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A SIX CHANNEL PHYSIOLOGICAL TELEMETERING SYSTEM

R. B. ROBROCK II and W. H. KO
Engineering Design Center
Case Institute of Technology
Cleveland, Ohio

Summary    A six channel FM/FM physiological telemetering system was designed to
measure two surface temperatures, an internal temperature, the respiration rate, and
position and muscle spasm of a paralyzed patient. Tunnel diode subcarrier oscillators
operating from a constant-current source provided excellent temperature and long term
stability while permitting a complete transmission package with size 0.6" x 2.5" x 2.5"
and weight 15 gm. A compatible transistorized receiving system was also constructed.

Introduction    A six channel FM/FM physiological telemetry system was designed and
constructed at the Solid State Laboratory of Case Institute of Technology for use at
Highland View Hospital in Cleveland, Ohio. Physiological measurements were to be
made continuously over periods of thirty hours with a transmitter mounted on the patient
and a receiver located in an adjoining room. The system was to be designed with space,
weight, and power consumption of the transmitter and overall system reliability as major
considerations. The system was specified with an accuracy of 5 per cent of bandwidth
throughout the life of the transmitting battery and with a transmitter temperature ranging
from 20EC to 40EC. A metered 100-0-100 mv differential output was desired at the
receiving end.

Resistive transducers were selected for all measurements and included three thermistors,
a potentiometer accelerometer, and a strain gauge. An additional channel was made
available as a battery monitor with the possibility of modification for use in other
measurements. The six subcarrier frequencies were selected from the IRIG bands subject
to system specifications and limitation in the construction of subcarrier oscillators. Those
chosen were 5.4 KC, 7.35 KC, 14.5 KC, 22.0 KC, 30.0 KC, and 70.0 KC. The carrier
frequency was selected in the range between 110 MC and 130 MC.

Subcarrier Oscillators    Considerations of size, weight, and power consumption placed
immediate restrictions on the selection of a suitable subcarrier oscillator. Standard RC,
LC, or multivibrator configurations were found unable to meet desired size constraints
and stability requirements. The solution to the problem was the use of a single tunnel
diode as a voltage controlled relaxation oscillator. The basic design of the oscillator is



illustrated in Fig. 1A. If the supply voltage Es and the series resistance Rs are chosen so
that the load line intersects the tunnel diode characteristic in the negative resistance
region, Fig. 1 B, operation in an astable mode is obtained. When power is applied to the
circuit, the current rises exponentially (162) until it reaches the peak current. At this
point the tunnel diode switches (263) at a constant-current controlled by the series
inductance, after which the current exponentially decreases (364) to the valley current.
After the tunnel diode switches at constant current (461), the process may again be
repeated. A typical output voltage waveform is illustrated in Fig. 1 C.

A mathematical analysis of the relaxation circuit, accomplished through the use of a
piecewise-linear approximation to thq tunnel diode characteristic shown in Fig. ID,
results in the following:1

(1)

(2)

(3)

where times (263) and (364) were neglected due to the extreme fast switching speeds of
the tunnel diode. Experimentally determined curves of t1 , t2 , and f as functions of the
supply voltage Es are illustrated in Fig. 1E. The frequency plot indicates a relatively
linear region which permits voltage controlled frequency modulation. The center of this
region was therefore chosen as the nominal bias voltage for the subcarrier tunnel diode
oscillators.

An analysis of the output waveform of the oscillator showed that the fundamental and
first several harmonics had nearly equal amplitudes. It was therefore necessary to design
low pass filters for the elimination of these harmonics before mixing the six subcarrier
channels to minimize the generation of cross-modulation frequencies. The filter was
limited to a passive RC network by the original constraints of size, weight, and power
consumption. Although it would have been desirable to cascade notch filters set at the
harmonic frequencies, the number of components would soon become prohibitive. In
addition, since the harmonic frequencies vary as the subcarrier is modulated, it would be
necessary to obtain a steep but yet broad notch. With these considerations a four-section
RC Butterworth filter was utilized with the input impedance of each section being three 



times that of the previous section. The two highest subcarrier channels used three section
filters since less attenuation of the fundamental was desirable.

