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BIOTELEMETRY OF EKG SIGNALS WITHIN A SMALL,
CLOSED CHAMBER

F. C. CARPENTER, Jr.
McDonnell Douglas Astronautics Co.

Western Division
Huntington Beach, California

Summary    A requirement arose for reliably telemetering EKG data from personnel
within a closed metallic chamber to a receiver also located within the chamber. Although
there is much information in the literature on biomedical telemetry, it generally deals
with propagation of telemetry signals in the clinical laboratory or the field; little, if any,
pertains to the problem at hand. Analysis of the environment showed that mathematical
prediction of the propagation characteristics of the chamber would be difficult, if not
impossible, due to its odd interior configuration. An empirical approach was taken.
Several system approaches were considered; an FM/AM system and an FM/FM system
were built and each evaluated in the actual environment. Data are presented on test
results. A successful system is discussed, including a description of the receiving
antenna network employed to ensure reception of the transmitted signals regardless of
the location of personnel within the chamber. Conclusions regarding the chamber
characteristics are given.

Introduction    Most of the biomedical telemetry information in the literature deals with
propagation of telemetry signals from transmitters attached to animals in the clinical
laboratory or in the field, or to hospitalized individuals such as cardiac patients. The
receivers and their antennas are usually located within 10 to 200 feet of the transmitter
and propagation is over a line-of-sight course, with relatively few RF obstructions or
perturbations.

Information with regard to transmission of radio waves within a closed chamber has been
quite limited. When a requirement arose for reliably telemetering EKG data from
personnel within a closed metallic chamber of an odd interior configuration, to a receiver
also located within the chamber, a number of problems had to be considered. The
chamber was relatively small (under 20 feet in length, 10 feet maximum diameter). It
also contained many surfaces presenting odd reflection angles. As it was required that
the transmitted data be received with accuracy regardless of the transmitter location
within the chamber, it was immediately apparent that propagation characteristics of the
chamber would be critical to the system design. These characteristics would obviously



determine the requirements for such system parameters as transmitter RF carrier
frequency, type of modulation, and transmitter RF power output.

Approach    Several approaches might be taken to evalute the characteristics of such a
chamber. If it had the form of a right circular cylinder of a fixed diameter and height, it
could be evaluated as a waveguide section, the cutoff wavelength or frequency being
easily determined. If operated well beyond cutoff, end-to-end attenuation characteristics
are also easily determined. It might be considered as a resonant cavity and excited at
resonance. It could also be operated in the waveguide mode, and propagation equations
written for its behavior. However, only the exterior of the chamber to be evaluated could
be considered as a right circular cylinder. The interior, with angled panels, varying
diameter, etc., could only be evaluated in sections. Equations for such an evaluation
would be unwieldy, resulting in a very large analytic program of highly doubtful value. It
was evident that any analytical approximations made could only serve as a starting point
for an empirical approach to the evaluation.

The test program then initiated had a twofold purpose: (1) to determine the propagation
characteristics of the chamber, and (2) to provide sufficient data on which to base
requirements for the following system parameters:

a. RIF carrier frequency.
b. Transmitter power output.
c. Modulation.
d. Transmitter antenna (radiation) characteristics.
e. System bandwidth.
f. Receiving antenna characteristics.
g. Receiver sensitivity.

A survey of the commercial biomedical telemetry field disclosed that a number of
approaches have been taken with regard to the characteristics of the transmission system
for the “out of doors” applications. Simple FM systems, FM/FM, FM/AM, and AM, as
well as some utilizing pulse techniques (Reference 1), are being employed. Most of the
systems are operated in the 88 to 90 MHz region and utilize FM or FM/FM although
other frequencies were also in use, both above and below that portion of the spectrum.
Although the literature showed a preference for FM systems (References 2 and 3), it was
expected that evaluation of several of these approaches would be necessary to establish
the optimum system for use in the closed chamber, in order to take into account not only
RF transmission efficiency but also dc power conversion efficiency, as battery life would
be a significant factor.

