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PHYSIOLOGICAL CONSIDERATIONS IN IMPLANTABLE
UNDERWATER TELEMETRY

W. R. ADEY and J. R. ZWEIZIG

Summary   Monitoring the internal environment of marine organisms as well as that of
man in the oceanic milieu presents unique problems to the physiologist as signals used
for data telemetry may have clear behavioral effects. The question of a tolerable level
using different transmission modes is found to be species specific, but general guidelines
are drawn on the basis of filtering and detection theory, the properties of the transmission
media and the excitability characteristics of biological tissue.

Transmission through water is surveyed and attenuation characteristics are presented.
Experimental findings indicate that waves propagated through water and tissues are time
dispersive and thus at sufficiently high frequencies the received signal process must be
carefully evaluated with regard to optimal demodulation. Frequencies up to 1 MHz
appear to be within the immediately usable range for distances of 1 meter or less. This
bandwidth may be used for frequency-division multiplexed subcarriers or appropriately
coded PCM transmission.

Successful underwater transmission of physiological signals has been accomplished
using frequency modulation of carriers transmitted by return-current-density methods, as
part of an external biotelemetry system. Experimental evidence shows that implanted
devices operating at high frequencies and at levels far below stimulation threshold can
be used for transmission to the external transponder where adequate power is available
for transmission to an underwater habitat or through data buoys to remote recording
centers.

Introduction   Telemetric monitoring of internal states of marine organisms and man in
underseas environments presents problems peculiar to this underwater realm, and it is to
these environmentally unique facets of implanted underwater telemetry that we will turn
our attention in the following pages. To both the biologist and the engineer there are
presented new challenges through the vagaries of signal transmission in undersea
channels on the one hand, and the difficulties of maintaining observations independent
of the measurement on the other. Currents with specific densities in the microamp range
at frequencies below 2 kHz can have clear physiological effects. Likewise, acoustical
signals within the audible frequency range of the species under study may alter behavior
and invalidate experimental results because of inadvertent stimuli by the carrier signal



used for data transmission. In this connection it is interesting to note that the “clicks”
transmitted by cetaceans and used in echolocation have frequency components above
100 kHz (9).

Electromagnetic radiation is severely attenuated in the underseas channel, with the
exception of very low frequencies and the visible wavelengths around 5300 Angstrom
Units. These two “windows” offer opportunities for physiological data transmission and
will be considered in greater detail below. Other intensity functions that may be used in
telemetering physiological data are acoustical energy and return-current-density
transmission. Each of these modalities will be discussed with reference to physiological
effect, range of transmission, multipath and scatter propagation, and in the case of
acoustical transmission, reverberation effects. A high signal-to-noise ratio with an
adequate bandwidth for physiological data transmission demands an experimental design
with adequate controls on data quality. It must sample enough variables to allow
interpretation of electrophysiological data in terms of holistic behavior of the organism.

Since the brain is indeed the organ generating overt behavior, it is with regard to central
nervous signals that the greatest challenge exists, both from the point of view of the
pseudorandom nature of the electroencephalographic (EEG) signal, and the susceptibility
of the nervous system to external measuring devices or influences attributable to the data
transmission system. In addition, the energy level of the signals connected with
individual neural events is low enough that extreme care must be taken to eliminate
intrinsic noise from input sensors of the telemetry system.

Sensitivities of most receptor organs far exceed those of the best physical transducers
available. The sensitivity of the ear is within one order of magnitude of the Brownian
movements in fluid molecules of endolymph bathing the inner ear (4). Apparently the
eye can detect as little as one photon of light falling on a receptor (7). Specialized
electroreceptors found on the lateral line of certain New World knife fishes (Family
Gymnotidae) can detect currents of approximately 3 x 10-15 ampere or a longitudinal field
of 0.15 microvolts per centimeter (6).

