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This service comprises the "broadcasting of standard frequencies and
standard time intervals from the Bureau 5 s radio station WWV near Washing-
ton, D»C» It is continuous at all times day and night, from 10-kilowatt
radio transmitters except on 2500 kilocycles per second where 1 kilowatt
is used* The services include? (l) standard radio frequencies, (2) stand-
ard time intervals accurately synchronized with basic time signals?

(3) standard audio frequencies, (4) standard musical pitch, 440 cycles
per second, corresponding to A above middle C®

The standard frequency broadcast service makes widely available the

national standard of frequency, which is of value in scientific and other
measurements requiring an accurate frequency,, Any desired frequency may
be measured in terms of any one of the standard frequencies, either audio
or radios This may be done by the aid of harmonics and beats, with one or

more auxiliary oscillators,.,

At least three radio carrier frequencies are on the air at all times,,,

to insure reliable coverage of the United States and other parts of the

world,a The radio frequencies are?

2*5 megacycles (~ 2500 kilocycles = 2,500,000 cycles) per second..

broadcast from 7"00 P»M, to 9?00 A,Mm EWT (2300 to 1300 GMT).

5 megacycles (~ 5000 kilocycles - 5^000,000 cycles) per second,
broadcast continuously day and night,

10 megacycles (- 10,000 kilocycles -• 10 ,,000,000 cycles) per second,

broadcast continuously day and night,

15 megacycles (- 15,000 kilocycles - 15 «000»000 cycles) per second,

broadcast from 7“00 A„M® to 7?00 P,M,
,
EWT (1100 to 2300 GMT).

Two standard audio frequencies, cycles per second and 4000 cycles

per second, are broadcast on the radio carrier frequencies,. Both are broad-

cast continuously on 10 and 15 megacycles® Both are or. the 5 megacycles
in the daytime, but only the 440 is on the 5 megacycles from 7' 00 P,M®

to 7 ;; 00 A„M 0 „ EWT* Only the 440 is on the 2®5 megacycles®

The 440 cycles per second is the standard musical pitch 5 A above

middle C; the 4000 cycles per second is a useful standard audio fre-

quency for laboratory measurements-,

In addition there is on all carrier frequencies a pulse of 0 ••005-

second duration which occurs at intervals of precisely one second® The

pulse consists of five cycles, each of 0 «.001-second duration, and is

heard as a faint tick when listening to the broadcast; it provides a

( over)



useful standard of time interval » for purposes of physical measurements

,

and may he used as an accurate time signals On 'the 59^4 second of every
minute the pulse is omitted,

The audio frequencies are interrupted precisely on the hour and
each five minutes thereafter; after an. interval of precisely one minute
they are resumed. This one-minute interval is provided in order to give
the station announcement' and to afford an interval for the checking of
radi <••—frequency measurements free from the- presence of the audio freqtaen-

eiea» The announcement is the station call letters (WWV) in telegraphic
code (dots and dashes) , except at the hour and half hour when a detailed
announcement is given by voice.

The accuracy of all the frequencies, radio and audio, as transmitted
is better than a part in 10 ,000 ,000 o Transmission effects in the medium
(Doppler effect, etc*) may result at times in slight fluctuations in the

audio frequencies as received; the average frequency received is however
as accurate as that transmitted® The time interval marked by the pulse
every second is accurate to 0*000 01 second® The 1-minute, 4-minu.te,

and 5-mi irate intervals, synchronized with the seconds pulses and marked
by the* beginning or ending of the periods when the audio frequencies are
of

f

9 are accurate to a part in 10*000*000®
A

The beginnings of the periods when the audio frequencies are off are

so synchronized with the basic time service of the U,S* Naval Observatory
that they mark accurately the hour and the successive 5-minute periods,.

Of the radio frequencies on the air at a given time, the lowest pro-
vides service to short distances, and the highest to great distances.
Reliable reception is in general possible at all times throughout the

United States and the North Atlantic Ocean* and fair reception throughout
the world.

Information on how to receive and utilise the service is given in

the Bureau* » Letter Circular, “Methods of using standard frequencies
broadcast by radio” , obtainable on. request® The Bureau welcomes re-

ports of difficulties* methods of use, or special applications of the

service® Correspondence should be addressed National Bureau of Standards
Wash1ng ton, D , C

„
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METHODS OF USING STANDARD FREQUENCIES

BROADCAST BY .RADIO.

The National Bureau of Standards "broadcasts standard frequencies and
related services from its radio station NWV at Beltsville, Md. , near Wash-
ington, D.C. An improved and extended "broadcast was announced August 1

19^3 » which makes widely available at all times the following services;
(l) standard radio frequencies, (2) standard time intervals accurately
synchronized with basic time signals, ( 3 ) standard audio frequencies,
(4) standard musical pitch, U4o cycles per second, corresponding to A
above middle C. The broadcast is continuoxis day and night on two or more
of the carrier frequencies, 2.5, 5» 10, and 15 megacycles per second; the

frequencies currently in use are stated in the announcement "Standard fre-
quency broadcast service of National Bureau of Standards," obtainable on

request. Address request to National Bureau of Standards, Washington 25,
D.C.

As stated in the announcement , the accuracy of all the frequencies,
radio and audio, as transmitted, is better than a part in 10,000,000.
Transmission effects in the medium (Doppler effect, etc.) may result in

slight fluctuations in the audio frequencies as received at a particular
place; the average frequency received is, however, as accurate as that
transmitted. The time interval marked by the pulse every second is ac-
curate to 0.000 01 second. The modulation frequencies 440 and 4000
cycles per second are not broadcast during the first minute of each
five minutes starting on the hour and each five minutes thereafter.
This marks, time intervals of 1 minute, 4 minutes, 5 minutes, and
longer which are accurate to a part in 10,000,000 and whose beginnings
and ends are synchronized with the seconds pulses. The beginning of the

periods when the audio frequencies are off are so synchronized with the

basic time service of the U.S. Naval Observatory that they mark accurately
the hour and the successive 5-minute periods.

The broadcast on 5» 10, sM 15 megacycles per second is from 10-

kilowatt transmitters having power outputs, when modulated, of 9*4 kw for

5 Mc/s. 9«1 kw for 10 Mc/s, and 8.9 kw for 15 Mc/s. The power output on

2*5 Mc/s is 1.0 kw. Peak amplitude modtilation is 100 percent. Two or more

carrier frequencies arc on the air at all times, and reasonably good 24-hour
service is provided over much of the world.



