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TWERLE TRANSMITTER

GENERAL

The TWERLE transmitter is of the sampled phase-locked loop type. The 

diagram is given in Figure 1. The stable 50.15 MHz signal from the crystal 

oscillator triggers narrow pulses at the sampler, which are then multiplied 

by a portion of the RF output signal, extracted from the output path by a 

20 dB directional coupler. The error signal from the sampler is amplified 

and filtered before it is applied to a varactor diode which controls the 

power oscillator frequency around 401.2 MHz. The phase modulation is in

serted in the RF section of the feedback path. The modulator utilizes a 

quadrature hybrid coupler.

The loop operates at a first order mode. Theoretically this implies 

that the pull-in range should be equal to the loop bandwidth. It also 

implies that lock acquisition-time should be less than the period of the 

sampling pulses. The non-linearity of the varactor diode reduces the pull- 

in range below its theoretical value. The loop gain was adjusted to obtain 

pull-in range of + 2.5 MHz. This exceeds, by a factor of 5, the free running 

frequency extremes of the power oscillator. Lock acquisition time of 40 ys 

was measured.

Physically, the power oscillator, the directidnal coupler and the modu

lator are etched on one microstrip board 7 1/2" by 2 1/4", and the sampler, 

the loop amplifier, the modulator driver and switching circuit are built on 

a printed circuit board of the same size. The two boards can be attached 

back-to-back, or vertically on top of each other. The crystal oscillator and 

its oven control circuitry are housed in a separate spherical package.
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FIG. 1 TWERLE TRANSMITTER BLOCK DIAGRAM



The main advantage of the sampled phase-locked loop is its simplicity 

both in construction and in adjustment. This simplicity is reflected in 

reliability and cost. Its second advantage is found in the convenience of 

achieving high quality phase modulation. By performing the modulation on 

the final frequency, the phase error is kept from being multiplied. Further

more, by performing the modulation in the feedback path, any modulator gener

ated amplitude modulation is prevented from appearing on the output path.

The only inherent place to loose efficiency is in the loop amplifier.

Here we were able to build a wideband loop amplifier which consumes only 
*

125 mW. Hence, its effect on a 2-watt input system would be to reduce the 

efficiency by 5%.

POWER OSCILLATOR

The power oscillator is a microstrip design, grounded collector circuit. 

The oscillation frequency is determined by a microstrip 1/4 X line, with a 

tap for the emitter. Output is extracted from the base, thru a matching net

work for 500 load. Voltage control of the frequency is obtained by a varactor 

in series with a small decoupling capacitor connected in parallel to the emit

ter tap.

A  typical free running frequency vs. temperature curve of the power 

oscillator, with the varactor biased at 0 voltage, is given in Figure 2. The 

frequency stability is better than + 0 . 6  MHz @400 MHz over the temperature 

range -50°C to +20°C. The curve was taken while simulating real transmitting 

conditions; i.e., the transmitter was on once a minute for a period slightly 

longer than 1 second, and the frequency counter 1 second gate was opened 

immediately after applying the supply voltages.

A plot of power oscillator output-power and efficiency is given in
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Figure 2 Power Oscillator 

Free Running Frequency vs. Temperature



Figure 3. Since the rest of the transmitter consumes a fixed 0.3 W, the 

total input power of the whole transmitter is also plotted. The results are 

given for the CTC transistor type Cl-28. Very similar results were obtained 

for RCA 2N5917, RCA 40941, Motorola 2N6635, and TI 4429. It should be noted 

that this is the highest efficiency we were able to get on an experimental unit.

The efficiency achieved with the power oscillator is higher than the over

all efficiency obtained for a combination of voltage oscillators followed by 

a power amplifier. The single stage power oscillator is also much simpler.

POWER OUTPUT CONSIDERATIONS 

With the present solar panel design it is possible to allocate 2 Watts 

for the transmitter. Allowing for 10% reduction of efficiency due to 

imperfect production and antenna matching, 0.8 Watt output power could be 

assumed.

Looking at the drop in efficiency above 1 Watt output, the idea of 

automatic power control seems less attractive. It should also be pointed 

out that only one parameter is likely to be adjusted automatically, hence the 

maximum efficiency curve cannot be matched all over the range. Furthermore, 

the additional circuitry in an automatic power control loop may have a 

negative effect on the transmitter reliability.