Physiological Monitoring in the Ocean   Knowledge of Oceanography has probably
advanced more during the period since World War II than during the whole of the past
century. With this increased emphasis on ocean science, which is guided not only by the
scientist but by social, political and economic pressures that influence him, the need for
an understanding of communication possibilities within the ocean environment becomes
increasingly important. In particular the ability to monitor man in the oceanic milieu
becomes necessary because of the emerging goals of penetrating to greater depths and
with a larger number of divers. These divers often work in teams and communication
between the members of a group greatly facilitates their cooperative effort. Of great
concern to those responsible for the success of oceanographic programs is the safety of



the diver in the ocean environment. An independent assessment of the divers condition
requires the transmission of physiological data to a recording and analysis center where
research determining the normal ranges of physiological variables can be carried out and
eventually decisions can be made as to the status of the individual diver.

Propagation of Underwater Sound   Although underwater sound has been studied
intensively only since the start of World War II, it has its origins deep in the past (19).
One of the earliest references to underwater sound is found in the notebooks of Leonardo
da Vinci in the year 1490. He states: “If you cause your ship to stop, and place the head
of a long tube into the water and place the outer extremity to your ear, you will hear
ships at a great distance from you.” This is an example of passive sonar in its most
primitive form, but it lacks sensitivity due to the mismatch of acoustic impedance
between the water and the air.

The first measurement of the velocity of underwater sound occurred in 1827 when a bell
was struck below water and at the same time a flash of light was sent to the timing
location, on Lake Geneva in Switzerland, where the difference in arrival time between
the underwater sound and the light was measured. Using this method, the speed of sound
in water was measured quite accurately by the two investigators,--Swiss physicist, Daniel
Colladon and French mathematician, Charles Sturm.

Velocity of transmission is still difficult to measure accurately in the open sea. The sea
floor varies in the degree of reflection and absorption, also the sea water shows frequent
spatial and temporal variations in velocity of transmission. There are rather broad
variations with depth and salinity. The range of values for sound velocity in sea water
commonly falls in the vicinity of 4,850 to 5,050 feet per second. Tables of the velocity of
sound in sea water (2) have been computed on the basis of the formula:

where

Such tables are useful in comparing velocity of propagation in sea water of various
salinities and temperatures.

First let us consider a sound source in an indefinite homogeneous water medium. Here
the intensity in any direction falls off inversely as the square of the distance.
Furthermore, since the sound is absorbed by the medium,an exponential attenuation
factor results. The form of the equation for the intensity as a function of distance is:



Where a is the absorption coefficient and R is the range. In general the distribution of
intensity over various directions is not constant for a given transmitter, so this leads to
the inclusion of a directionality factor in I.

Transmission in the sea, however, does not follow this simple model. In addition to
range and absorption effects, scattering and refraction must also be considered. Likewise
the acoustic noise background adds a disturbance that can be disruptive to
communication. Multipath, with its accompanying interference phenomena, is of great
importance in designing an underwater telemetry system and is one of the problems
where the viewpoint of modern communication theory can be of help. Since multipath
cannot be overcome by either increased source power or increased receiver sensitivity,
special attention must be given to the choice of signal waveforms and the type of
receiver used. Ketchum (11) has mentioned the analogy between the transmission of
electromagnetic waves scattered by the troposphere and acoustic transmission through
the underwater channel. Although the mechanisms are totally different, both are wave
phenomenon with the result that the equations are for the most part identical for a set of
equivalent situations. As an example the curves of propagation loss for acoustic energy
with frequency as a parameter have the same form as those for a radio ground wave. Log
- log plots of the absorption of sound in sea water are available in the literature (1). Early
work recognized that absorption coefficients are difficult to determine (13) and their
measurement followed largely empirical methods. About 1950 measurements indicated
that in the absence of disturbances due to surface state and refraction, the absorption
coefficient was approximately 4 db per kiloyard at 24 kHz. At this same frequency, the
coefficient of absorption is roughly proportional to the frequency of transmission raised
to the 1.4 power. Thus it was determined that higher frequencies were absorbed more
than lower frequencies. This fact enters into the choice of a carrier frequency for
underwater communication, but as we shall see later, water noise and bandwidth
requirements also affect the decision as to frequency of transmission.