2LC-751 , 5/16/44

In making use of the broadcast, one should select the carrier frequency
that gives best reception at a particular time in a given locality. This can
be done by tuning to the different frequencies and selecting the most suit-
able, or by making a study of conditions which affect the propagation of

radio-frequency waves. The latter is a fairly involved procedure because
of the large number of variables. Also, a separate calculation must be
made for each transmission path, this being applicable only for a par-
ticular time of day, season, and year, and certain phenomena, as yet
unpredictable, are involved. Fortunately, these Variations are not
rapid and it is possible to give an approximate guide to choosing the
carrier frequency for best reception. The following tabular data are for

radio receivers located in the northern hemisphere between latitudes of

approximately 20 end 5® degrees and local times of noon and midnight at
Washington, Reception conditions at other times of day may be estimated
by assuming a gradual change from one condition to the other. The ground
wave from the transmitter may be received on each of the frequencies out
to distances of about 5^ miles. Beyond this distance is usually a skipped
area, and beyond this the area in which good reception is normally possible.
There are times of poor reception due to ionospheric storminese or transient
effects which disturb the upper-air regions through which high-frequency
radio waves travel.

Table 1

Approximate Distance Ranges, Summer 1943 and 1944

Local
Time

Frequency,
kc/s

Tone Reception,
miles

Carrier Frequency
Reception, miles

Midnight 2,500 0 to 700 0 to 1900
Midnight 5,000 300 to 1800 300 to 3000
Midnight 10,000 1200 to 10,000 1200 to 12,000

Noon 5,000 0 to 350 0 to 525
Noon 10,000 500 to 1100 500 to 1800
Noon 15.000 1800 to 3000 1800 to 5500

Table 2

Approximate Distance Ranges, Winter 1943-44

Midnight 2,500 0 to 2000 0 to 5000
Midnight 5,000 900 to 8000 900 to 8500
Midnight 10,000 1700 to 9500 1700 to 11,000

Noon 5,000 0 to 900 0 to 1400
Noon 10,000 600 to 2600 600 to 3700
Noon If ,000 1100 to 4300 1100 to 8000
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Reception of the different frequencies can be improved by using
v selective and directive receiving antennas located some distance from
local noise sources, and connected to the radio receiver wit- a low-
impedance low-loss transmission line. There is e possibility of improv-
ing reception by using mere than one radio receiver operating on dif-
ferent frequencies or the same frequency and different antennas end
having combined outputs.

Part 1A (page 4 hereof) gives methods of using the standard radio
frequencies for the adjustment or measurement of standard oscillators
in simple cases where the frequencies have such numerical values as to

be readily checked directly. Caution is necessary when mailing radio-
frequency neasxirements to avoid confusion between the carrier frequency
and the side frequencies, due to modulation.

Part IB (page 5 hereof) gives details for the checking of very low-

frequency and low-frequency oscillators (10 to 300 kc/s) of any value,
and medium-frequency oscillators (300 to 3,000 kc/s) which are multiples
of 10 kc. Two examples of meastirement are given.

Part 1C (page 7 hereof) gives details for the checking of medium-
frequency, high-frequency, and very high-frequency oscillators of any
value (300 kc/s to 300 Mc/s). An example of measurement is given.

Part ID (page 8 hereof) gives details for the checking of very
high, and ultra-high-frequency oscillators of any value (30 Mc/s to

3,000 Mc/s), An example of measurement is given.

Part 2 (page ll) describes the use of the standard time intervals
or seconds pulses. The seconds pulses are of value in physical measure-
ments, in geodetic, seismological, and similar work, and in rapid check-
ing of pendulums and chronometer rates, and wherever short time intervals
of great accuracy are needed. They are accurately synchronized with
basic time signals of the IT.

S

. Naval Observatory and they mark accurately
the hour and the successive 5-minute periods.

Part 3 (page 13) describes methods of using the 4000 cycles and the

440 cycles as standard audio frequencies. This part gives methods of

checking a local frequency, controlling a source of audio or other fre-
quency, and producing 0 standard of time rate.

Part 4 (page 15>) gives information on the continuous broadcast of

the standard musical pitch, 44o cycles per second, for musicians, musical
instrument manufacturers, and others interested in standard pitch.

Part 5 (page 19) includes two schematic diagrams which show in block
form the equipment used at '/WV,

.Part 6 (page 19) is a bibliography, in which references are given to

articles describing other methods of freqtiency measurement, and devices
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for use in frequency measurements. The references describe methods which
range from those using very simple apparatus and giving results only
moderately accurate, to these using complicated apparatus and giving
results accurate to better than a part in ten million.

Part 1A -» Checking Standard Oscillators - Submultiple Frequencies.

Standard oscillators are usually made to operate at frequencies which
are integral multiples or submultiples of 100 kef s, for example, 10, 50 ,

POO, 500 lcc/s, etc. Such frequencies are submultiples of the radio fre-
quencies broadcast by WWV a The frequency of oscillators of this type
is generally fixed by the dimensions of some stable material such as
quartz, a metal alloy, or rigidly constructed coils and condensers that
can only be adjusted over a very narrow range of frequency. This con-
siderably simplifies the measurement or adjustment of standard oscil-
lators in terms of the standard frequency broadcast. This is because
a harmonic of the oscillator practically always produces in the radio
receiver output a beat frequency which is lower than the high limit of

audibility, (Exceptional cases are more complicated and are treated be-
low). The equipment involved in a frequency comparison, in addition to

the standard oscillator, consists of one, two or three separate devices
depending on the magnitude of the harmonic output of the oscillator and
whether its frequency is to be measured or only adjusted to the correct
value »

An amplitude-modulation radio receiver is one necessary requirement.
Almost any receiver capable of picking up one of the standard frequencies
broadcast is suitable; however, one of the many good communication-type
receivers is better. Receiver features that provide convenience are
direct-reading frequency dial, positive-vernier tuning drive, band-
spread tuning at any point in the frequency range, and carrier-strength
or signal-strength meter. *

If harmonic output of the standard ‘oscillator is low, equipment
should be supplied for intensifying the harmonics, (One type of har-
monic generator is shown as the circuit arrangement associated with
one tube in Fig, l)

,

Coupling between the r-f input of the receiver and the output of the

local oscillator or its associated harmonic generator should be adjusted
in addition to the receiving set controls until suitable audibility of

the difference frequency is obtained. The standard oscillator is then
high or low by the difference frequency.

