Frequency Stabilization

of L-C Oscillators

So you have a clean, pure L-C VFO, but it drifts.
Heres a way of stabilizing its frequency.

By Klaas Spaargaren, PAOKSB

or many builders and users of
simple receivers and transmit-
ters, the long-term stability of
oscillators forms a major problem.
Usually, oscillator drift caused by
temperature variations is reduced by
the use of temperature sensitive com-

ponents such as NTC capacitors.

However, crystal stability is seldom
achieved.

This article describes a digital
method for frequency stabilization by
which an HF L-C oscillator can
achieve the stability of a crystal
oscillator. This simple unit can be
used for new construction or as an
add-on to existing equipment.
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Principles of Stabilization

Two simple principles exist for L-C
oscillator frequency stabilization (T’ll
disregard complex synthesiser sys-
tems.) One method uses a digital fre-
quency counter that measures a VFO
frequency periodically. Any deviation
between the measured values and a
preset value results in automatic cor-
rection of the VFO frequency. The
principle can be executed with simple
means. 1

This article describes the second
principle, which uses a mixer to
downconvert the VFO frequency to a
low value for further treatment. It has
significantly better performance than
the technique mentioned above.

'Notes appear on page 23.

Basic Operating Principle

A special form of frequency-locked
loop isused. Fig 1 shows the block dia-
gram. The heart of the system is a digi-
tal mixer. The VFO frequency is mixed
with a crystal oscillator to a low fre-
quency, which is then compared to a
reference frequency. Any deviation
between the frequencies, caused by

drift, generates a control voltage that
corrects the VFO.

The digital mixerisastandard high-
speed CMOS D-type flip-flop. Its
operation as a digital mixer is not 1n-
tuitively clear, so 1 will explain it in
some detail.

In a D flip-flop the information on
the data input (1 or 0) is transferred to
the Q output on the low-to-high tran-
sition of the clock pulse. In this case,
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the clock pulse is a 10-Hz signal de-
rived from a crystal oscillator.

The VFO signal 1s connected to the
data input. In this way the D flip-flop
acts as a digital sample-and-hold cir-
cuit. Since the output can change only
at the rising edge of the clock pulse, the

output frequency can never become
higher than 5 Hz (half the clock fre-
quency), butitis still determined by the
two input frequencies. Let’s see how.
[f at each transition of the 10-Hz
clock the VFO signal is high (or low)—
exactly in phase with the clock—the

output will remain high (or low). The
output frequency 1s 0 Hz.

If the VFO frequency 1s tuned
slightly upwards, say 1 Hz, an output
frequency of 1 Hz will occur. If the VFO
frequency increases further, the output
increases equally up to 1ts maximum
value of 5 Hz. As the VFO frequency
increases further, the mixer output
goes back to 0 Hz and rises again as the
VFO continues to be tuned higher.

If we keep the output of the digital

mixer constant by automatically con-
trolling the VFO, the VFO’s frequency
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Fig 1—Block diagram of the basic frequency-stabilization

system.
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must be constant as well. We have
made a frequency-locked loop.

At a VFO frequency that i1s 10 Hz
higher, the digital mixer will generate
exactly the same output frequency.
This type of frequency-locked loop has
many stable operating points, with
10-Hz spacing between the lock points.

In a stable loop, a fixed ratio IV ex-
ists between the VFO frequency and
the clock frequency. Nisalways a very
large number. (See the calculations in
the Appendix.)

Automatic frequency control of the
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Fig 2—Block diagram of an improved system.
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Fig 3-Schematic diagram of the frequency-stabilization circuit. The VFO circuit is not shown.
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VFO is achieved in the following way:

The 0 to 5-Hz output frequency of
the digital mixer is compared to an-
other low frequency. (This frequency
does not need to be crystal stable.)
2.5 Hz is a suitable value, as the out-
put of the digital mixer will then sta-
bilize in the middle of its range. This
reference signal is conveniently de-
rived from the same crystal oscillator
as the 10-Hz frequency: (f,j,.1/4)-

Both signals momentarily close
switches S1 and 52, resulting in a
slightly increased or decreased charge
in the hold capacitor, C, of the integra-
tor after each pulse.

The ouput voltage, V, of the integra-
tor is connected to a voltage-variable
capacitor in the VFO. So the VFO fre-

quency also changes slightly up or
down after each pulse until both low
frequencies are the same. The fre-
quency stays on such a stable lock
point, and any slow frequency drift is
corrected.