Underwater Ambient Noise   Knudsen and Delsasso summarized data on noise in the
sea in one of their reports soon after World War II (12). The noise present at a given
location depends among other things on sea state which in turn is related to wind
velocity. Sea state is characterized by the height of the waves,--zero being very calm and
six representing waves of 12 to 20 feet in height from crest to trough. Pressure level
spectra show a series of parallel lines representing various sea states that increase
approximately 20 db per decade toward the low frequency end of the spectrum.

Noises of biological origin also play an important role and have been studied
extensively. The noise of breakers is predominantly low frequency, and successful
attempts have been made to apply filter theory to the reduction of this type of
interference. Shrimp on the other hand show a peak at above 10 kHz and require a 



different filter design. Even porpoises have been investigated as noise sources and show
a rather broad and irregular spectral response.

Thus far the literature describing noise sources in the ocean is satisfied with a graphical
or descriptive presentation of noise spectra. It is to be expected that as the science of
underwater communication progresses, density functions will be used for such
descriptions thus facilitating mathematical treatment. The signal from a submarine for
instance can best be described or characterized as a sample function from a random
process. Returning now to the signals to be transmitted for physiological monitoring, the
EEG signal is characterized as pseudorandom and must be separated from background
channel noise or sea noise. The noise-in-noise problem has only recently been explored,
and may have much to contribute to underwater communication because of the non-
deterministic nature of some of the processes dealt with.

To present undersea noise data as being of deterministic form is almost certainly in error,
rather the probabilistic nature of the noise process should be stressed and appropriate
distribution functions written.

Implementation of Underwater Biotelemetry   In studying underwater telemetry of
physiological variables, one must continually be alert to solutions to remote
measurement problems that could be adapted to the needs of biological measurement.
One such related application that has received much attention is the sampling of well-
head temperatures and pressures during the development and operation of an offshore oil
field. Here a telemetered link is to be preferred because of the vulnerability of a cable
connecting the surface of the ocean and the sea floor.

Another related area of development is in diver speech communication. Here much
development effort has been expended (8) as scuba gear could be used by working crews
on underwater salvage and construction projects instead of “hard hat” equipment if it
were not for the necessity of a wire to the surface to allow communication between
divers.

Campbell, Cyr and Crosier (3) describe an underwater acoustic fm/fm telemeter capable
of transmitting two channels of information. Their objective was to evaluate an
underwater acoustic system for fundamental limitations and to obtain basic design
criteria. The standard IRIG (Inter Range Instrumentation Group) bands were used. A
40 kHz ± 15% deviation band was chosen as the acoustic carrier. This choice was made
as representing the best compromise to obtain a reasonable range with limited power
plus sufficient frequency response to handle modulation by lower subcarriers. Two lower
frequency subcarriers were used,--IRIG No. 4 (0.96 kHz) and IRIG No. 5 (1-3 kHz). The
two channels of input data modulate the two subcarriers which are then added linearly
and impressed as signals on the 40 kHz carrier oscillator. This carrier oscillator passes



through a power amplifier and actuates the projector which is an electromechanical
device.

Tests were run at 360, 600 and 1200 ft depths and ranges from 100 to 1,400 yards. Sea
state was either 1 or 2 during all of’the tests. Excellent results were obtained at ranges up
to 1,300 yards. Some difficulties were encountered when the carrier amplitude dropped
below the minimum capture voltage, as this resulted in loss of lock in the discriminators.
Amplitude modulation of the 40 kHz carrier was extensive at close ranges (100 to 300
yards). The authors attribute much of the short-time change in amplitude to multipath
interference. Tests of the effects of multipath transmission were made in shallow water.
An AGC system having a 100 Hz response was incorporated into the receiver. With this
modification, loss of discriminator lock occurred only during periods of extreme
multipath modulation.