To measure this beat frequency or difference frequency, a stop-
watch, a beat counter, an audio-frequency meter, frequency bridgo, cali-
brated oscillator or other device may be used. The difference frequency
in cycles per second divided by the WWV carrier frequency in megacycles
per second gives the deviation expressed as parts in a million.
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To determine whether the standard oscillator is high or low one may
change its frequency in a known direction and observe whether the dif-
ference frequency increases or decreases. If on adjustment of the stand-
ard oscillator frequency is undesirable, additional equipment is required
and may consist of one of the following:

•/'

(l) A radio receiver with sufficient, selectivity to separate the stan-d-

ard and unknown frequency. This usually requires a crystal filter.

(?) A manually operated phase shifter connected in the output of the

standard oscillator. Advancing or retarding the hase is equivalent to

increasing or decreasing the frequency. The change occurs only during
the ohase-shif ting operation.

(3) A cathode-ray oscilloscope for observing a lower frequency, de-
rived from the oscillator (for example, 1000 or UOOO cycles per second)
with respect to the 1 T.Ar modulation frequency. (See Section 3 hereof on

audio-frequency measurements) .

i

(4) An auxiliary oscillator which can be adjusted first to zero beat
with tr.TV and then to the oscillator frequency. The direction of the lat-
ter adjustment then determines whether the standard oscillator is high
or low.

(5) A beat frequency oscillator (supplied as standard equipment on com-
munication-type radio receivers) can be adjusted to sere beat with W7 and
then the direction of frequency adjustment noted which gives zero beat and
the oscillator under measurement is received alone. This method requires
care and a knowledge of whether the local heterodyne oscillator of the

radio receiver is high or low.

Part IB - Incommensurate Subinnl tiple Frequencies. - Low-frequency oscillator
of any value - hicdiuD.-frequency oscillators which are multiples of 10 kc/s.

A few standard oscillators are designed for frequencies that bear no

integral subrnultip>le ratio to all the standard frequencies broadcast fromW
,
for example, 50 kc/s, 10? kc/s, and 150 kc/s. To measure or s.djust

these oscillators the main components of apparatus already described are

required. An auxiliary oscillator is a necessary component. It should be
designed to have good frequency stability over a short period of time.
A fundamental frequency of 100 kc/s is preferred for the auxiliary oscil-
lator and its output should be followed with a harmonic generator. This
method is also applicable to a stable oscillator of any radio frequency
below about 300 kc/s and any frequency up to about }C'00 kc/s which is a

multiple of 10 kc/s.

Measurements are made by first setting the auxiliary oscillator to

exactly 100 kc/s in terms of the standard-frequency broadcast. The ra is

receiver or an additional radio receiver is then timed to a frequency
which is a harmonic of the auxiliary oscillator and at the same, time a

harmonic of the oscillator to be measured, then

100a = bf
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where f is the frequency to "be measured and a and b are integers, 2, 3, 4,
etc*, which designate the harmonic of the auxiliary oscillator and the un-
known respectively® Y&Xues as high as 1000 have been used* The expre©-
sion can not be satisfied exactly for all frequencies below a .practical
value of about 300 kc/s* However, this is not required* When audio-fre-
quency measuring equipment is available it is only necessary to select a
harmonic of the 100-kC auxiliary oscillator that is within audio range of

a harmonic of the oscillator frequency to be measured,. The difference
frequency is then determined and taken into account in a measurement or
adjustment (see example on this page)®

Example of measurements" Consider © piego oscillator of 108 kc/s
which it is

_
desired to measure to © high degree of accuracy® The minimum

amount of measuring equipment congists of a stable auxiliary oscillator,
a frequency-calibrated radio receiver, and beat-frequency measuring ap-
paratus® The auxiliary oscillator is adjusted to 100 kc/s in term® of
WY* Then from the foregoing expression,

100a = 108b

which for minimum beat frequency in this case is satisfied for the 27th
harmonic of the 100-kc auxiliary oscillator and the 25th harmonic of the

108-kc piezo oscillator® These harmonics have the same nominal frequency,
2700 kc/s. The radio receiver or a second radio receiver is then tuned
to 2700 kc/s and the difference frequency or beat frequency measured* A
high or low determination is made as outlined under part 1A of this pam-
phlet. Beat-frequency measuring equipment is not necessary when the only
requirement is to adjust the piezo oscillator to correct frequency* Higher
harmonics can be used which will increase the beat frequency, and in gome
cases the accuracy of measurement® In the foregoing example the tuning
of the second radio receiver could be 5400 kc/s, 10,800 kc/s, 16,200 kc/s,
or even higher frequencies. The difference frequency in cycles divided by
the frequency in megacycles to which the radio receiver is tuned gives the
deviation expressed as parts in a million.

Example of Measurement when the expression 100a - bf can not be exactly
satisfied at harmonic frequencies which are low enough for practical use®
Consider a piezo oscillator of 301*5 kc/s; the harmonic of this frequency
which is also a harmonic of 100 kc/s is too high for reception ©n ordinary
radio receivers. However, one may select a lower harmonic which is almost

a multiple of 100 kc/s as shown in the following table*

Harmonics
No.

of 301,5 kc/s
Frequency

Radio receiver
tuned to

Beat note

kc/s cycles

65 19,597*5 19,600 2500
66 19,899 19,900 1000
67 20,200.5 20,200 500
68 20,502 20,500 2000

69 20,803*5 20,800 3500

1
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The frequency of the piezo oscillator , is then determined "by measuring
the heat note which exists between it and a harmonic of the 100 kc/s, add-
ing or subtracting this as the case may be„ to the latter harmonic fre-
quency, and dividing the results by the harmonic number a The C and D
scales of a slide rule are useful in determining which harmonic* ’ a
given frequency are multiples of 100 ke/s*

Part 1C - Medium-Frequency, High-Frequency, and Very’ High-Frequency
Oscillators of Any Value.

The method of measurement is the same as that already described, i.e.
the beat note between the unknown frequency and a known frequency derived
from a previously standardized local auxiliary oscillator is measured*
A high or low determination is made and the beat frequency added to or
subtracted from the known derived frequency® Measurements are made at
the fundamental of the unknown oscillator frequency* A requirement is

that the beat frequency never exceed 5000 cycles per second because
higher beat frequencies are not as audible and do not pass through the

intermediate- and audio-frequency amplifiers of the ordinary radio re-
ceiver, Additional equipment is necessary to supply known frequencies,
multiples of 10 kc/s separated by 10 kc/s, of sufficient amplitude to be

received tliroughout the desired frequency range, up to 300,000 kc/s and

higher* This same equipment, controlled from a single auxiliary oscil-
lator, must supply other frequencies, as required, multiples of 20 Ic/s,
separated by 20 kc/s, multiples of 100 kc/s separated by 100 kc/s, and
multiples of 1000 kc/s separated by 1000 kc/s*' The 20-kc and 10-kc mul-
tiples are not required at the same time; the others are. Furthermore,
all derived frequencies should have approximately the same amplitude*
A circuit arrangement suitable for supplying various derived frequencies
(harmonics) is shown in Fig, 1, An arrangement of equipment for a fre-

quency measurement is shown in Fig. 2; this also shows the auxiliary
oscillator requirements which may be a 1000-kc oscillator and frequency
dividers for supplying the lower frequencies 100 kc/s, 20 kc/s, and 10

kc/s, or a frequency multiplier may be used for supplying 1000 kc/s from
a 100 kc/s oscillator. Since 10 kc/s and 20 kc/s are not needed at the

same time this could be one frequency divider with an appropriate svritch

for changing its dividing ratio* Available frequencies from the harmonic-
generator modulator may be represented as,

1000 Kx t 100 t Ej

where and K„ are harmonic numbers or integers, extending up to

300 or more ana Kg up to 5» K- is either 10 ke/s and its harmonics or

20 kc/s and its harmonics.

