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RICHARD M. WESTBROOK and THOMAS B. FRYER
Ames Research Center

NASA, Moffett Field, Calif. 94035

Summary   A miniature, single-channel, crystal-controlled transmitter has been developed
for biomedical applications. A narrowband frequency modulation (±7 kHz) of the RF is
used to achieve maximum operating range with minimum transmitting power. The radiated
power is limited to stay within the 50 µv/m at 15 m FCC requirement for low power
transmitters (Part 15.212 FCC Regulations) in the 88 to 108 MHz band. This technique
offers a number of advantages. First only manufacturer’s type approval is required for the
device and the user does not need a license. Second maximum operating range can be
achieved within the FCC power limitations by using a narrowband that is consistent with
the required medical information bandwidth. A third advantage in using the 88 to 108 MHz
band is that the commercial FM stations are relatively widely spaced and carefully
regulated so that by selecting the transmitter’s frequency in the guard band between
stations, minimum interference from other transmitter sources is encountered.

For EKG and EEG applications, where an information bandwidth of 0.1 to 150 Hz is
adequate, a subcarrier with a fixed frequency (approximately 1 kHz) is used with
differential pulse width modulation (DPWM). This type of subcarrier has the advantage of
simple circuitry for both the transmitter and demodulator. Since DPWM is self-aligning, it
can be handled effectively by magnetic tape recorders having relatively high tape speed
errors. For EMG and other high frequency data signals the RF can be directly frequency
modulated without the use of a subcarrier.

Introduction   Radio telemetry for medical and physiological applications has been widely
used in recent years.1 With the advent of the transistor and more recently integrated
circuits, miniaturization of biomedical transmitters is common.2 RF systems operating at
higher power levels offer good transmitting range but because of the batteries required
compromise the advantages of component miniaturization. They also require an operating
license. Low powered RF transmitters can be operated without a license and can be made
quite small, but they usually lack range. This is especially true if they are operated in the
88 to 108 MHz band without the stability and narrow bandwidth necessary to avoid
interference from commercial FM stations. Crystal-controlled RF systems have the
advantage of operating predictably at a desired frequency with the added feature of



eliminating critical tuning adjustments.3 This is particularly important when the operator
has little or no electronic experience. Thus for many applications, a single-channel crystal-
controlled RF system operating at low power and narrow bandwidth would offer an
optimum technique for transmitting biological information at a maximum range while
staying within the radiated power limitation required for license free operation.

Narrowband RF systems have been designed with and without subcarriers. A subcarrier is
advantageous where linearity and baseline stability are important without resorting to an
overly expensive receiver. A common approach is the FM-FM system where both
subcarrier and transmitter are frequency modulated. A disadvantage of the FM-FM system
is that the subcarrier frequency must be closely controlled if the data being transmitted has
dc information. This control requires fairly elaborate circuitry in comparison with the other
subcircuits required in single channel biotelemetry units. Another unfavorable feature of
the FM-FM approach is the inability of inexpensive magnetic tape recorders with poor
tape speed control to handle the FM subcarrier without introducing significant data errors.
Direct data recording requires linearity and low frequency response not available in low
cost tape recorders.

This paper presents a single channel biotelemetry system which combines a crystal
controlled narrow bandwidth RF system with a self-compensating subcarrier suitable for
radio telemetry and data recording with inexpensive tape recorders.

Design requirements   A single channel biotelemetry system was required which could be
operated by personnel inexperienced in electronics. It had to be portable such that
recordings could be made under varying field conditions. Since a number of units were
needed, the cost was to be kept low. In addition, the basic data transmission system had to
be easily modified to accept both dc temperature data and wider bandwidth signals such as
EKG and EEG. As the units might be used in a variety of geographical locations, operation
within the FCC provisions for low power telemetry (Part 15.212 FCC Regulations) in the
88 to 108 MHz band was selected. This way the units could be used on a non-interfering
basis without the operator and unit requiring a separate license at each site. Also the 88-
108 MHz band should offer a good compromise between the lower RF frequencies
requiring physically larger antennas and the higher frequencies having greater absorption
and reflection problems.

