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The measurement of a frequency under these condi-
tions is indicated in Fig. 2. With the control of the ad-
justable standard set at zero—that is, with true stand-
ard-frequency output—the unknown frequency lies
above a given standard harmonic nf,, as shown in line
A. Now the standard frequency is altered, toward a
higher frequency f)/, so that the given harmonic n
slides toward higher frequencies and finally is matched
against the unknown frequency fi, as shown in line B.
Knowing the harmonic number #, and the new value of
standard frequency f,/, the unknown frequency is given
by fa=nf.

For greater convenience, the altered value of standard
frequency can be thought of as the unaltered value f,
plus an increment in frequency of (f.'—f). The fre-
quency of the nth harmonic is, then,

”fl’ =nfl+'z(fn'-fl)-
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Fig. 2—Illustrating frequency measurement by use
of an adjustable frequency standard,

To obtain complete coverage at harmonic n it must
be possible to adjust the nth harmonic over the in-
terval from #f, to (#-+1) f.. Inspection shows that the
maximum value of n(f," —f,) must be equal to f,, or in
fractional form, wA=1. Since the fractional change in
frequency, in passing from any harmonic higher than »
to the next harmonic above it, is less than that at har-
monic n, it follows that complete coverage is obtained
not only over the interval from n ta (1) but also
over any hagher harmonic tnterval.

On this basis, equipment has been designed espe-
cially for use with a heterodyne frequency meter cover-
ing 100 to 200 Mec with a dial calibrated at 1-Mc inter-
vals. To interpclate between adjacent dial markings
requires an inte-polating standard of 1 Mc base fre-
quency., At 100 Mc, n then equals 100 and, conse-
quently, A=0.01. The fundamental range of the inter-
polating standard is then from 1.000 to 1.010 Mc, The
standard was made up with a 950-ke crystal-controlled
oscillator and a stable bridge-controlled variable-fre-
quency oscillator of 50 to 60 ke, The sum of these two
frequencies is then used as the output frequency. The
operating control is a worm drive with a scale of 1000
divisions. A 1-Mc multivibrator controlled by the
standard provides useful output at all harmonics from
100 to 200 or more.
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A block diagram of the assembly is shown in Fig. 3.
The output spectrum is indicated, where some one
of the output harmonics is to be matched to the funda-
mental frequency of the heterodyne frequency meter.?

In operation, the heterodyne frequency meter is first
set to zero beat with f,. This may be done at the fun-
damental or at a harmonic of the frequency meter,
(If at a harmonic, the number of the harmonic is deter-
mined by use of the heterodyne frequency meter.) The
frequency meter is then left at this zero-beat setting.
The harmonic output of the interpolating frequency
standard is then injected into the heterodyne frequency
meter and the standard control is advanced until the
first loud beat tone is obtained; the control is then
finally adjusted for zero beat. The number of the stand-
ard harmonic used in the measurement is determined
from the heterodyne-frequency-meter reading. The num-
ber of interpolator divisions required to slide the used
standard harmonic upward in frequency by just 1 Mc
is given by a table. The amount, as a fraction of 1 Mc,
that it has actually been moved is given by the ratio
of the actual dial reading to the tabulated value. This
amount is edded to the number of the used harmonic
to obtain the final result in megacycles.

A numerical example may be easier to follow. Sup-
pose the reading of the heterodyne frequency meter at
zero beat with £ is 162.3 Mc. The interpolator control
is advanced, say, 249.0 divisions to obtain zero beat
against the frequency meter. The used harmonic is
162 (the next integral value below the reading of 162.3);
entering the table for the range 162—163 Mc, it is found
that the interpolator dial must be advanced by 617.3
divisions to cover the 162-163-Mc range. Since the dial
was actually advanced 249.0 divisions, the fraction
249,0/617.3 of a megacycle was actually covered,
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Fig. 3—A particular application of the interpolating frequency
standard. Harmonic extension is used to expand the effective
range.