With equipment as shown in Fig. 2 a measurement is made by first
adjusting the auxiliary oscillator to exact frequency in terms of WWV,

Then the radio receiver on which WIT was received, or preferably a second

radio receiver is adjusted to receive the unknown and. known frequencies
at the same time. The harmonic-gei erator modulator equipment is supplied
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with the frequencies 1000 kc/s, 100 ko/s, and 20 or 10 kc/s in the order
given until a beat note is obtained and measured. The radio receiver is
then calibrated to determine which of the known frequencies was being re-
ceived to give the beat frequency. A high or low determination is made
as previously described, part 1A, and the measurement completed. Cali-
bration points on the radio receiver can be located by observing its
signal strength meter or by operating its beat-frequency oscillator,
the latter giving aural indications at each of the known frequency
points, as the receiver is tuned.

On certain radio receivers of poor stability and crowded frequency
scale, the determination of its calibration to the nearest 10C0 kc/s may
be difficult; in such cases the auxiliary equipment could be further im-
proved by addition of ’mown output frequencies of 5000 kc/s or even
10,000 kc/s.

Example of measurement.- Consider a stable unknown frequency of approxi-
mately 37 .275*2 kc/s which it is desired to measure in terms of the stand-
ard frequency broadcast. Fig. 2 is a schematic arrangement of equipment
considered. Five operations may be listed as necessary and distinct}

(1) Adjustment of auxiliary oscillator to 1000 kc/s in terms of WWV
using radio receiver llo.l.

(2) Adjustment of radio receiver Ho. 2 for reception with approxi-
mately the same amplitude of the harmonic-generator modulator output
and the unknown frequency.

(3) Calibration of the radio receiver Ho. 2 for frequencies of 37,000
kc/s, 33.100 kc/o, 33,200 kc/s, 33.300 kc/s, and 33,2gO kc/s.

(4) Measurement of the difference frequency or beat frequency when
the Ho. 2 receiver is tuned to 33.280 kc/s.

( 5 ) determination of whether the beat frequency is to be added to or

subtracted from 33.280 kc/s.

Careful manipulation of the equipment is necessary in carrying out

operations 3 and 5 and it is usually best to recheck the results. In

this ease the frequency of the auxiliary oscillator could be decreased
a small amount and the beat frequency noted to decrease, thus indicating
that the beat frequency 4gOO cycles is to be subtracted from 33.280
kc/s to give the result 33»275»2 kc/s. However, high or low determina-
tions could be made by other methods outlined in part 1A of this pamphlet.

Part ID - Very High-Frequency and Ultra-High-Frequency Osci llators,
Alternate Method,

Oscillators in this region, up to 3^00 megacycles, can be measured
by the method previously described; however, it is required that they
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F!G. I, Harmonic Generator Modulator, simplified schematic.

FIG, 2. Diagram shoeing necessary equip

men! and its arrangement for very high

frequency measurements.

FIG. 3. Diagram showing necessary equip-

ment and its arrangement for ultra high

frequency measurements
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have unusual frequency stability and that a very selective radio re-
ceiver having ample band spread be used. The method here described
is a modification of that shown in Fig. 2 and with it (see Fig. 3)
frequency measurements can be made more quickly and conveniently.

Equipment required is:

(1) Two local auxiliary oscillators; a desirable arrangement is to
have the frequency of one equal to twice that of the other. These
may be separate oscillators since they are not used at the same time
or a single oscillator may be used and the second frequency obtained
by frequency division or multiplication.

(2) A calibrated oscillator adjustable over a range of frequency
equal to half that of the lowest auxiliary oscillator frequency and
starting at the low audio frequencies.

(3) A harmonic-generator modulator similar to that shown in Fig. 1

except having one less tube.

(4) A calibrated radio receiver capable of receiving the frequency
to be measured.

Output from the local auxiliary oscillator and from the calibrated
adjustable oscillator is supplied to the harmonio-generator modulator
making available at its output frequencies which may be represented as

where F^ i* the auxiliary oscillator frequency and Fg is the adjustable
oscillator frequency, K represents harmonic numbers of integers. The

value of I is determined from the calibration of radio receiver Ho. 2,
Fig. 3, and adjustment of can be made so that radio receiver No. 2

will respond to any frequency to which it is tuned. There is one dis-
advantage of the method, vis, when Fg is adjusted so that its frequency
is very near the value l/2T\ two closely spaced frequencies appear in

the harmonio-generator modulator; to eliminate this it is necessary to

use a second auxiliary oscillator frequency; one having a value equal
to 2Fj is suitable. An arrangement of this kind may be considered as
first supplying all harmonics of a given auxiliary oscillator frequency,
and second supplying only the even harmonics of the same frequency.

In making a frequency measurement five operations are necessary:

(1) Adjustment of auxiliary oscillator to exact frequency in terms of
WWV using radio receiver No. 1.

(2) Adjustment of radio receiver No. 2 for reception with approxi-
mately the same amplitude the harmonic-generator modulator and the un-
known frequency.
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(3) Calibration of radio receiver Mo* 2, i«e es, determination of K
for the foregoing expression®

(4) Adjustment of the calibrated oscillator until zero beat is had
in radio receiver Mo® 2 e

(5) "Determination of whether the frequency arrived at for Fg under
operation (4) is to be added to or subtracted from to give the
correct results, • }

\

At the very high frequencies and above, the usual radio receiver
is not sufficiently selective to tell whether Fg is added or subtracted®
This may be determined by one of the following methods after operation
(4) has been completed*

(a) Increase the unknown frequency until an audible beat note is ob-
tained; if an increase in Fg is required to restore zero-beat a then add
Fg® If 'a decrease in Fg is required then subtract Fgs

(b) Decrease Fg until an audible beat-nofe is obtained; if ’increasing
the auxiliary oscillator frequency (F^) restores zero-beat Fg should be
added, while if a decrease in the auxiliary oscillator frequency is re-
quired Fg should be subtracted.