The tunnel diode oscillators were converted to resistance modulated subcarriers through
the replacement of the bias supply with a constant-current feed to a bypassed resistive
transducer Rt. This arrangement permitted frequency modulation of the oscillator y
means of a variable sensor resistance. A schematic of this configuration with an AC
coupled low pass filter is shown in Fig. 1F. The value of Rs was made variable to allow
calibration of the subcarrier. A 1 -ma silicon tunnel diode (Hoffman IN 2929) was
selected for its stability and temperature behavior as well as its high Vfp , providing an
800 mv output signal. The necessary inductances for the subcarriers were obtained in the
form of miniature symmetrical torroids and the series resistances Rs, as single turn
trimpots in a TO-5 package.

Constant-Current Source    The necessary subcarrier transducer current was supplied
fr(om a two terminal network equivalent to the constant-current diode.2 A schematic of
the two transistor circuit is given in Fig. 2A. Comparison of the base-emitter voltage of
the amplifier Q1 with the drop across the resistance in series with Q2 provides a measure
of the current in the latter transistor. The use of negative feedback then permits control
of the current in Q2. The addition of Q1 base resistance Rb then provides a cancellation
component to yield a constant-current characteristic for the circuit. High gain npn silicon
transistors (T1418) were used in the circuit and a germanium stabistor (S320G) included
to help compensate for Vbe variation of Q1 with temperature. The voltage-current
characteristic of the circuit is illustrated in Fig. 2B. The current variation was less than
0.3% of a nominal 1.8 ma over the range of 2.8 to 3.5 volts.

The five resistive transducers were therefore connected in series and supplied with
current from the constant-current network. It was found that temperature compensation
of all the subcarrier oscillators, due to their similar configurations and identical tunnel
diodes, could be accomplished merely through proper compensation of the constant-
current source. This was achieved through the use of a negative T. C. thermistor network
in series with Q2.

Transmitter    The sine wave outputs of the six subcarrier oscillators were linearly
mixed in the voltage summing network of Fig. 3A. The values of R1 through R6 were
made much larger than R to provide maximum isolation between subcarrier oscillators,
preventing interaction and the resulting generation of cross-modulation terms.

For an FM/FM system it is known that the signal/noise improvement threshold increases
as the subcarrier frequency is increased. In principle equal thresholds are obtained if the
RF carrier deviation equals a conversion factor multiplied by the subcarrier frequency to
the three-halves power. 3 It has been found in practice, however, that a linear taper is



usually acceptable. In this system linear pre-emphasis was employed, setting the carrier
deviation for the 70 KC subcarrier five times that of the 5.4 KC subcarrier through
adjustment of the isolation resistors in the linear mixer.

The composite signal received from the linear mixer was applied to a commercial varicap
diode across the tank circuit of a tunnel diode, series-parallel, sine wave oscillator. The
use of a varicap diode permitted frequency modulation of the oscillator through voltage-
dependent capacitance appearing across the inductor. A 1-ma germanium tunnel diode
(GE 1N3713) was chosen for the oscillator and a stable bias source obtained through the
use of a unitunnel diode (Hoffman HU10). The output of the oscillator was fed to a
common base power amplifier with a radiating tank in the collector circuit. A schematic
of the carrier oscillator and amplifier is illustrated in Fig. 3B. The tunnel diode tank
circuit was shielded to prevent regeneration and possible detuning from body
capacitance.

Battery Supply, Pre-Regulator, and Battery Monitor    A relatively stable pre-
regulator was developed to supply voltage to the transmitter and the constant-current
diode. The schematic of the unit is given in Fig, 4A. A microdot zener (TMD01) was
selected for its low dynamic impedance (15S at 5 ma) and small size, while a high gain
npn silicon (TI418) was used as a series regulator. On the basis of the preregulator
voltage characteristic, a battery potential of 9.6 volts was selected. The battery voltage in
dropping to 8.0 volts during its life (70 hours) creates only a 35 mv change in the pre-
regulator output.