 The equipment referred to comprises the General Radio Com-

any Type 720 heterodyne frequency meter; Type 1110 interpolating

requency standard; and Type 1110-P1 multivibrator unit, containing
1-Mc and 0.1-Mc multivibrators.
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amounting to 0.404 Mc. The final result is then 162
+0.404 Mc=162.404 Mec,

For purposes of illustration, the harmonic generator
indicated in Fig. 3 is shown simply as giving multiples
of the frequency of the interpolating frequency stand-
ard. Actually, one or more additional harmonic genera-
tors can be used; for example, a unit generating multi-
ples of 0.1 Me. Again, use is made of the multiples from
100 to 200, covering the range from 10 to 20 Mc in
0.1-Mc steps. A frequency meter covering 10 to 20 Mc
and graduated in 0.1-Mc intervals would then be used
exactly in the manner outlined above.

Since harmonic extension of the measurement range
is readily accomplished by use of the frequancy meters,
the lower-frequency arrangement just described is use-
ful to cover the range from 10 to 100 Mc, using no
higher than the fifth harmonie of the frequency meter.
Similarly, the higher-frequency arrangement first de-
scribed is useful to cover the range from 100 to 1000
Me, again using no higher than the ffth harmonic of
the frequency meter. Both units then cover from 10
to 1000 Mec.
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Fig. 4—An application of the interpolating frequency standard to
measurement of {requency over a wide range without the use of
harmonic extension (solid portion). The interpolating frequency
standard can be used to advantage as a very stable heterodyne
frequency meter in a conventional measuring system (dashed
portion).

If it is desired to cover wider frequency ranges than

. 2:1 without the use of harmonic extension, a number of

harmonic generators in cascade can be used, each with
a suitable frequency meter or receiver (or a single multi-
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range instrument), The individual harmonic generators
cover approximately 2:1 in frequency, and successive
generators can be arranged on a 1, 2, 5, 10 basis as indi-
cated in Fig. 4.

This arrangement covers an over-all range of 10 to 1
using three harmonic generators, and 20 to 1 using four.
The use of multiples from 100 to 200, in the case of the
20- to 40-Mc unit, leaves a gap between the coverage
of this unit and that of the next higher, 50 to 100 Mec.
There is nothing to prevent the use of multiples higher
than the 200th as required to extend the coverage from
40 to 50 Mec. If, however, the use of lower multiples is
attempted, so as to obtain complete coverage from 40
to 100 Mc, it would be necessary to redesign the inter-
polating frequency standard for complete coverage over
the range from 80 to 81 Mc (instead of 100 to 101 Mc,
as described).

Extension to higher {requencies is possible by the
arrangement shown in Fig. 5. Here the multivibrator
type of multiplier is replaced by distorting amplifiers.
The output frequency of the interpolating frequency
standard is multiplied by 5, amplified, and then put
through several multiplier stages, Qutputs of all multi-
plier stages are fed to a crystal rectifier, the output of
which provides multiples of 5 Me in the range from 500
to 1000 Mec. Used with a heterodyne [requency meter
of 500 to 1000 Mc,* the ovperation is exactly as describerl
above.
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Fig. 5—A method of extending the range of measurement of
a particular interpolating frequency standard.

It is evident that the accuracy of measurement de-
pends on three principal factors: (1) The accuracy with
which the adjustable frequency can be matched to the
frequency under measurement; (2) the accuracy with
which the increment in frequency can be determined

4 General Radio Company Type 1110-P2 harmonic multiplier and
Type 1021-A heterodyne frequency meter; both under development.
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from the interpolation dial readings; and (3) the ac-
curacy of the crystal-controlled oscillator.