DIRECTIONAL COUPLER 

The directional coupler is etched together with the power oscillator 

on the same microstrip board. It is located on the microstrip 50 ohm line 

between the oscillator output and the antenna connector. The insertion 

loss is less than 0.2 dB. A fraction of the forward wave, at a level of 

-20dB, appears on the 3rd' port of the coupler and is fed to the modulator 

which is also placed on the same microstrip board.
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Figure 3 Power Oscillator 

Maximum Efficiency and Minimum Input Power vs. Output Power



The modulator is based on a quadrature hybrid coupler. Among the 

four ports of this coupler there are two ports with 90° phase shift between 

them. When these two ports are terminated by an open circuit, the phase of 

the output port is 180 degrees off the phase at that port when the two are 

terminated by a short circuit. Any smaller phase difference, such as the 

required 120 degrees, can be obtained by an appropriate reactive termination 

at these two ports. The termination for our application includes a fixed 

coil in series with a varicap. The +60, 0, and -60 degrees phase shifts are 

obtained by applying 2V, 8V, and 22V across the varicap.

A  modulation driver is used to translate the encoder modulation voltage 

levels, to the levels required by the modulator. Peak-to-peak and symetry 

are adjusted by two potentiometers. As noted above, a change of 20 volts 

is required to obtain a phase shift of 120 degrees. This implies phase 

sensitivity of 1 degree per 170 mV. However, it should be noted that the 

system may be considered more stable since even an infinite voltage change 

cannot cause more than a 180 degrees phase shift. The quadrature coupler is 

a chip of stripline, 1.09" x 1.19" x .19'!; it sells for $10 in small quantities.

Phase modulation adjustment is performed with a high bandwidth oscillo

scope, e.g., Tektronix 7901. The 50.15 MHz signal from the oscillator is used 

to synchronize the oscilloscope. A 6v or 12v square wave is fed to the 

modulator and the two synosoides on the screen should appear with phase shifts

/
of 60 or 120 degrees respectively. The two potentiometers in the modulator 

driver are adjusted to obtain phase shift of 1/6 or 1/3 the period. The 

amplitude of the modulating square wave is not critical since these levels 

are not used directly for the modulation.

MODULATOR



SAMPLER

The sampler receives two input frequencies: 50.15 MHz from the crystal 

oscillator, and 401-2 MHz from the power oscillator. It yields a low 

frequency output which is related to the phase error between the two. The 

sampler consists of two parts. The first part generates narrow pulses at the

50.15 MHz rate utilizing a step recovery varacter diode. The pulses width 

is smaller than half the period of the 401.2 MHz signal, i.e., less than

1 nanosecond. In the second part, those narrow pulses multiply the 401.2 

MHz signal. The multiplier consists of a diode bridge, an HP hot carrier 

quad, preceded by a self made RF transformer, utilizing a ferrite bead.

LOOP AMPLIFIER

The loop amplifier is a 3 stage dc amplifier. The first stage is a 

differential amplifier v.’hich is followed by a common emitter; the output 

stage is a complimentary emitter follower. A feedback path exists between 

the output and the inverse input. The amplifier output swing is + 11 volt. 

Open loop gain is 16,000; closed loop gain is set at 12, with amplifier band

width larger than 15 MHz. A bias potentiometer in parallel to the inverse 

input, sets the free running frequency of the power oscillator. The am

plifier power drain is 125 mW.

CRYSTAL OSCILLATOR

The crystal oscillator is a pierce oscillator operating at 50 MHz.

This high fundamental frequency was chosen in order to reduce the sampling 

ratio or, alternately, to eleiminate the need for multipliers. It also 

allowed the use of readily available miniature crystals which fit into the 

miniature thermos flask. 50 MHz crystals are less stable, however, they are 

still well within the system specifications.



The oscillator is followed hy a cascode FET buffer which brings the 

output level to 3.5 mW at 50 Ohms.

OVEN

The crystal oscillator is housed in a miniature thermos flask of the 

type used for the hypsometer in the standard radiosonde. The flask, a 

buffer amplifier, and the oven control circuitry, are all placed within an 8" fo 

sphere, covered with aluminized mylar of which the lower hemisphere is painted 

with white lead paint (Figure 4 ).