The long-term stability of the VFO
is then determined only by the crystal
oscillator from which the 10-Hz signal
18 derived.

Advanced Operating Principle

A considerable improvement is still

possible. In the system described
above, the correction pulses have a
frequency of 2.5 Hz. If it were possible
to increase that frequency and still
maintain the 10-Hz lock points, a
higher VFO drift rate could be cor-
rected; or with the same drift rate, a
faster correction with smaller indi-
vidual steps would be possible.

This is what happens in the system
shown in Fig 2. The main difference
between Fig 1 and Fig 2 1s the location
of divider M. The crystal oscillator
provides a 50-MHz signal to the digi-
tal mixer. Suppose that the VFO fre-
quency of 5 MHz is divided by the fixed
divider Mo, when M3=50,000. This re-
sults in a 100-Hz signal to the clock
input of the D flip-flop. Its maximum
output frequency will now be 50 Hz,
ten times as high as before. A little
arithmetic will show that the spacing
of the lock points 1s still 10 Hz.

N is the ratio between the frequen-
cies of the crystal oscillator and the
output of divider M,. In the example
N=500,000, M,=50,000.

When the system is stable the fol-
lowing relation holds:

Fito/ My = Fyal/N (Eq 1)
resulting in:
Fyto = Fytal®*Mo/N (Eq 2)

With these values the VFO fre-

quency will be 5,000,000 Hz.

The next stable point 1s when
N=N+1, so N=500,001. Again using
Eq 2, this results in a VFO frequency
of 4,999,990 Hz—giving a spacing of
10 Hz. (The Appendix shows that with
this system the spacing varies with N
and is only exactly 10 Hz with the
numbers used above.)

Operation in Practice

During normal manual tuning of the
VFO, the action of the controller 1s not
noticed, as i1t is slow. After manual
tuning, the frequency creeps to the
nearest 10-Hz lock point, which 1s
never further away than 5 Hz up or
down. (A musician with absolute pitch
might notice such a small change in a
receiver CW tone, but I can’t.)

Of course the action of the controller
must be small to avoid overshoot of the
frequency. Each corrective pulse to the

integrator may change the VFO fre-
quency a very little, less than 1 Hz.

You don’t want the VFO to “hunt.”

Acceptable Distance between
Lock Points

In the system described, the spacing
between lock points i1s 10 Hz. I found
that a spacing of up to 40 Hz is still
acceptable. This means that there 1s
quite some freedom in the design,
allowing other VFO or crystal oscilla-
tor frequencies to be used.

In the practical system described
below, the spacing between lock points
varies between 15.9 Hz and 19.2 Hz
when the VFO is tuned from 5 to
5.5 MHz.

Detailed Circuit

The practical circuit 1s shown 1n
Fig 3. Two cascaded binary dividers,

Ul and U2, divide the VFO frequency
by 32768 in 15 cascaded stages (7 1n
U1l and 8 in U2). This forms the clock
signal for the 74HC74 D flip-flop, U3A.
(Only one of the two flip-flopsin the IC
1s used.)

The crystal osciliator operates at
48 MHz. I used a 16-MHz crystal in
third-overtone mode in a design taken
from Solid State Design for the Radio
Amateur.? 1 added a diode detector
with which the peak-to-peak ampli-
tude of the 48-MHz voltage can be
measured.

Switches S1 and S2 of Figs 1 and 2
are formed by transistors Q1 and Q2.
These are normally off. The on time 1s
determined by the differentiating R-C
networks in their bases and is less
than 1 ms per pulse. Via the 4.7-MQ
resistors, the output of the integrator

changes slightly after each pulse.

The output voltage of the integrator
has a range of 0 to 10 V. After turn-on
it starts approximately in the middle
of its range. The small ripple on the
output signal of the integrator caused
by the correction pulsesis smoothed by
an R-C filter before it 1s connected to
the varicap in the VFO.

In case the output should become
saturated (O or 10 V), it can be brought
to midrange again by momentarily
pressing S3. I advise mounting S3 on
the front panel of the equipment 1n
which the stabilizer is built. Press 1t
now and then when you start to retune
the radio.

No details are given of the VFO and
associated buffer circuits, but the tun-
ing range of the varicap in the VFO
must be larger than the expected drift.
A convenient sensitivity 1s 1 kHz/V.
The phase of the action of the varicap
is not 1mportant. (The frequency-
locked loop will stabilize in the range
of 0 Hz to maximum or in the range of
maximum to 0 Hz of the output of the
digital mixer.)