Return-Current-Density Transmission   Since ancient times, man has known of The
ability of certain aquatic animals to deliver large currents to the surrounding water. This
transmitted current-density is useful to the organism as a means of protection, of
capturing prey, of communicating with others of the same species, and as a means of
navigation in turbid waters where visual cues are of secondary importance. Electric
organs must have evolved separately a number of times as they are found in unrelated
families both fresh water and marine. Torpedo, a marine electric ray, can develop around
50 volts at many amperes, resulting in a peak output power of up to 6 kilowatts.
Malapterus, a fresh water electric catfish, also has well developed electric organs. It is
interesting to contrast the anatomy of electroplaque connection in the two species. In
marine forms, parallel connection of these modified muscle cells called electroplaques is
the rule, while in fresh water species a series connection is found. This difference in
cellular connection is a modification that optimizes power transfer to the surrounding
water, by taking account of the differences in conductivities between lakes and rivers on
the one hand and the sea on the other. Lissman has shown (14) by behavioral
experiments that members of Gymnotidae can locate objects of different conductivities
placed in their aquatic environment.

Return-current-density transmission has been used successfully in the transmission of
EEG data by means’ of external biotelemetry systems on divers at 15 meters under the
sea (22). Transmission range is limited at high frequencies due to “skin effect” and a
graphical presentation of attenuation with range for typical sea water is shown in figure
1. Low-frequency components of the transmission spectrum are unusable because of
electrode instabilities (unless special nonpolarizable materials are used) and low-
frequency noise. On the other hand, a frequency-modulated carrier between 400 Hz and
22 kHz suffers very little deterioration from noise if proper filtering is provided. In this
frequency-modulated system, the data constitutes a phase term in the carrier sinusoid.
Calculations of attenuation are based on the coaxial cable model which may be



understood by reference to figure 2. Two electrodes spaced in the conducting fluid are
energized by a central current source. The return-current is distributed according to the
constraints of Maxwell’s equations. The differential equation of interest is Bessel’s
Equation and solutions are sought that meet the boundary condition that the solution
must be tangent to zero as distance from the conductor increases without bound. Schultz
has described the attenuation with return-current-density transmission and has noted the
rapid decrement in transmission range as frequency is increased (18).

There are two limiting factors on the level at which signals can be detected,--one is the
noise level of the receiver “front end” and the other is electrical noise in the water. Both
thermal noises and electrode interface noise contribute to the lower limit of detectable
signal.

Electrical interference is present in the sea from diverse sources. Electromagnetic
radiation from local broadcasting stations appears when electrodes are placed in the sea.
Other components from solar and atmospheric sources contribute sizeable amounts that
must be considered in communication system design. Storms, whistlers and lightning
discharges contribute extremely high current densities. Thermal noise is present (15) and
is enhanced by wave motion of the conducting medium in the .earth’s magnetic field.
Man made interference in the form of ground return currents is found in harbors and near
places of habitation. At low frequencies other types of noise are overshadowed by I/f or
“excess” noise (20).

Because of the higher propagation velocity of RCD than acoustic energy, multipath
propagation is not a problem at short ranges, as is the case with sound waves. Sound
waves are propagated at approximately 5,000 feet per second while the propagation of
return-current-density is at an appreciable fraction of the speed of light.

Return-current-density transmission can also be used in lakes and ponds, although the
conductivity of fresh water lakes and streams varies more than that of the sea (12).
Attenuation as a function of distance for typical freshwater lakes is shown in figure 3.
Limnology as well as oceanography is of interest to the biologist, and it will be noted
that greater distances may be covered for the same amount of power in the typical fresh
water lake.

Experimental Return-Current-Density Transmission   Figures 4 and 5 show a current
IA of 3 microamperes RMS at 2300 Hz between a pair of silver electrodes spaced 15 cm
on the dorsal side of the left forearm. Sensing electrodes are placed ventrally with 10 cm
spacing. Figure 4 shows additive biological noise contributed when the muscles are
contracted. Transient low frequency effects are apparent during finger flexion, but to
obtain continuous data over the 50 msec epoch shown, a tonic contraction is necessary.
Figure 5 shows the sensed signal with muscles relaxed.



Assuming a uniform current density distribution, JA is equal to approximately 1 ma per
square meter. No stimulation was noted at this current density. Current densities of two
or three times this value appear to be within the limits of “noise” of bioelectric origin.
Thus it would appear that in transmission through skeletal muscle and bone a density of
1  ma per square meter at frequencies above 2500 Hz is permissible. Higher frequencies,
while suffering more attenuation would make the filter synthesis problem more tractable
and would decrease the probability of any excitatory effect.