The 22 KC subcarrier channel was devoted to monitoring the battery potential. This was
accomplished by biasing a tunnel diode oscillator with a resistive divider from the
battery, as illustrated in Fig. 4B. Temperature compensation of the channel was
introduced through the insertion of a thermistor network in series with the feed resistor
from the battery.

Telemeter Receiver    A Sherwood Model S-3000 III FM tuner was selected for use as a
telemetry receiver. The front end coils were replaced to allow tracking from 110 MC to
130 MC and automatic frequency control was incorporated. Circuitry was also included
to provide the necessary de-emphasis of the subcarrier frequencies

Subcarrier Demodulators    The output of the FM receiver is a composite signal
consisting of linearly mixed subcarrier frequencies. Separation of these subcarriers was
accomplished by bandpass filters, the outputs being duplicates of the subcarrier oscillator
signals with the addition of certain fluctuation noise resulting from cross-modulation.



Demodulation of the subcarriers was achieved with pulse-averaging discriminators.
Circuit operation proceeds as follows: The sine wave output of a bandpass filter is
amplified, clipped, and differentiated to generate zero-crossing pulses whenever the
signal crosses the axis with a positive slope. These pulses trigger a clamped monostable
multivibrator which produces an output pulse of fixed amplitude E and width TD. These
pulses are then averaged in an integrating circuit to produce a DC level Eo .The time
between triggering pulses is 1 /f. Thus

Eo = ETDf (4)

From this equation it is apparent that the integrator output Eo is directly proportional to
the frequency. Therefore, if the product ETD remains constant, the system possesses
inherent stability and linearity.

Completely transistorized circuitry was used for the subcarrier demodulators. The
schematic of a typical channel is illustrated in Fig. 5. A test point was provided after the
bandpass filter to allow observation of the subcarrier signal before discrimination, while
permitting an external signal to be injected at this point for calibration of the entire
demodulation system. After the clamped monostable multivibrator and integrator, a
metered differential output was supplied with switching included to permit grounding
the output. Temperature compensation of the circuit to hold the product ETD constant
was accomplished through the insertion of a positive coefficient, wire-wound resistor in
series with the base resistor of the monostable transistor. 4 The complete circuitry was
constructed on two printed circuit boards for each of the six channels.

Packaging    The five resistance modulated subcarriers, constant-current diode, pre-
regulator, battery monitoring subcarrier, mixer, and transmitter were assembled in the
package shown in Fig. 6. The complete circuit of the transmission system is illustrated in
Fig. 7. The low pass filters, mixer, and carrier oscillator were electrostatically shielded in
a gold-plated box to prevent noise pickup. An easily removable plexiglass cover and
gold-plated bottom plate were built to allow maintainance or future modifications. A
single turn trimpot was included in the constant-current diode to permit adjustment of the
current level. The five externally modulated channels were likewise equipped with
trimpots for system alignment. These adjustments were made readily accessible without
removal of the transmitter cover. The carrier oscillator and power amplifier coils were
slug tuned, thus permitting future alteration of the transmitter frequency. A Cannon plug
was provided for connection to the five resistive transducers and the external battery.

The modified Sherwood receiver, six subcarrier demodulators, and power supply were
assembled in a desk panel cabinet rack. The Sherwood receiver, equipped with channel
center and signal strength indicators, was mounted on the front panel. The subcarrier
demodulators were constructed on twelve printed circuit boards and mounted on a



vertical chassis. In a similar fashion the demodulator power supply was assembled on a
vertical chassis as an independent unit. The demodulator output signals were made
differential by balancing the outputs against resistive dividers situated between the
monostable zener references and ground. These outputs were delivered to six 100-0-100
mv meters mounted on the front panel and six Cannon jacks on the rear panel. A
potentiometer in series with the metered output allowed a sensitivity control and another
included in the resistive divider provided zero center. These controls were placed on the
front panel. The channel monitoring meters were constructed from 20-0-20 Fa
movements. The coils were wound with a minimum number of turns and heavy damping
was provided to minimize the generation of EMF from mechanical shock and vibration.
Double stabistor protection was included to prevent meter burn out and thermistors were
used in conjunction with series resistance to achieve temperature compensation. Front
and rear photographs of the completed cabinet rack are given in Fig. 8 and 9
respectively.