The amplitude of the VFO signal to
the first digital circuit must be ap-
proximately 4 V p-p. The input imped-
ance of the digital circuits is high.

The unit needs a supply voltage of
12 V, draws a current of some 20 mA
and has its own 5-V regulator, U5, to
supply the crystal oscillator and digi-
tal circuits with 5 V.

Construction

[ used the “ugly construction” tech-
nique as described in The 1995 ARRL
Handbook. (I prefer the name
amateur-type surface-mounted tech-
nology!)

[ placed the ICs upside down on the
copper cladding of a piece of printed-
circuit board. The supply connections
of all ICs are decoupled with 10-nF
ceramic capacitors that, together with
the ground supply connections, keep
the ICs in place. I used thin insulated
wire to make all connections and sol-
dered directly to the IC pins.

For the coil in the overtone oscilla-
tor circuit, I used a small RF choke of
0.22 uH. A '2-inch, 6-turn air coil
wound on a '/:-inch form worked fine
also.

The 2.2-uF capacitor in the integra-
tor circuit must be a type with httle
leakage—polycarbonate or polysty-
rene. The resistors connected to the
input of U4 should be mounted close to
the 1C.

I suggest mounting the circuit in a
small metal box to avoid any influence
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of RF signals from transmitters and
to avoid interference to reception

caused by the switching signals of the
CMOS ICs.

Adjustment and Testing

The only adjustment is the 40-pF
trimmer capacitorinthe 48-MHz over-

tone oscillator. Oscillation can be con-
firmed by measuring the dc voltage at
test point T, which must be about 4 V.
The amplitude at this point can be ad-
justed with the trimmer; the precise
frequency 1s not important.

When all the wiring is done the sta-
bilizer should work. If not, the indi-

vidual circuits can be tested in the fol-
lowing way. With a VFO frequency of
5 MHz the output of Ul, pin 6 must be
39 kHz, and the outputs of U2, pins 15
and 14 must be 152 Hz and 38 Hz, re-
spectively. Besides confirming proper
operation of the 1Cs with an oscillo-
scope, a multimeter can be used as
well. If Ul and U2 operate properly,
their outputs will be square waves and
a dc voltmeter will indicate 2.5 V on
the outputs. If they do not work, their
outputs will be O or 5 V.

The integrator and the action of the
varicap in the VFO can be tested as
well. Measure the dc output voltage of

the integrator on test point V. The
impedance at that point is low, so any
multimeter can be used.

Disconnect the 4.7-MQ resistors

from Q1 and Q2 and press S3. The
output voltage should be 5 V. Connect
point A to ground for a few seconds.

The output voltage should increase at
a rate of 1 V every 4.4 seconds. When
point A is open, the output should re-
main stable at the last value. Connect-
ing point A to +12 V should give the
opposite action (but slightly faster).
When the output voltage 1s changed
from 5 to 6 V, the VFO frequency
should change about 1 kHz. In normal

Appendix

Fig A shows a simplified block diagram of the frequency

stabilization system. The simplification concerns the out-
put of the frequency comparator, which is assumed to be
0 Hz here and which is a low frequency in the actual sys-
tem. The difference is not significant for these calcula-
tions. The divider N of Fig A is not really present in the
actual circuit; it symbolizes the ratio of the two frequen-
cies at the inputs of the digital mixer.

The following relation holds for the frequency-locked
loop:
fb’ fX

L= (Eql) = f, =

The next lock point exists when N=N+1. The difference
D between lock points then becomes:
fo_fo:fXM(1 1 ]

N N+1 N N+1

The term between brackets can be written as:
N+1-N 1

N(N+1) N(N+1)

As Nis always large compared with the 1 in the denomi-

nator, only a negligible error resuits if the term is simpified
{o:

M Eq2)

D =

1 f .M
vz = D=5 (Eq 3)
From Eq 1 it also follows that:

_ fXM
V=" (Eq 4)
Substituting £q 4 into Eq 3 results in:

fy

D=+ - (Eq 5)

We can now fill in the values used in the practical sys-
tem (Fig 3) with:
f, =5.0MHz, M=2" f =48MHz

These values result in the the difference D between lock
points as:

(5>-<106)2 £ 106

- 48x10% x 215 25
For a VFO frequency of 5.5 MHz we get:

D =15.98Hz f =152.58 Hz

clock —

2
(5.5x10°) £ £ 106
= — =167.84 Hz

48 x10° x 215 215

The frequencies of the correction pulses are f,,../4:
38.14 Hz at 5 MHz and 41.96 Hz at 5.5 MHz.