Similar experiments could be carried out for the viscera to arrive at appropriate levels of
current density. The central nervous system requires special consideration. In general it
is best to design an implanted RCD system to minimize densities in the brain and spinal
cord and to use frequencies well above the excitability threshold of nervous tissue. The
bony enclosure of the central nervous system is helpful in shielding it from signal
current-densities required for transmission from the abdominal cavity.

Figure 6 and Figure 7 show respectively the transmitted and received signal through
water using return-current-density transmission. The transmitted pulse is repeated at a
rate of 40 kHz. The time scale in each figure is equal to 10 microseconds per division
and the positive and negative going portions of the main pulse are approximately 1
microsecond each. Both the sending and receiving electrodes are spaced 15 cm., and the
distance between the transmitting and receiving electrodes is 30 cm. Voltage calibration
for figure 4 is 0.2 volts per division, and for figure 5 it is 0.2 millivolts per division.

It is apparent from examining figure 7 in relation to the transmitted pulse that the
channel model satisfying the experimental results would be one that is dispersive in time.
Within the body, the channel may be dispersive in both time and frequency due to fluid
movement and may have random perturbations due to noise and scattering of biological
origin. The received process is probably best described in terms of the transmitted
waveform having been passed through a random linear time-varying filter.

Figure 8 shows two superimposed pulses, the largest and fastest of  which is recorded
with sensing electrodes within 5 cm. of the actively driven electrodes. The pulse with the
longer decay back to zero was sensed 20 cm. away from the first pulse position and the
oscilloscope gain was increased by 20 db. The sweep speed for this figure was 2
microseconds per division.

The blocking oscillator circuit used to energize the driven electrodes is shown in figure
9. This circuit is similar to the type described by Dreher et. al. (4) and is useful in
implantation studies because of its low power requirements.  Projected battery life for a
25 microampere drain is approximately 9 months using a type S - 76 silver oxide cell
which weighs 2.3 gms and has a volume of 0.5 cc. A continuous 1 MHz signal is
available with a slight circuit modification. The base resistor may be increased while



holding the load constant or the turns ratio matching the load to the tank circuit may be
changed.

Thus it is seen that an optimal range of frequencies exists for implanted RCD
transmission. To extend this means of communication to frequencies above 1 MHz
requires that a special probability computer be used to secure optimal reception. At low
frequencies, additive noise of biological origin is encountered. The bandwidth between
these extremes has enough information capacity to allow the transmission of several
channels of EEG plus EKG and cardiovascular data.

The Applicability of the Orbiting Dipole Scatter Model to Multipath propagation in
the Ocean   A model of considerable current interest in the investigation of dispersive
channels is one based on data gathered from project Westford (21) in which resonant
dipoles were released by an orbiting satellite. These dipoles consisted of fine copper
strands of less than 2 cm. length that resonated at 8,000 MHz. Approximately 20 kg of
these dipoles were released and a carefully designed experimental study followed the
course of this artificially created channel as the scattering function changed. Energy
beamed from a transmitter, upon hitting the dipole belt was scattered in all directions,
one of which was in line with the receiver which was placed far over the horizon so that
direct or line of sight transmission was impossible.

The dipole channel shows dispersion in both time and frequency. The time dispersion is
due to the difference in path length between the closest of the orbiting dipoles in the
volume and those farthest from earth. Thus a transmitted impulse is received as a pulse
of length L. The reflective dipole belt is characterized by a scattering function F(J,f)
which is based on the scattering cross section of a differential volume located at
propagation delay and Doppler shift f. This function is evaluated over the entire common
volume of the belt (10). Two parameters are defined as this channel is dispersive in both
time and frequency. The multipath spread is L seconds where L is the width of IF(J,f) df
and the Doppler spread, B, is the width of IF (J,f) dJ.

Two concurrent experiments were performed,--one in which the scattering function
F(J,f) was measured through propagation measurements and one in which estimates of B
and L were assumed and signals were transmitted through a digital channel and the
performance of the system measured. During the early days of the belt, information rates
of 20,000 bits per second were obtained and channel capacity was high enough to allow
PGM voice transmission. As the mean distance between dipoles became greater, the
achievable information rate decreased to approximately 100 bits/sec which was only
useful for teletype communication.