Man-worn telemetry provides radiation characteristics of the transmitted signal which
are significantly different from those obtained by free- space radiation from conventional



antenna systems. The human body acts as a capacitive antenna (1) when conductively
connected to the RF source, and (2) when the signal is radiated to the body, as a director
below approximately 70 MHz and as a reflector above 70 MHz. This is due to the fact
that at the lower frequencies, there is penetration of the tissue by the RF signal, whereas
at the higher frequencies the penetration is minimal (Reference 2). The body may be
used as part of the radiating system, or the transmitter may be designed so that radiation
is obtained from the tuned circuit of its output stage, with the body acting as part of a
directive array.

Evaluation of the chamber characteristics required that the radiation source be carefully
controlled and that it be electrically and mechanically configured to the proper
dimensions for the task at hand. It was also necessary to ensure that the radiation
characteristics of all approaches tested be matched as closely as possible, to guarantee an
objective comparison between approaches.

Practical aspects of the requirements dictated that the transmitter package be of a size
convenient for attachment to the subject by belt or in a garment pocket (for example),
and which would permit easy handling for battery replacement or operational adjustment
such as connecting or disconnecting a connector. Once a physical size was established,
constraints were thereby placed on methods of providing radiation from the transmitter.
Although the use of external wire antenna configurations was not prohibited, it was
anticipated that sufficient radiation could be obtained from the transmitter output circuit
by proper attention to- design. Utilization of this concept would reduce the number of
unknowns, as it would be a simple matter to measure the output power of the transmitter
and relate this to the signal strength patterns obtained in the chamber. Minimum and
maximum RF radiation power requirements could then be specified. The levels required
should not be greater than necessary, but sufficient to guarantee adequate reception
under all conditions. This was a critical factor, as the input power requirements and
therefore the battery life would depend upon the RF output power requirement and the
efficiency of the system.

Under the foregoing constraints, a package size of 3-3/4 x 2-1/2 x 1 inch was chosen,
which provided ample space for the transmitter and an 8.4-volt mercury battery rated at
600 milliampere hours. Plastic cases were constructed to these dimensions; each
transmitter configuration, representing a different modulation technique, would be
constructed to fit the space provided. Each transmitter output stage was to be constructed
so that the RF power output level could be quickly and easily adjusted as required.

In a first approximation, the chamber was considered as consisting of a relatively long
circular waveguide section about 7 feet in diameter, contiguous to a short section 10 feet
in diameter. Cutoff wavelength of the smaller section, assuming propagation of the
transmitted wave in the telemetry mode was



8c = 2.613r = 2.613 x 1.07m
8c = 2.8 meters

and for the larger section

8c = 2.613 x 1.52 rn
8c = 4.0 meters

corresponding to cutoff frequencies of 107 MHz and 75 MHz respectively (Reference 4).
If the system operating frequency were sufficiently low, propagation which could cause
reflections would be eliminated. For a maximum path distance, the transmitter could be
located at one end of the chamber, and the receiving antenna or pickup loop at the other.
Attenuation would then be

L = 54d/8c decibels

where d is the path length in meters and is independent of frequency for 8 » 8c

(Reference 4).

For the smaller section L = 59.4 db, and for the larger L = 12.4 db, giving a total path
loss of 71.8 db. A transmitter-radiated power level of 0 dbm would then provide a field
power level at the receiving end of -71.8 dbm. Allowing an additional 6 db for coupling,
mismatch, and cable losses, the receiver input signal power would be -77.8 dbm, or
approximately 30 microvolts across 50 ohms. This level could be considered as a worst
case. A sufficiently sensitive receiver would then guarantee adequate reception of the
transmitted signal under all conditions.