D = =19.23Hz f

clock -

Design Method for Other Frequencies

Given the frequencies of the VFO and of the overtone
oscillator in MHz and the desired distance between lock
points D In Hz, calculate M by:

fy

X

Select the nearest power of 2 and check if D is below the
desired value according to:

fy

X

In case D deviates too much from the desired value, take

the next higher value for M and repeat the calculation for
D.

M = x 10°

D= x10°

Example

A VFO operates between 37 and 38 MHz and the over-
tone oscillator operates at 80 MHz. The required distance
between lock points, D, i1s 20 Hz. Calculate M:

2

M- 38
80 x 20
Select M=1,048,576 (20 cascaded binary dividers). Cal-

culate D at 37 and at 38 MHz, resulting in 16.3 Hz and

17.2 Hz, respectively. As D is below the desired value of
20 Hz over the whole range of the VFO, the selected
value of M s the correct one.

Fig A—A

l‘ Crystal fx
Osc.
simplified block

diagram of a (=) ]
frequency-locked
loop.

x10° = 902.500

U.E/ Down Control Signal

-
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operation, point A is left open; it is
used for test purposes only.

Testing of the frequency discrimina-
tor can take place in the following way.
Reconnect the 4.7-MQ resistor to Q2.
The integrator output should decrease
at arate of about 1 Vevery 100 seconds.
The 4.7-MQ resistor connected to Q1
has the opposite effect. The VFO fre-
quency should become stable with both
resistors in place and point A open.

(This 1 V per 100 s corresponds with
a change in VFO frequency of 1 kHz
per 100 s. This is the maximum drift
rate that can be corrected. In 100 s,
3800 correction pulses have been gen-
erated, so the change in VFO fre-
quency 1s 0.26 Hz per correction
pulse.)

The values given above are typical
values. Because of component toler-
ances, results of +50% from the values
given are possible and are fully accept-

able.

Results and Further
Experimentation

I have used the circuit in Fig 3 on a
number of L-C oscillators, including
one operating at 38 MHz. In all
cases I was able to obtain virtually

drift-free operation.

In this design I used 74HC inte-
grated circuits. I found that 74HCT
types also work well without any cir-
cuit modification.

According to the data sheets, the
maximun toggle frequency of a
74HC741s 76 MHz (59 MHz for a HCT
version), and the maximum input fre-
quency for a 74HC(T)4060 is 88 MHz.
My ICs still operated at up to 95 MHz.
This means that the circuit can be used
with considerably higher VFO and
crystal frequencies than mentioned so
far. To verify this I have used the
system on a 38-MHz L-C oscillator in
combination with an 80-MHz overtone
oscillator (of different design than that
in in Fig 3). In this case M=1.048.576
(20 cascaded binary stages using the
output ofthe first IC from pin 1 instead
of pin 6. Beaware thatin a 4060 IC not
all divider ouputs are available.) At
38 MHz I got reliable operation with a
spacing between the lock points of
17.2 Hz. After a cold start the loop sta-
bilized within seconds and stayed on
the same lock point for hours.

The quality of the L-C oscillator it-
self must already be very good: a TS
tone without appreciable hum, jitter,

microphony, hand effects, etc, with
long-term drift as the only deficiency.

There are two drawbacks to this
stablization technique. One 1s that 1t
is not easily possible to work split fre-
quency or use an RIT function when
the stabilizer is in operation. After a
number of jumps from one frequency
to the other, the VFO may lose its
original lock point. Secondly, with a
fixed value of M, the distance between
lock points varies with the square of
the VFO frequency, making the sys-
tem less suitable for a multiband VFO.
In such a case, M should be selectable,
which increases complexity.

Conclusion

With thissimple, low-cost circuit the
long-term stability of HF L-C oscilla-
tors can achieve the stability of a crys-
tal oscillator, while maintaining fine
tuning steps.

Notes

'Spaargaren, Klaas, PAOKSB, Ham Radio,
Dec 1977. (This is still published in the lat-
est edition of the British RSGB Radio
Communication Handbook.)

2Solid State Design for the Radio Amateur,
published by ARRL.
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