meters.

The values used for the fundamental constants and other parameters in Eq. 21 are as follows.
Planck's constant h = 6.6 x Io-34 joule sec, the quantum efficiency of the photodetector 11 =
0.25, and the speed of light in seawater c = 3 x 10811.345 meters/sec. The bandwidth of the
receiving system is taken to be B =100Hz.
The in-plane displacement is measured using the system configuration in Fig. l(b). An
important parameter for this configuration is the separation, Stt of the two transmitting lenses.
This determines the half angle

~

between the two incident light beams,

s

tan~=-l

(24)

L

The choice of a value for S1 involves a trade off between mechanical design and measurement
sensitivity. From Eq. 10 it follows that increasing

p increases

surface displacement However, increasing

p also

design of the system more complicated.

A value of

the output signal for a given

increases S1 , which makes the mechanical

P=

5° was chosen for the present

calculations. With L = 100 meters, this requires St = 17 meters. The two incident beams must
be coherent, and therefore they must be generated by the same laser. The arrangement used is
shown in Fig. lb, where a beamsplitter is used to divide the output from the laser into two beams
of equal intensity.

Therefore, Psi = Ps2 =

.!..
2

displacement is calculated from Eq. 23 to be,
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P0 = 5 watts.

The minimum detectable

Au.min = 36.7 X 1o-6 meters.

The above estimates of minimum detectable displacement are based on the assumption
that the shot noise at the front surface of the photodetector is the main source of noise.
However, another source of noise, which becomes significant at low frequencies, is
environmental noise due in particular to temperature fluctuations and vibration of the system and
the platform on which the system is mounted.

The deterioration in perfonnance at low

frequencies (below -50 Hz) can be seen, for example, in the perfonnance specifications for
commercial laser Doppler vibrometers [12]. These vibrometers are designed to measure the outof-plane surface vibration displacement, in air, at distances L ranging from a fraction of a meter
to several meters.

4. Deslm Consideratiom

A discussion of the detailed design of the LDV optics is beyond the scope of this report.
The discussion in this section is limited to a few general design issues.
A general optical design consideration is the requirement that the two interfering optical
beams should be coherent.

Therefore, the difference in optical path length between the

interfering beams should be less than the coherence length of the laser. For the out-of-plane
LDV system the interfering beams are (1) the light beam in the water (with a path length -2L)
and (2) the reference beam. For the in-plane system the interfering beams are the two beams
incident on the ice surface, and the path length is -L. The coherence length of an Argon-ion
laser is -20 em. For this value of coherence length it is possible, with careful mechanical design
of the system, to make the path lengths of the two beams equal to within the coherence length of
the laser.
A second design issue is vibration isolation of the LDV platform. The laser Doppler
vibrometer measures the total change in the phase of the light as it propagates from the
transmitting optics to the ice surface (and back to the receiving optics in the case of the out-of13

plane displacement system). A change in the phase of the light beam can be produced both by
motion of the reflecting ice surface and by motion of the transmitting and receiving optical units.
To eliminate the contribution to the signal from motion of the LDV platform it is necessary to
design vibration isolation mountings for the transmitting and receiving optics.

Vibration

isolation becomes progressively more difficult at lower frequencies (below -100 Hz). Active
vibration isolation mounts are best for low frequency applications and this type of mounting will
be necessary for the proposed LDV platform.
For the in-plane displacement system (Fig. 1b) an important additional design
consideration is the precise alignment of the two beams incident on the ice surface. Experience
with laboratory LDV systems shows that the most stable ac interference signal is obtained when
the light spots from the two beams at least partially overlap on the vibrating surface. For the
proposed underwater LDV system the diameter of the light spot on the ice surface is 394 J..Llll. If
the criterion for beam alignment is taken to be partial overlap of the two spots, at least over a
length equal to the spot radius, then the angle between the two beams must be adjusted and
maintained to within ± 4 x 1o-6 radians. This places severe demands on control of orientation of
the transmitting lenses L1 and L2.

5. Discussion and conclusions

The estimates in Section 3 of the minimum detectable displacement show that the
performance of the proposed underwater remote sensing LDV system is several orders of
magnitude worse than the performance of existing laboratory systems, or of commercially
available systems operating in air.
displacement
Aw,min

is

-0.001

J.UD.