(c) The reverse of method (b)„

( d) Decrease F£ until radio receiver Mo® 2 just ceases to respond to

the harmonic-generator modulator output; retuning this receiver will
restore the response® If retuning is to a lower frequency then add Fg;

if re tuning is to a higher frequency then subtract Fg*

(e) The reverse of method (d)„

As previously pointed out, when Fg is very nearly equal to l/2F^_

the value of F^ should be increased by 2, i®e e ,
the second auxiliary

oscillator frequency should be used®

In all the foregoing description, when an audible beat frequency
is heard in radio receiver Mo® 2 without use of the calibrated oscillator,
supplying frequency F

? , the unknown frequency is very nearly a multiple
of auxiliary oscillator frequency F,® Its measurement is then done by
methods already described wider part 3®

*

Mranplo of Measurement® Consider an unknown frequency of 502,450 kc/e
and frequency measuring equipment consisting of; (a) two auxiliary
oscillators 5000 kc/s and 10,000 kc/s, (b) an adjustable calibrated
oscillator extending from the low audio frequencies to 2500 kc/s,

(c) a harmonic-generator modulator, (d) a radio receiver (Mo a l) for

\m t (e) a calibrated radio receiver (Mo e 2) for the unknown frequency®
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The five operations ares

(1) Adjustment of the local oscillators to 5000 and 10000 icc/s in "terms
of- WW, using radio receiver Wo M X*

(2) Adjustment of radio receiver !To« 2 for reception of the harmonic-
generator modulator output and the unknown frequency with approximately
the same amplitude,

O') Calibration of radio receiver Ho. 2 at frequencies of 500,000 kc/s
and 505»000 kc/s„

(4) Adjust the calibrated oscillator until zero beat is had in receiver
Ho® 2; that is, adjust the calibrated oscillator until the harmonic-
generator modulator has an output frequency equal to the Unknown frequency®
A value of 2450 kc/s would be obtained.

( 5 ) Determination of whether the calibrated oscillator frequency ar-
rived at (2450 kc/s) to give the foregoing condition is to be added to or

subtracted from 500,000 kc/e. This may be done by lowering the calibrated
oscillator frequency until receiver TTo* 2 does not respond to the har-
monic-generator modulator output? however* retuning this receiver to a
lower frequency will restore the response, indicating that the value 2450
is added to give the result 5^2,450 kc/s. Other methods previously
described may be used if frequency stability of the unknown is goods

I

The foregoing description of frequency measurement was primarily
intended for measuring the frequency of a local oscillator* The same

principles and methods majr be used to measure the frequency ox" a distant
radio station® In doing so a superheterodyne type of radio receiver is

nearly always used for reception and one must be careful* when the field
intensity of the station is high and the radio receiver is of poor quality,
to 'be sure that it is not tuned to an image point, i»@ 6 , a frequency which
is different Dy twice the intermediate frequency of the radio receiver.
This can 'be determined by tuning the radio receiver® If the beat note
does not change the receiver is correctly tuned. One must also be sure
that the difference ' frequency obtained is that between the local oscil-
lator and the radio frequency received; interfering radio stations may
give beat frequencies that are misleading.

Part 2 - Standard Time Intervals .

As stated in the announcement, the^ time interval marked b:/- a pulse
every second as transmitted is accxirate to 0,000 01 second* The 1-

minute, 4-minute, and 5~^inute intervals, synchronized with the seconds
pulses and marked by the beginning and ending of the periods when the

audio frequencies are off, are accurate to a part in 10,000,000. The
beginnings of the periods when the audio frequencies are off are so

synchronized with the basic time service of the U.S, TTaval Observatory
that they mark accurately the hour and the successive 5“®inute periods,
thus making the broadcast useful as a source of time signals*
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Under ideal receiving and measuring conditions on© could, with
specialized equipment, measure a single one-minute time interval to
one part in 10,000,000, However, this requires a time determination
to better than Q 9000 01 second, which is ordinarily difficult to obtain®
Longer time intervals can more easily be measured to one part in

10,000,000; for example an interval of 24 hours, measured to this ac-
curacy requires a time determination to 0®0i second® For high accuracy
the radio receiver should hav© a constant supply voltage and be correctly
tuned® A carrier intensity meter or tuning indicator Is desirable for
detecting fading© Automatic volume control is helpful o An oscilloscope
with a suitable viewing screen is useful in determining whether consecu-
tive pulses have the same wave form and whether high accuracy is possible®
Carrier outputs of the radio transmitter are completely modulated by the
seconds-pulses which consist of 5 cycles of a 1000 cycle per second fre-
quency® A band-pass filter may be used in the radio receiver output to
reduce noise and separate the pulses from 4^0 and 4qOO cycles® Use of the
filter is permissible for most practical purposes; however, it may cause
a slow rise in the puls© voltage and reduce the accuracy of measurements
in certain applications®

With appropriate chronographs or oscillographic recording equip-
ment the seconds pulses can be used to measure short or long time inter-
vals® With such equipment, or by visual or aural means, the seconds
pulses can be used to calibrate most time-measuring devices.

The seconds pulses are also useful as a basis of measuring fre-
quencies® One method of using them to measure a constant low frequency,
that is known to be in error by less than l/2 cycle per second, is to

observe on a cathode-ray oscilloscope the received seconds pulses when
using the unknown frequency for the sweep frequency* The frequency of

drift of the seconds pulses across the screen is the error in cycles per
second, and whether the unknown is high or low Is determined by the direc-
tion of drift® As an example, consider a constant unknown frequency of

60.3 cycles controlling a horizontal sweep which moves from left to right
across the oscilloscope screen* Successive seconds pulses do not appear
at the same point in this case but drift to the right and appear again
at approximately the same point after about 3 seconds® After 10 seconds
and three excursions across the screen, the pulse appears at exactly the

same point® The frequency of drift across the screen is then 3/l0 cycle,
indicating that the unknown frequency is 60®3 cycles® The method is ap-

plicable, with pulses as received, to frequencies as high as 200 cycles,
and can be extended to frequencies of several thousand cycles by using
a puls©-sharpening circuit arrangement. Constant frequencies differing
only a small amount from a whole-number value can be measured very ac-
curately. For example, consider a frequency of 100 cycles; if, after
three hours, the pulse returns to the same point on the oscilloscope
screen the 100 cycles is in error by 1/10,200 cycle, or is accurate
to about 1 part in 1,000,000®

The seconds pulses may, if desired, b© used to control a source
of frequency, i.e., to keep a local source of frequency correct.
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The local souxe© of frequency is a vibrating system, such as a tuning
fork, aftjtisiad to vibrato any whole number (up to about 500) of cycles
per second® She tuning fork is simply started in natural vibration and
the short pulse received once a second keeps it vibrating,, The tuning
fork must be a persistent vibrator, which requires it to be one ©f low
power less, filters may be used if necessary it separate the seconds
pulses from the 440 cycles and 34000 cycle®.