We have seen from the course of the Westford experiments how the effective bandwidth
decreases as multipath spread and Doppler spread increases, thus information rate must



be decreased. A detailed study of multipath propagation has been made by Kennedy and
Lebow (10) with particular reference to communication channels using electromagnetic
waves. Underwater acoustic channels on the other hand may require a special analysis of
their communication potential.

Summary and Conclusions   We have seen that the intensive study of underwater
communication is of comparatively recent origin, starting approximately thirty years ago,
and that underwater biotelemetry originated still more recently. Also we have noted that
communication theory has undergone considerable growth during the same period. These
developments have been for the most part parallel yet independent. The general theory of
communication is certainly applicable. Yet specific examples of the use of statistical
communication theory in the analysis of the underwater channel are scarce in the open
literature. Recent books on underwater acoustics such as Albers (1) and Urick (19) treat
transmission problems by the analytic methods of classical physics.

It has been found that the problems of implantable underwater telemetry of physiological
variables require a knowledge of the medium through which waves are propagated in
order to assure optimum noise immunity. Furthermore, the real problems of system
synthesis require a knowledge of channel characteristics and disturbances such as
multipath propagation before questions of implementation are to be successfully
approached.

Some parallels may be drawn between the analysis of the scatter channel of Price (16,17)
as well as the orbiting dipole dispersive channel of Kennedy and the underwater channel.

Problems of inter-symbol interference that limit the information capacity of a channel
can sometimes be approached by multitone transmission systems in which the number of
tones is increased so that each symbol has a greater information content. This is
particularly effective if “pulse spreading” exceeds the duration of a binary symbol. The
scheme is illustrated below:

Let    n = number of tones
          r = number taken per symbol
then

assuming equally likely symbol occurrence



for example

Thus digital systems that are limited by dispersion and multipath symbol per second rate
due to inter-symbol interference can operate at higher information rates with a larger
number of tones comprising the transmitted signal.

Other approaches to the multipath problem include the use of an intensity function
whose propagation velocity is higher than that for acoustic transmission. Return-current-
density transmission represents one such method as here the propagation velocity is
approximately 100 times that of sound at frequencies of 1 - 3 kilohertz (18). In general,
however, range is limited compared to that obtainable from an acoustic system of similar
power rating. In implantable underwater telemetry of physiological variables, the bulk
and sometimes the complexity of the implanted equipment attached to or inserted within
the animal is minimized relative to the  stationary receiving equipment.

Hybrid systems utilizing return-current-density transmission within the body and other
intensity functions for transmission through sea water will prove useful to the biologist.
Such transponders could be implemented using RCD to RCD transmission with
frequencies being chosen for best bandpass, range and noise immunity. Radio frequency
transmission above water from transponder buoys will allow communication with remote
computers and data processing centers.

The essential elements of such a transponder using RCD transmission has already been
built and tested on divers. These tests were carried out 15 meters under the ocean in the
Hydrolab Habitat at Freeport, Grand Bahama Island. At first a single carrier of 2300 Hz
was used (22) but at present frequency-modulated carriers of 2.3 KHz, 3.0 KHz and 3.9
KHz are being transmitted for EEG recording. The received signals are summed at the
antenna, connected to a low noise receiver with AGC and finally recorded on tape within
the habitat for later playback through discriminators and complete data analysis.

Further analysis is required of noise sources of an additive nature as well as the
dispersive properties of the medium. Communication theory provides a general
framework within which specific implanted systems may be analysed and compared. By
recognizing physiological as well as communication system constraints, progress can be
made in the exploration of the ocean and in furthering underwater biological research.
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Figure 1

Figure 2 - Coaxial Cable Model

Figure 3



Figure 4 - RCD Signal with Additive Biological Noise

Figure 5 - 2,300 Hz Signal Transmitted by RCD

Figure 6 - Transmitted Pulse



Figure 7 - Received Signal Process

Figure 8 - Received Signal Process at Two Different Distances

Figure 9