A subcarrier was needed to eliminate the need for an elaborate receiver with very linear
characteristics. As the system would be small and inexpensive, magnetic tape recording of
the data was desirable. Direct recording of the data would preclude the use of low cost
recorders because of their poor linearity and limited low frequency response. Therefore the
subcarrier had to be of a form that would accept tape speed errors with minimum
degradation of data, particularly amplitude information.



These requirements might be considered as being met, first, by a suitable RF system, and
second, by a subcarrier system compatible with both the RF link and the magnetic tape
recorder.

DPWM/FM Biotelemetry system   A narrowband RF system is used with crystal control
of both transmitter and receiver. FM is used with an RF carrier deviation of ±3 kHz from a
center frequency set within the 88 to 108 MHz band. Radiated power is limited to 50 µv/m
at 15 m. System selectivity is 6 dB at ±7 kHz with a oneµv sensitivity.

The subcarrier system uses differential pulse width modulation (DPWM) of a fixed
subcarrier frequency operating at either 1000 kHz for higher frequency data or 100 Hz for
dc data.4 The pulse widths are varied ±30%. This provides a rectangular waveform whose
duty cycle changes from 20 to 80% at full-scale modulation. System frequency response is
0 to 100 Hz for the 1 kHz subcarrier and 0 to 10 Hz with the alternate 100 Hz rate.

Single channel EEG biotelemetry system   Figure 1 illustrates a single channel EEG
transmitter adapted for use with a headset utilizing wet sponge type electrodes. 5 This
particular circuit was chosen for presentation because it is the most complex of the
DPWM-FM biotransmitter units. It still indicates the simplicity and low component count
of the design.

The amplifier section has a differential input with transistors Q1 and Q2 serving as emitter
followers. They provide an input. impedance of approximately 8 megohms from each input
to common. Transistors Q3, Q4 and Q5 along with operational amplifier U1 provide an
overall gain of 1500. Thus a full scale input signal of ±100 µv will provide ±150 mv at the
modulator input.

The modulator consists of operational amplifier U2 with a frequency determining network
composed of resistors R19, R20, R21 and capacitors C5, C6, C7 Resistors R22 and R17

determine the modulation sensitivity. The modulator oscillates symmetrically at a fixed
frequency when the differential voltage at the inputs of U2 is equal to zero. This produces a
rectangular waveform at the output of U2 with a positive voltage period equal to the
negative voltage period during each cycle. Amplitude is constant and determined by the
power supply and saturation characteristics of U2. In this case it is ±0.75 v. When the input
voltage increases in a positive direction with respect to common, the negative period of the
modulated waveform of U2 increases. There is a corresponding decrease of the remaining
positive portion of the cycle. The converse is true for voltage in the opposite sense. Thus
the ratio of the two periods is proportional to the amplitude of the data signal. The
subcarrier frequency determines only the data sampling rate. Maximum data frequency is
limited to one half the oscillation frequency of modulator U2.



RF transistor Q6 is used in a class A oscillator-multiplier circuit whose frequency is
determined by the fundamental frequency of a series resonant crystal. Frequency
modulation is accomplished by changing the capacitance of varactor diode D, in the base-
emitter frequency determining network. This is accomplished by applying the rectangular
voltage waveform from modulator U2 to D1 via resistor R23. The resulting capacitance
change deviates the 18 MHz fundamental ±500 Hz. When multiplied to 90 MHz this
provides a ±2.5 kHz shift in the transmitted RF carrier. The collector circuit is tuned to
90 MHz by the circuit consisting of capacitor C10 and the inductor formed by the loop
antenna. This particular antenna arrangement limits the useful range of the system to about
15 m. The configuration was chosen because one design requirement for the EEG headset
was to keep mechanical protrusions to a minimum since the EEG would be taken from
mentally disturbed patients.

Power requirements for the sensing and transmitting system are low, the amplifier and
modulator require less than 130 µw. Nearly all of the total power requirement of 5 mw is
consumed by the RF transmitter stage.

Construction of the device is quite straightforward. The modulator has no critical
frequency adjustment. Its output is a simple two level change which is easily applied to the
transmitter. Furthermore, the deviation of the RF carrier need only insure a good signal-to-
noise ratio in the transmission link and remain within the selected bandpass.

Because of its simplicity and low power requirements the system can be made light and
compact as shown in Fig. 2.