Armed with this gross approximation, the first approach taken wag to attempt to operate
the chamber as a waveguide well beyond cutoff. Choice of an operating frequency for
this approach was necessarily a compromise. The lower the frequency, the better
guarantee that the chamber attenuation is independent of frequency. However, as the
frequency is reduced, more power input to the transmitter is required to obtain a given
radiated power, or a longer transmitting radiator must be used. In addition, the size of
components for the RF circuits becomes prohibitive. Under these restrictions, a
frequency of 16 MHz was chosen as a hopeful compromise. As stability and simplicity
were desirable characteristics for the transmitter, the first approach was to employ crystal
control and amplitude modulate the carrier. However, as AM is quite susceptible to
noise, an FM subcarrier was employed that could be limited in the receiver to effectively
reduce the noise susceptibility of the system. Also, since the data input signal would be
of the order of I to 2 millivolts peak, use of an FM subcarrier oscillator (SCO) would 



require only nominal preamplification at the data frequencies to frequency modulate the
SCO as required.

A transmitter was constructed to these specifications, providing an RF output of 1
milliwatt (0 dbm), amplitude modulated 80% with a 2,300 Hz (a standard IRIG
frequency) subcarrier. The subcarrier was frequency modulated ±100 Hz for 5 mv peak-
to-peak input. The preamplifier had a 3 db bandwidth of 0.1 to 60 Hz. During early tests,
the transmitter was equipped with a wire antenna about 6 feet long. This soon proved
impractical, and a multitum loop tank coil was installed in the transmitter. The loop
radiation was found to be quite satisfactory in far-field tests.

The preamplifier was designed for high input impedance, so that an input from
electrodes placed on a test subject could be employed. This would permit tests in which
the radiation characteristics of the human body could be included. An electrocardiac
simulator was used to provide a data input for most testing, as it was more controllable
and predictable than the electrocardiac output of a human test subject.

An Empire Devices NF-105 Field Intensity Meter was used as a receiver for the 16-MHz
signal., The output of the receiver was applied to a limiter, discriminator, and low-
frequency amplifier. An oscilloscope was used to observe the 2,300 Hz input to the
limiter and the output of the low-frequency amplifier. Signal strength measurements
were made by comparing the output of a standard signal generator with the received
signal, using the receiver panel meter for reference. These data displays permitted
observation of the ability of the system to transmit data under a variety of transmission
conditions, as well as to determine propagation characteristics of the chamber.

While construction of a test chamber of the proper physical and electrical (RF)
configuration was under way, preliminary investigations were conducted in a screen
room. This room was about 16 feet square by 8 feet high, which roughly approximated
the volume of chamber to be evaluated. The room contained benches, steel cabinets, test
equipment, and other paraphernalia which would provide many obstructions to signal
transmission. During the course of the tests, many receiving antenna configurations were
employed, including single and dual systems, in order to maximize received signal
strength. It was found that regardless of the antenna configuration employed, there were
specific locations within the screen room where received signal strength dropped well
into the ambient noise. It was also noted that with either a wire transmitting antenna or
the radiating transmitter tank coil, the nulls were extremely sharp with respect to
orientation of the test subject and the transmitter. Figure 1 illustrates a typical pattern of
signal strength vs. transmitter location in the screen room. The levels shown are
representative rather than specific. For any path taken, at least one point could be found
having the type of null illustrated in Figure 1.



The RF test chamber having reached a stage in its construction where it approximated
the wave guide-beyond-cutoff configuration, it appeared desirable to obtain data which
might support the original assumption, in spite of the result of the screen room tests. The
chamber at this time consisted of two cylindrical sections, one 3 feet long by 10 feet
diameter, and one 12 feet long Dy 8 feet diameter.

Wire antennas approximately one quarter wavelength long were placed parallel to the
axis of the chamber. Both a single antenna and a pair of antennas were used. As the test
subject could never be more than 3 feet from either of the dual antennas or 7 feet from
the single antenna, it was anticipated that signal levels would be fairly constant.
However, it was found that the tests essentially duplicated the effects noted in the screen
room, as illustrated by Figure 2. It was apparent that the propagation characteristics of
the chamber were considerably different than had been expected.