Part 3 « Standard Audio frequency®

The two audio frequencies, Hho cycles per second and 4000 cycle®
per second may be used as standard frequencies by the methods described
in this section, The presence of the second® pulses doe® not interfere,
They are in fact advantageous in counting the number ©f ©lapsed cycle®
or elapsed time c and serve as a station guide or finder during the quiet
portion ©f th© 1-minute announcement period*

Since the audio frequencies are not broadcast for one minute of
every fivo, it i« desirable for some purposes to use a local oscillator
operating continuously and check it as often as desired against the 440
cycles or 4000 cycles*

from the standard audio frequencies, any desired frequency may be
measured. Using any receiving set capable of receiving one of the
carrier frequencies, the standard audio frequencies are delivered at

the output terminals of the set 0 One of these frequencies may be used
for comparison with a local frequency, thus accurately measuring the
latter, for control of ®om© type of frequency standard, or for produc-
tion of an accurate standard of time rate. By th© use of frequency
multipliers or dividers to step up or down either the incoming standard
frequency, the local frequency, or both, measurements may be made very
conveniently as well as accurately* The cathode-ray oscilloscope is a
useful instrument in most of the method®. It may be used as a measur-
ing device, an indicator of wave form, a fading indicator, and an In-

dicator of which of two frequencies is the higher. Separation of the
two audio frequencies in th© output of the radio receiver ie not par-
ticularly difficult and may be done to a great extent, without additional
equipment, by using a selective radio receiver. Tuning the receiver
slightly high or low will cause 4000 cycles to predominate while exact
tuning to th© carrier frequency largely eliminates the 40G0 cycles.
Complete separation of the frequencies may be had by using a Wien bridge,

a wave filter, or a selective audio-frequency amplifier. One of the

latter two device® ie usually desirable in order to minimize interfering
electrical noise. Automatic volume control ie an advantage in reducing
fluctuations of amplitude and phase of th© received audio frequencies*
Other effective filters ares a tuning fork, a vibrating steel reed, a

synchronous motor-generator. Magnetostriction bars are good filters for
higher frequencies, and piezoelectric quarts plates are very good for
radio frequencies.



LG-751 — 5/16/44 l4

The following Hat gives a number of basic methods which have been
found practicable,,

Methods of Utilizing deceived Audio frequency

A, Cheeking & frequency ,

1. C0apa,?i@©R ©£ received and local frequencies, by timing
change of cathode®ray oscillograph pattern®

&„ Direct cessparieoa.

b. Ua© of harmonic amplifier, to step up.

e. Use of frequency divider, to step down.

2. Comparison, by recording both frequencies with a recording
oscillograph.

a® Direct comparison.
b. Use of harmonic amplifier, to step up.

c. Us® of frequency divider, to step down.

3. Comparison, by recording beats on a graphic recorder.

a. Direct comparison.
b« Us© of harmonic amplifier, to step up®

c. Ug© of frequency divider, to step down,

4. Counting of beats between harmonic®.

5. Calibration of a frequency-indicating device.

Bc Control of a source of frequency .

1. Tuning fork.

2. Audio-frequency oscillator®

3. Badio-frequency oscillator.

C. Production of a time rate standard.

In any of these methods, whether it will be more accurate and
convenient to utilize the frequency directly or to uee harmonica or
subharmonics depends upon the magnitude and character of the frequency
to be checked or controlled, the equipment available, and the circunw*

stances of the radio reception, ?or some purposes a combination of two

or more methods is useful.

In methods A, either high or low standard frequencies say be pro-
duced by using harmonics or eubharmoaics and amplifying as desired.
Standards of low audio frequency (a.g®, 60 cycle® per second) are
easily produced by operating a synchronous motor on the amplifier out-
put, with a-c generators of the desired frequency mounted on the same

shaft. Such a motor-gen®rator outfit my b® of simple and fairly cheap
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type; somewhat like an electric clock, A standard 60 cycles can also he

obtained with vacuum tubes, first. $00 cycles is obtained from 4000
cycles by frequency division. Then 60 cycles is obtained as the differ-

ence frequency between the standard frequencies of 500 and 440 cycles.

It is convenient in many cases to multiply or divide, add or sub-
tract, harmonics, fractional frequencies and fractional harmonics of
one or both of the standard audio frequencies. In this way one can
arrive at another standard audio frequency which may be more useful.
Some frequencies available in this manner may be expressed as 440

4000 I, K2
and —

—

—* ; and the sum and difference of these values where K2 •

I*, and I4 are Integers (l. 2, 3* 4. etc.). A few of the frequencies
that can be derived are 88 , 110 , 220 , 330 , 440, 550 , 660 , 800, 1000 ,

1600 , 2000 , 3200 , 4000, 5000 , 8000, 10,000 , 16 ,000 , 20,000 cycles per
second. By using K values up to 10 and by further divisions, multipli-
cations, additions, and subtractions of derived standard frequencies
one may obtain a standard audio frequency of any Integral number of
cycles per second.

Useful audio frequencies for general measurement and calibration
work are 500 , 1000 , and 10,000 cycles per second. These frequencies
can be derived from 4000 cycles. Frequency dividing equipment may be

used to obtain 1000 and 500 cycles, while 10,000 cycles may be obtained
as the tenth harmonic of 1000 cycles. A regenerative modulator type of
frequency divider (see reference on page 29 line 15 ) is in some cases
more suitable than the commonly used multivibrator. Its main advantage
is that no output is obtained during absence of the controlling frequency
A single-tube, self-starting, non-oscillating circuit arrangement of
this type can be used to obtain 2000 and 10,000 cycles from the 4000
cycles. This equipment can be followed by another single-tube circuit
arrangement for supplying 1000 and 500 cycles.

Addition and subtraction of frequencies is done by use of the beat
principle. A particularly useful device for doing this is the ring
modulator bridge which may be built up with small dry-disc rectifiers
of the Instrument type (see reference on page 28 line 17 ). Its main out-
put is the sum and difference of the two input frequencies. A filter may
be used in the output to select one of the two predominent frequencies.