A block diagram of the RF receiver is shown in Fig. 3. It is a narrowband superhetrodyne
FM receiver with crystal control in both conversion stages. Double conversion and a
ceramic filter in the second IF provide a selectivity of 6 dB at ±7 kHz and 50 dB at
±15 kHz. It is a modified low cost mobile monitor radio which has been converted from
the 148 to 174 MHz band to the 88 to 108 MHz band. After modification, sensitivity
remained at one microvolt for 20 dB quieting.

Modification consisted of tuning the RF amplifier to the lower frequency band and
changing the first local oscillator from a frequency tripler to a doubler. A variable
capacitor is added to the crystal circuit for fine tuning the oscillator within a ±10 kHz
range. This allows the receiver to be aligned with the transmitter, if necessary, during
initial checkout. The coupling between the RF amplifier, local oscillator and mixer are also
adjusted to the new carrier frequency.

The output from the receiver’s FM discriminator is the DPWM subcarrier which is applied
to the audio amplifier and subcarrier demodulator. The demodulator consists of a limiter



which reshapes the direct coupled rectangular waveform from the receiver. This limiting
action provides a uniform amplitude for the subcarrier pulse train. Low pass filtering of the
rectangular waveform reproduces the original EEG input. For a subcarrier frequency of
1 kHz, a simple low pass filter with 18 dB/octave rolloff at 100 Hz eliminates the sampling
frequency while retaining accurate amplitude and dc level information within the 0 to
100 Hz data bandwidth.

An output amplifier is used to scale the data amplitude and adjust dc offset when desired.

The subcarrier can be recorded while the data are being monitored. Stored data is
reproduced by switching the demodulator from the receiver to the recorder output. Since
the same filter and output amplifier are used, data amplitude and zero offset are the same
as during the original monitoring. Tape speed errors result in time base errors but have
little effect on the data amplitude since the subcarrier aligns itself once per cycle.6,7

The system is easily portable and free of adjustment controls as can be seen in Fig. 4.

Biotransmitter variations   The basic DPWM-FM system can be easily adapted for other
biological measurements. For EKG recording the system gain is reduced. This can be done
by eliminating the amplifier stage Q3, Q4 and Q5 and adjusting amplifier U1 (Fig. 1). DC
temperature measurements can be made by eliminating the entire amplifier and replacing it
with a full bridge using a thermistor as one of the elements. For this application the
noninverting input would be referenced to the bridge and thereby not be dependent upon
equal decay of the batteries to maintain a balanced voltage condition. The subcarrier
frequency for dc measurements would be lowered to optimize the relationship between the
pulse widths and their rise and fall times since the primary limitation on the rectangular
waveform’s ability to change voltage states is determined by the frequency response of the
receiver. Thus any zero crossing ambiguities would be minimized as they become a
smaller percentage of the total period. Only the demodulator’s low-pass filter need be
changed in the receiving system to accommodate the lower frequency subcarrier. This can
be done by a simple switching of capacitors.

EMG requires a frequency bandwidth which is nearly coincidental with that required for
voice transmission. By eliminating the subcarrier altogether and coupling the amplifier
directly to the transmitter, the system can transmit EMG and other higher frequency data
with only some loss in overall linearity. In this case the system operates by direct
frequency modulation with the data being taken directly from the receiver’s FM
discriminator.



Conclusion   High-performance single-channel biotelemetry has been achieved using
inexpensive RF receivers. Mobile FM communications receivers can be easily adapted to
operate in the 88 to 108 MHz band. Crystal control of both transmitter and receiver allows
this low power system to operate without license in the guard bands between commercial
FM stations. Eliminating the license requirement is advantageous when RF systems are to
be used at different geographical locations. Crystal control also eliminates any critical
tuning adjustments so that inexperienced personnel can use the system successfully.

A DPWM subcarrier requires simple circuitry in both the transmitter and receiver. The
DPWM subcarrier can be recorded and reproduced accurately by low cost magnetic tape
recorders.
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Fig. 1 - Circuit Diagram of EEG Transmitter.



Fig. 2 - EEG Transmitter Fig. 4 - EEG Transmitter and 
With Electrodes. Receiving System.

Fig. 3 - Block Diagram of Receiving System.