Characteristics of Transmission System

Size
0.6" x 2.5" x 2.5"

Weight (without power pack)
15 gm

Power Consumption

7 ma nominal at 8.8 volts.

Transducer Impedance
200 ohms typical (may be increased with signal conditioner).

Input Sensitivity
± 10 ohms typical for ±7.5 per cent subcarrier frequency deviation (system noise
referred to input is 0.1 ohm.

Linearity of Resistance Modulated Subcarriers,
Deviation f rom be st straight line is less than ± 2.0  per cent.

Time Drift (after 1/2 hour warm-up)
Less than 0.5 per cent narrow band DBW for 24 hours at 25EC with fixed DC
supply-



Thermal Stability
From 20EC to 40E C subcarrier center frequency stable within ±1.0 per cent
narrow band DBW; carrier frequency stable within ±0.2 per cent.

Stability with Supply Voltage
For a 1.0 volt drop in battery potential, subcarrier frequency stable within ±0.2 per
cent narrow band DBW.

Characteristics of Receiving System

Output
±100 mv for ±7.5 per cent frequency deviation.

Output Noise
Less than 1 mv.

Linearity of subcarrier discriminators
Deviation from best straight line less than ±1.0 per cent.

Time Drift
Center frequency drift for 24 hours less than 0.25 per cent of narrow band DBW.

Thermal Stability
Center frequency stable to 0.5 per cent of narrow band DBW from 20EC to 40EC.

Stability with Supply Voltage
Fluctuations in line voltage between 105 and 130 volts cause center frequency
variation of less than ±0. 5 per cent of narrow band DBW.

Conclusion    The above performance characteristics of the transmission system speak
well for the use of a tunnel diode relaxation oscillator as a frequency modulated
subcarrier. Since the tunnel diode is a low voltage device, it was necessary to use a
constant-current rather than constant-voltage supply to obtain the desired temperature
stability. The use of this constant-current source proved extremely valuable in reducing
power consumption. That is, all the subcarriers with this system consume the identical
current that a single channel would consume if bias were obtained with a constant
voltage supply. In addition, the two transistor “constant-current diode” resulted in almost
complete independence of the subcarrier frequency from battery potential and permitted
total temperature compensation of all the channels simultaneously with a single
thermistor. Use of this circuitry allowed a relatively small and light transmitter to be
constructed. Further reduction could be achieved by the elimination of the subcarrier 



trimpots, development of a smaller inductor, and a decrease in the tunnel diode package
size.

One restriction of the system is the requirement of the tunnel diode subcarriers for low
impedance resistive transducers. This drawback, however, may be eliminated through the
use of readily constructed signal conditioners giving input impedances in the range of a
megohm.
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Fig. 1-A--Tunnel Diode Fig. 1-B--Characteristic
Relaxation Oscillator Circuit with Astable Load Line.



Fig. 1-C--Output Voltage Fig-D--Piecewise-linear
Waveform. Approximation.

Fig. 1-E--Experimental Fig. 1-F--Complete Subcarrier
Oscillator Data. Oscillator.

Fig. 2-A--Constant-Current Fig. 2-B--Experimental
Network. Characteristic.



Fig. 3-A--Linear Mixer Network. Fig. 3-B- -Carrier Oscillator and
 Amplifier.

Fig. 4-A--Pre-regulator Circuit. Fig. 4-B--Battery Monitoring Circuit.

Fig. 5--Complete Subcarrier Demodulator with Metered Output.



Fig. 6--Transmission System and Battery Supply.
(Shown without electrostatic shield over carrier

oscillator and low pass filters). Fig. 7--Complete FM/FM Transmission System.

Fig. 8--Front View of Receiving System. Fig. 9--Rear View of Receiving System.