In frequency comparisons, if the received standard frequency is suf-

ficiently free from fluctuations of amplitude or phase, it is generally
found advantageous to make the comparison at some harmonic. For example,
consider the use of method Ai in checking a local frequency of 60 cycles
at its 74th harmonic (4440 cycles). Two frequencies are applied to the

two pairs of plates of a cathode-ray tube and their frequency difference
is determined by timing the shift of the pattern on the screen through
one or more complete cycles. A high accuracy of comparison, better than
a part in 500,000 in this case, may be secured by timing and determining
the difference frequency over a period of about 20 seconds. One must, be
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sur© that ther© i® no fading or other fluctuation in the received
standard frequency when hlgh-accuracy short-tim© measurements are
Kids®

Th® greater the fluctuations of the received standard frequency,
the lower aiust be the harmonic at which the observations ar© made and
the longer the time required for the determination* fortunately, such
laager time of observation tends to eliminate any error in the result
du® to tto® fluctuation* the batter the accuracy required, the longer
met b© the time of observation®

The us© of the cathcde=<ray oscilloscope has a number of advantages
in this as ia all the other methods* It ©iasplifies ih® differentiating
of amplitude variations and interfering noise fro® phase changes, Also e

if a linear sweep circuit controlled by the local frequency is used,
on® can tell roadily whether the local frequency is higher or lower than
th© standard modulation frequency. If the ©eeilleseop© beam is swept
from left to right and the standing wave moves to the left the local
frequency is low; if th© standing wav® moves to th® right the local
frequency is high*

la method Ag, us© i® made of any type of recording oscillograph
that may be available* It say, for ©sample, be a photographic film
recorder e or a rotating druaa with a pen recording on paper, A require-
ment i® that th© time displacement b© sufficient to separate th© in»
dividual cycles so that the record can be readily analysed, la this
method the two frequencies are recorded simultaneously on the same
graphic record, which permit® a direct comparison by means of measure-
monte of the photographic or other tree®, If the speed of the recorder
will not give sufficient time displacement, the frequencies can be
stepped down to a desired value by mean® of a frequency divider*

An alternative method is to drive a recorder drum with a synchro-®

nous motor operated from th© local frequency (or one of it® harmonics
or subharmonics) , In one mod© of use the drum carries a raised thread
or spiral, and the paper driven by any desired moans at ®om® known speed
passe® the drum, A record is mad© by causing a spark, controlled by one
of the standard frequencies (or one of it® harmonic® or subharmonics)

,

to jump from the spiral thread through the paper and to a straightedge
on the other side of the paper* The type of record depend® on th© speed
of th© drum, and th© frequency of the spark* Th© method is useful for
recording over a long period of time, and for some types of lo%e-frequency
record® the spark may b© replaced with a mechanical printing arrangement*

In method Aj, the frequency difference between the standard and the
local frequency is measured by combining th® two, amplifying the beat
frequency, and rectifying by mean® of a detector (e.g», copper-oxide
rectifier or diode detector), A double-diode triod© tube is convenient
for both th© amplifying and rectifying, A &®c meter can be used ae a
visual indicator, and a relay can be used to operate a counter. The direct
voltage output can also be recorded on paper with a graphic recorder. If

the rate at which th© recorder paper moves i® controlled by a synchronous



LC 751 — 5/16/UU 17

motor, or some typo of time marker i* used, a very satisfactory measure
of the frequency difference can he made. This method is limited to
small frequency differences. If audio frequencies are compared directly
rather than by their harmonics, the method requires the operation of
the equipment for a considerable time.

In method Ah, the beats can be counted by the aid of either aural
or visual indication, A combination of the two means is often very
convenient. Very great accuracy can be obtained by using harmonics such
as to make frequencies of the order of 100,000 cycles per second. Broad-
cast radio frequencies can be checked by using harmonics of 10 kc/s
which is derived from 4000 cycles.

Measurements can be made over any convenient period of time (up to
U minutes), counting the difference frequency (beats) during the time
interval chosen. The precision of such measurements, expressed as a

n A t
fraction, is where n is the beat or difference frequency in cycles

per second, t is the time during which beats are counted, and A t is the

error ± in measuring t. Tor example, if the difference frequency is of

the order of 1 cycle per second and is counted over a period of 5 seconds
and the time measurement is accurate to 1" 0,1 second, the accuracy of the
beat frequency measurement is 1 part in 50 ,

The accurate control of a source of frequency (B in above list) in-

volves the use of an automatic means of keeping a local source of fre-
quency in agreement with the received standard audio frequency or a har-
monic or subharmonic. Where the local source of frequency is a mechani-
cal device, such as a tuning fork or synchronous mot or-generator, its

inertia is useful in carrying along through periods of rapid fluctuation
of amplitude or phase of the received frequency. Any local source can
usually be eo designed as to operate through considerable fading or
phase shifts of the received frequency.

If the local source ie a UbO-cycle or UOOO-cycle tuning fork it can
be driven directly from one of the received frequencies. In this applica-
tion it is necessary that the adjustment of the fork be such that its

natural frequency is in agreement with the driving frequency within
rather narrow limits. In one particular installation it was found that

the fork had to be in agreement with the received frequency within a
few parts in 10,000. These limits depend in any particular case on

such factors as the driving voltage and the mass of the fork.

One of the standard audio frequencies can similarly be used to con-

trol a multivibrator or other type frequency divider at the fundamental

or a eubmultiple frequency. The multivibrator frequency can be multi-

plied by means of tuned harmonic amplifiers to higher frequencies as

desired. While it is also possible to multiply the standard audio fre-

quency by means of harmonic amplifiers to radio frequencies and control
a radio-frequency oscillator, this is not commonly done because the

fluctuations could be much greater than when starting with a standard

radio frequency.
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A simple ®®a®s of producing a tins® rat® standard (method 0) from
the received standard audio frequency is to use & simple &*»c generator*

©f any desired £r®qu®a<ey »mtd ©a the same shaft with a synchronous
motor driven by an oscillator which is checked from time to time
against the received frequency® Such & generator can operate aa
©Xsetrie clocks ^hu® say b® provided a standard, of tine rat® for
short periods, a® well a® of frequeasy, of an accuracy hitherto net
generally available to lahorat®ri@®»

Part 4® Standard Musical Pitch ®

Th© continuous 440®cycl© broadcast my b® received with a high-
£r®qu«ey “short*wav® 1" or “all^w&v© 49 mdi© receiving e®t e Th© radio
carrier frequencies (2*5 » 5. 10, or 15 segaeyel®® par second) are
ranch higher than the frequencies on which the usual broadcast enter*
iainnsent program® are given® Tfe© purchaser of a radio should be sure
that its tuning ranges do include 5©® sa@ga.eyel©® a® well as the other
high frequencies®