For the latter systems a typical minimum detectable
The

estimated

minimum

detectable

displacement,

= 2. 26 J.UD, is too large to be of practical use for detection of vibrations due to elastic

waves in ice, where the typical vibration amplitudes are below 100 nanometers.
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Examination of the data in Section 3 shows that the two major factors which contribute
to the poor performance of the underwater system are: (1) the low value, R = 0.013, of the light
reflection coefficient at the seawater- ice boundary, and (2) the attenuation of light over the long
(L = 100 meters) path from the system platform to the ice surface.

The low value of R is an estimate based on published values of the refractive indices of
seawater and ice. Also, R is calculated using Eq. 13 which assumes normal incidence on a
perfectly plane ice surface.

The above assumptions can be verified experimentally with

laboratory measurements of reflection of light at a seawater - ice boundary. Measurements of
the intensity of reflected light should be made along both specular and non-specular reflection
directions. This type of study can also provide experimental data on how the reflection of light
is affected by the roughness of the ice surface - in particular, the data can be used to
experimental estimate the factor F0 (Eqs. 7, 8 and 24), where F 0 is the decrease in amplitude of
the ac interference signal due to the randomization, by the rough surface, of the phase of the
reflected light.
The large value for the attenuation of light over the path length L = 100 meters is based
on published experimental data [9] for the attenuation coefficient of light in clear seawater. This
data is accurate, and the large attenuation of the laser beam is due entirely to the long path
length.

If L is ftxed at 100 meters then the only way to compensate for the large light

attenuation is to use a laser with a larger output power P0 . However, if P 0 is limited to 10 watts,
it may be more practical to design the LDV system to operate over a shorter path length, for
example L = 10-30 meters.
The present report does not include any estimate of the effect on system performance of
the distortion of the light wavefront as the laser beam propagates through the ocean. This
distortion is due to fluctuations in refractive index of seawater caused by temperature
fluctuations and microeddy currents in the seawater. To obtain the data needed to estimate the
above effect it will be necessary to make at-sea measurements of the distortion of optical
wavefront and loss of spatial coherence as the laser beam propagates through the ocean.
15

The expression for

Aw,min

in Section 2 was derived for the condition Ps = PR, which is

often the case for laboratory LDV systems. However, since the reference beam is not attenuated
by propagation through seawater, the condition more appropriate for the underwater LDV
system is ~ >> Ps· When the expression for

Aw,min

is rederived under the condition PR >> Ps

it is found that there is slight improvement in performance -

Aw,min

is smaller by a factor of J2.

The projected system performance for the measurement of in-plane displacement is an
order of magnitude worse, with

Au,min

= 36.7 J.Ull, than the performance for measurement of

out-of-plane displacement The in-plane measurement involves illuminating the ice surface with
two light beams and the lower perfonnance is due to the
2~

sin~

factor (see Eqs. 10 and 23), where

is the angle between the light beams. The present system assumes a separation S t = 17

meters between .the two transmitting lenses (L1 and L2 in Fig. 1b). For this value of St, and
with L = 100 meters, the

angle~=

5°.

A

larger value of p, and a lower

Au,min'

can be obtained

both by increasing S t and by decreasing L.
The mechanical design of the system for in-plane measurements is also more
complicated, as was discussed in the previous section. In particular, the two incident light beams
must be focused at the same spot on the ice surface.
In summary, the following conclusions can be made: (1) To complete the feasibility

assessment for the underwater LDV system it is necessary to measure, in the laboratory, the
reflection characteristics of the seawater- ice boundary (in particular, the reflection coefficient
as a function of angle, and the effect of the ice surface roughness).

(2) For the system

parameters assumed in this report the minimum detectable particle displacement is several orders
of magnitude larger than the nanometer displacements typical of elastic waves in ice. Therefore,
the LDV system described in this report is not practical for remote detection of elastic waves in
ice. (3) It is possible that a practical LDV system can be designed for remote detection of the
out-of-plane vibration displacement However, such a system will probably have an operational
range less than 100 meters and will require a laser with a power output greater than 10 watts
operating at a wavelength of -500 nm. (4) Remote detection of the in-plane displacement does
16

not appear to be practical. For a given laser power output the minimum detectable in-plane
displacement is an order of magnitude greater than the corresponding out-of-plane displacement
Also, the mechanical design of the in-plane system is significantly more complicated.

17
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