In general, if the stability of the frequency under
measurement is good, the matching can be carried out
with an accuracy which does not limit the over-all ac-
curacy of measurement. The accuracy of determining
the frequency increment is limited by the linearity of
scale of the interpolation oscillator and by drift, if
means are not provided for correction. This limitation
is of the order of +30 parts per million, However, if a
detector and audio-frequency amplifier are provided, it
is possible to check and to correct, if necessary, the
calibration of the interpolation oscillator in terms of the
crystal-controlled oscillator. Such checks can be ob-
tained at a large number of points over the scale of the
interpolation oscillator. Properly correcting the inter-
polator oscillator by this means reduces the interpolator
scale error to the order of +2.5 parts per million, in
terms of the crysial-controlled oscillaior. In the final analy-
sis, the over-all accuracy is limited by the accuracy of
the crystal-controlled oscillator, which, with the simple
arrangement used here, is about =+ 3§ parts per million.
By checking the erystal oscillator against standard-fre-
quency transmissions, or an accurate frequency stand-
ard, from time to time, and correcting, il necessary, this
error can be held within smaller limits. As a final figure,
it is estimated that the over-all accuracy which can be
readily realized is of the order of 10 parts per million
(0.001 per cent).

Where the accuracy of the frequency meters con-
sidered here is of the order of 0.1 or 0.2 per cent, and
interpolation is by estimation of fractions of a per cent,
the use of the interpolating standard improves the
accuracy of measurement by 100 to 1000 times.

If a frequency standard and frequency-measuring
equipment are available, the interpolating frequency
standard can be treated as a highly stable heterodyne
frequency meter with a greatly expanded scale. By
measurement of the output frequency of the interpolat-
ing standard (1000 to 1010 kc), all errors are overcome
except that of matching the used harmonic of the inter-
polating standard to the frequency under measurement.
It is then necessary, of course, to multiply tha measured
frequency, or the measured frequency increment, by
the number of the used harmonic to obtain the final
result.

By use of a 10-kc harmonic generator, a direct-reading
system can be set up as indicated by the dashed section
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of Fig. 4, Harmonics of the 10-kc harmonic generator
between 100 and 200 are used with the frequency stand-
ard and frequency-measuring equipment. These har-
monics cover 1000 to 2000 ke, and each is readily meas-
ured against the 10-kc harmonic series of the frequency
standard. If the measurement is made at the harmonic
having the same number as that used to match the fre-
quency under measurement, then the unknown fre-
quency has been divided effectively by an integral
simple number, For example, in Fig. 4, if the 10- to 20-
Me output is used, the frequency under measurement is
divided by 10; for the 20- to 50-Mc range, it is divided
by 20; for the 50- to 100-Mc range, it is divided by 50;
and for the 100~ to 200-Mc range, it is divided by 100,

If, then, the frequency difference between the used
harmonic and the corresponding harmonic of the fre-
quency standard, in cps, is multiplied by 10, 20, 50, or
100, the result is the frequency increment bo be added
to the frequency of the wused outpui harmonic to obtain the
value of the unknown frequency. In practice, the inter-
polation oscillator of the frequency-measuring system
could be fitted with X1, X2 and X5 scales, in which
case no multiplication is necessary except to move the
decimal point.

The interpolating standard described here is a direct
and simple design, predicated on reasonable size and
cost. It is evident that greater accuracy is feasihle
through the use of improved crystal-controlled and in-
terpolation oscillators. However, the best accuracy
which can be realized with given equipment used as an
interpolating standard will be much below that which
can be realized when the equipment is utilized as an
element of a conventional frequency-measuring system.
For such applications, the function of the crystal-
controlled oscillator can be served by selected har-
monics of the frequency standard itself, for best possible
accuracy, and the function of the interpolation oscilla-
tor can be served by a combination of selected harmonics
of the standard with a stable variable-frequency os-
cillator.

The ease and rapidity with which a frequency can be
matched at any point in the range; the simplicity of
zero-beat settings compared with wide-range interpola-
tion; the effectiveness of the used-harmonic output
frequency as a substitute source; and the fact that an
output voltage can be generated at any desired fre-
quency in the range, are all factors pointing to the util-
ity of the mechod.
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