The possibility that the chamber could be used as a waveguide and the signal permitted
to be propagated was then considered. The FM/AM transmitter was retuned to 160 MHz
and tests were made. The nulls were still very much in evidence. It could not be
concluded, however, that frequency of transmission was not a factor in the propagation
characteristics of the chamber. It would also be necessary to consider the chamber as a
resonant cavity and evaluate that mode of operation.

At this point an FM/FM “belly button” transmitter (Reference 5), operating at 88 MHz
and having an output of about IO microwatts, became available. Radiation was provided
by the output tank coil which was a single turn about 3/4 inch in diameter. A McIntosh
commercial FM tuner was set up in the screen room with a typical “rabbit ears” dipole
antenna. A careful walkaround test showed that while there were large variations in
signal strength, there were no complete dropouts, as had been observed with the previous
approaches. As the screen room was only a crude approximation of the test chamber,
tests were also conducted in the latter. These tests also showed only broad nulls without
complete dropouts, although the weakest signal areas were quite marginal. More power
was required.

Since the “belly button” tests were most encouraging, an FM/FM transmitter was built to
provide the radiation characteristics originally specified. The carrier deviation was
adjusted to ±50 kHz, representing 67% modulation to a standard FM broadcast tuner.
Transmitter output was adjustable up to 2 milliwatts. Radiation was obtained from the
final tank coil, which was 1-1/4 turns of # 16 AWG, 1 inch in diameter.

As the McIntosh tuner had a 300-ohm input, it was convenient to perform initial tests in
the chamber using a folded dipole antenna which was placed on the diameter of the large
end of the chamber. The output of the tuner was fed to the same subcarrier discriminator 



utilized for the FM/AM tests. Received signal strength was monitored by measuring the
bias developed at the receiver first limiter grid as reference.

A walkaround test in the chamber verified the results observed with the “belly button”
transmitter. It was found that null signal levels became marginal when the transmitter
output was dropped below 500 microwatts. With the transmitter output at 500
microwatts (-3 dbm), signal strength varied from 100 microvolts to 2 millivolts. Figure 3
shows a typical pattern obtained during this test.

Upon completion of this series of tests, construction of the test chamber was completed
by addition of the internal structure required to obtain the proper interior configuration.
A new series of tests was initiated. To preserve continuity of investigation, the 300-ohm
folded dipole antenna was retained for the initial tests. The receiving antenna was first
placed on the diameter of the large end at various angles with respect to horizontal. It
was next placed parallel to the chamber axis along a panel area. Walkaround tests
showed that signal strength was down 6 db or more for the parallel location of the
receiving antenna for all locations of the transmitter. Pattern data was taken for the
transverse locations. A typical pattern is shown in Figure 4. Comparison with Figure 3
shows relatively small differences, except that the average level of the received signal is
slightly lower with the chamber in its final configuration. A third location for the
receiving antenna, near the opposite end of the chamber, was also checked out. The
pattern obtained (Figure 5) is not significantly different from that obtained with the
antenna at the larger end.

As 300-ohm line was not practical for the final application, simple dipole antennas,
50-ohm coaxial line, and a 50-to-300-ohm matching transformer to the receiver were
installed next. Comparison of the signal levels obtained for the dipole with those for the
folded dipole showed essentially no differences except for the high level when the
transmitter was close to the receiving antenna. This was probably due to higher Q in the
dipole than in the folded dipole.

Although it could be seen that one antenna at either end of the chamber was sufficient,
the presence of a second person in the chamber was found to cause nulls when his
position was such as to place a shadow between the transmitter and receiving antenna.
To ensure that reception of the transmitted signal was guaranteed when a second person
was in the chamber, a second antenna was installed at the opposite end of the chamber
from the first. Tests were run with the two antennas fed to the receiver through a simple
Tee. This resulted in a 2:1 mismatch at the receiver, which is not generally critical to the
sensitivity of a receiving system (Reference 6). A typical pattern is shown in Figure 6.
The final step was to install a hybrid ring power divider in place of the Tee (see
Figure 7). This would permit connection of a second receiver to the antennas, so that the
EKG could be monitored for the second person in the chamber. The frequencies of the



two transmitters would be sufficiently different to prevent interference. The pattern for a
single transmission with this system is shown in Figure 8.