The oven control circuit is a proportional switching controller, set to 

balance at 0°C. Its maximum power consumption is 1 Vktt. The empirical 

relation between the power consumption, P, and the temperature gradient, AT, 

was found to be:

P {mWj = 70 + 2 AT [°CJ 

Minimum gradient, when the oscillator power is desipated in the oven, is 

10°C. The expected gradient during most of the balloon day would be 30°C, 

which implies oven power consumption of 130 mW.

Data from Ascension balloon flight B/G indicate that 0°C oven tempera

ture is a safe choice. The B/G package was identical, a sphere 8" in 

diameter, the upper hemisphere was coated with aluminized mylar, and the lower 

hemisphere painted with white lead paint (Figure 4).

In Figure 5, the inside temperature of this package is given for the 

9 days of available data starting with the launching date, 21 July, 

until 15 August.

The two important conclusions from Figure 5 are:

a. The temperature was always between -31°C and -45°C.

b. The largest change for a 15 minute period was 2.5°C.

The oven control has a shut-down circuitry which turns off the heater

power during the one second transmission period.
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Figure 4 The Stable Oscillator 
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Figure 5 The Thermal Enclosure Inside Temperature 

Ascension Balloon Flight B/G (Launched July 21, 1972)



FREQUENCY STABILITY

The transmitter frequency stability was evaluated using the system 

shown in Figure 6. The 401.2 MHz signal from the TWERLE transmitter was 

converted down to 1.2 MHz by an HP 5253B frequency converter. The conver

ter synthesizes its 400 MHz substracting signal, from an external source 

of 1 MHz, supplied by an HP 105A quartz oscillator standard.

For short term stability measurements, switch position (A), this 1.2 

MHz signal is mixed again with the standard 1 MHz, and the output is 

divided by 2 to yield 100 KHz. An HP 5245L counter ,set at "Period Ave 100K" 

position,will have resolution of 0.01 Hz at that position, with a gate time 

of 1 second. The counter output feeds a tape punch unit. A computer program 

chooses a 15 minute section of this tape, converts period to the correct 

frequency, calculates the variance and plots the frequency curve vs. time.

To separate between the short term frequency stability and the long term 

drift, the computer calculates the "variance of the second difference of 

frequency" which is related to the Allan variance and is given by the 

following equation:

For long term stability (B), the 1.2 MHz signal is counted directly, 

with 10 seconds gate time, yielding a resolution of 0.1 Hz. The counter 

output is printed on an HP 567A Digital Recorder. The analog output unit 

of this recorder converts the least significant digits into an analog signal 

which is recorded on a ch&rt recorder. Selecting for conversion: the last 

column, the last two, or, the last three columns, yield full scale of 1 10 Hz 

or 100 Hz, respectively.

I/ 2

_



FIG. 6 FREQUENCY STABILITY MEASURING SYSTEM



All the tests were conducted with an oven set at -20°C and a J. Knight

crystal with a turning point at -20°C.

Figure 7 shows a warm-up from -70°C. The frequency came to within 1 Hz,

in one hour. Figure 8 shows the frequency response to a step of 20°C in the

ambient temperature. Figure 9 shows the frequency response to an ambient

temperature ramp of 20°C at a rate of 20°C/hour. From Figures 8 and 9 we see

that the oscillator steady state frequency change with ambient temperature

is approximately 1 Hz @400 MHz/°C.

Since we concluded from Figure 5 that the highest possible ambient

temperature change per 15 minutes is 2.5°C, we can conclude that the highest

possible frequency change per 15 minutes will not exceed 2.5 Hz @400 MHz

which meet the specifications. Figure 10 shows the long term stability of

the oscillator over a period of 3 hours. A  40 minute section of the graph

was plotted with a 10 Hz full scale in order to demonstrate the short term.

However, the quantitative short term stability measurement comes from the

computer and this was found to be 0.3 Hz/1 sec. @400 MHz which is 

-9
equivalent to 10 /sec. well below the specification.

The oscillator/oven frequency stability is demonstrated in Figures 7-10.



Figure 7 Stable Oscillator Warm-up Behavior



Figure 8 Stable Oscillator Frequency Response 

to a 20°C Step in Ambient Temperature
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Figure 9 Stable Oscillator Frequency Response 

to a 20°C Ramp of Ambient Temperature at a Rate of 20°C/Hour
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Figure 10 Stable Oscillator Long Term Stability