A final test was run to prove the effectiveness of the dual antenna system. It was found
possible to obtain a signal null if one antenna were disconnected and the transmitter
placed on a stand in the chamber, so that it was not in physical contact with test
personnel. A technician then stood near the transmitter. By orienting himself very
carefully, he could create a null condition. While this condition was maintained, the
signal level was noted and the second antenna then connected to the hybrid ring. Signal
strength changed from approximately 10 microvolts with the single antenna to 2
millivolts with both antennas. It was not expected that the test condition would ever be
encountered under actual operating conditions. In the actual case, the transmitter would
be worn by the man, with an electrical connection to his body via the EKG electrodes.
This connection generally enhances the transmitter radiation.

Conclusion    The results of the foregoing tests led to a rather interesting conclusion. It
was seen that the assumption that the chamber could be considered as a waveguide
(although a considerably distorted one) did not hold, at least over the frequency range
evaluated. It is possible that the mechanism of a waveguide-beyond-cutoff would be
valid if the operating frequency were extremely low (say, below 1 MHz); however, this
case was not investigated because not only would the size of the RF components for the
transmitter become prohibitive, but the frequency range below 1 MHz could not be used
for operational reasons. The resonant cavity theory would appear more promising, except
the that the physical configuration of the chamber made it virtually impossible to
determine the true resonant frequency. The only alternative was to assume the presence
of many elements having resonant frequencies within the range of interest. The radiated
signal could then excite many modes, creating reflections which would arrive at a
receiving antenna with many phase differences. It would therefore appear that
transmission of a single carrier frequency from a fixed location could result in a vector
addition of reflected signals at a single receiving antenna, totalling zero induced voltage.
It would also appear that a similar situation could possibly occur even with two antennas.
However, if the transmitter frequency were then changed, with the location remaining
fixed, the phase relationships of the multipath transmissions would be altered and the
vector sum of the induced voltages would no longer be zero. Therefore, if the transmitter
were to be frequency modulated, one could expect that the null would be reduced
(average signal increased), since as the transmitter frequency was deviated, the signal
would increase both above and below the null frequency.

The frequency modulated system, then, appears to have a significant advantage for this
application. Although a deviation of the carrier frequency of ±50 kHz represented a large
modulation index and therefore appeared to utilize an excessive spectrum, it was
necessary to prevent loss of signal due to phase flutter (Reference 7). This would occur



whenever a person carrying the transmitter moved about. It was indicated than an even
greater deviation of the carrier was desirable to offset such effects. The 50 kHz figure is
felt to be a reasonable compromise.

Use of a subcarrier further enhances the noise rejection capabilities of the system,
ensuring that the EKG data is transmitted accurately. In addition, the FM/FM type of
system permits expansion of the telemetry link to include other data channels as need
arises, without the necessity of a complete system redesign. For example, blood pressure
and body temperature channels could easily be added. If all subcarrier channels were
held above 5 kHz, voice could be easily added as a simple FM channel occupying the
200 to 4,000 Hz spectrum.

It was concluded that combination of this flexible system concept with the dual antenna
system would be completely effective for the type of chamber discussed.
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Figure 1.  FM/AM, 16 MHz Signal Strength in Screen Room

Figure 2.  FM/AM, 16 MHz Signal Strength in Partial Mockup



Figure 3.  FM/FM, 89 MHz Signal Strength in Partial Mockup

Figure 4.  FM/FM, 89 MHz Signal Strength in Final Mockup
 



Figure 5.  FM/FM, 89 MHz Signal Strength in Final Mockup
Receiving Antenna Near Small End of Chamber

Figure 6.  FM/FM, 89 MHz Signal Strength in Final Mockup
Dipole Receiving Antenna Near Small End of Chamber



Figure 7.  Hybrid Ring Power Divider Schematic

Figure 8.  FM/FM, 89 MHz Signal Strength in Final Mockup
Two Dipole Antennas With Hybrid Ring