She B&ll~w&v©“ receiving ©®b© have a xrasber of scales usually,
marked in megacycles for th® M^aer frequency seal©®. Th@ seal© should
be set for either 2*5® 5® 1© ©r 15 ®@gacycl©s in order to receive th®
standard ssueie&l pitch broadcast®

In order to receive this broadcast,, considerable ear© must be used
in th® tuning of th© radio receiver because a slight! adjustment of the
radio receiver at high frequencies changes th® tuning by a roach larger
amount than at lower frequencies* The standard “A 19 ton© (440 cycles
per second) fro® th© transmitter my not b® a® loud a® the program
usually received fro® stations in th® broadcast band® Xn fact at cer-
tain times during th® day or night, difficulty may be experienced in
satisfactorily receiving th© broadcast, because of w static" , electrical
noise from electrical devices, ©sad ©th®r types of interference present
at th® receiving location®

To facilitate the reception of th© standard ton®, th® following
suggestions are given* Turn on th© radio receiver and, after allowing a
tm minute© for it to war® up, adjust th© dial to th© setting for on© of
the carrier frequencies© Th© volume control should be turned up® Th®
calibration marked ©a th® dial of th® receiver may b© in error by on® or
two divisions® T© .locate the station©, slowly adjust th® dial of the
receiver frora two ©r three divisions below th® desired frequency marking
on th© dial to th© ©am® amount above* If th© not© of 440 cycles per
second is heard, adjust th® dial very carefully to give th® loudest
signal and then adjust th© volus© control t© giv© th® desired volume of
loudness® If no signal i® heard, mis© th® volume control setting and
vary th® dial as before*

In some radio receiver© th® 44©=>cycl® ton© my b® received at a
setting other than th© 2*5® !©*» ©r l§*»E@g&eyel© point® Marked on
th© dial® This is merely an incident of th© construction of th© radio
receiver® It is usually more satisfactory to employ the setting which
is nearest to 2®5® 5» 10, or 15 megacycles®
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Beei.de® its ua© for ®usleal purpose®* the 440»eyel© frequency
may be used for measuring audio frequencies "by the ®@thoSs described
in Fart 3 above*

If the received signal is seriously marred by any sort of fading
or static or other interference, it may nevertheless be used as an
accurate standard by providing a stable audiofrequency oscillator e

adjusting it te sere beat with th® received 440~cycl© signals and then
utilising the oscillator as the soure©®

Fart 5 * Station Equipment at Wf,

Figures 4 and 3 block eehemslic diagras.s showing th© arrange*
sent of apparatus* as used at the radio transmitting station* which
provide© the' standard frequency and standard time interval broadcast.

WV 5 § frequencies and time interval® are controlled by a 100 ke/s
stmdArd frequency pie*o~oeeillator. It is ©ae of seven separate
units used in maintaining th© national standard of frequency, Each
oscillator*® frequency is determined by continuous and automatic cess-

parieon® with the group and with time si^L&lg c Th® average frequency-

value is based upon and agrees precisely with th© average U, S. Naval
Observatory time signals. The broadcast tie©- interval indication©
agree precisely with the average Sfavy time signals and are sore uni®
foraily spaced.

All audio frequencies* time intervals* and announcements are
supplied by the specialised equipment indicated in figure 4, and
controlled by a. standard frequency of 100 kc/s, Frequency dividers
ar© of the regenerative-me&ulator type.

All radio frequencies are likewise controlled by the game
standard frequency- of 100 ke/s. In figure 5 the radio®frequency
control equipment 9 and one of the four high-frequency higb«p©wer radio
transmitters ar® diagramraatically shown.

Fart 6 - Inferences.

Further information on frequency measurement© ie given in the

articles which are listed below in chronological order 0 This is not
a comprehensive bibliography* but merely presents selected article®
which are helpful* Except where noted, they ar© not issued by, and
are not available from, the National Bureau of Standards. These
publications can b® consulted in public libraries which maintain files
of periodical© or copie® may b© secured fro® the publishers at address©®
given in the following lists

Annalen &©r Fhysik.
A0W eA, Technical fiewtew. .Amalgamated Wireless (Auetralia) Limited,

Sydney, Australia.
B®11 L&boratoriec Second. 46j West St,, New fork, N.T.

Bell System Technical Journal. 195 Broadway, Hew York, N 0 Y.

Communication®,, (®adi© Engineering now Included with other publications
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.and sailed C©Eams,ieatiese) * Bryant Davie Publishing G©*, Inc®,

19 East 47th St®, Hew York, H.Y.

Electronic®. McGraw-Hill Publishing Co. , Xac«* 33® W. 42nd St., N©w

fork, H.Y,
Electric Journal. 53® Psmand© St,, Pittsburgh, Pa.

Experimental Wireless & The Wireless Engineer, or the Wireless Engineer
.ac Experimental Wireless, S@e Wireless Engineer below.

General Radio Experimenter® 3® State Street, Caahri&g®, A, Mass.

Hochfrequenstechnlk und Slelctroakustik®

Joi .1 of the Optical Society ©f America (formerly Journal Optical
iet; of America and Review of Scientific Instruments). American
stitute of Physic©, 57 55^h St.* B©w tork 22, Hit.

Jo. ;1 of the Institution 'of Electrical Engineers, Savoy Place,
Victoria Embankment 8 London* W.C.g, England.

Kammi Review, Marconi 8 s Wireless Telegraph Go», Ltd., Electra House,
Victoria Embankment, London, W.G.2, England.

Physics. American Institute of Physics, 57 55th St,, Hew fork 22,
H.Y.

Physical Heview. American Institute of Physics 57 55th St*, Hew
York 22, H.Y.

Pfaysikalisch© Zeiteehrift.
i Proceedings of the American Academy of Arts & Sciences, library of the

American Acadeiy of Arts & Science®, 28 Hewbury St 9 , Boston, M©@®.

Proceedings of th® Institute of Radi® Engineers. 33® West 42nd St.*
Hew York, H.Y.

Proceeding® of th® Physical Society. 1 Lowther Garden®, Exhibition
Hoad, London SW7 , England.

Proceedings of the R©yal Society. Harrison & Sons, Ltd., 44-47 St.

Martin's Lane* London, W. 6. 2, England.
Proceedings of the Wire!®®* Section of the Institution of Electrical

Engineers. Savoy Place, Victoria Embankment, London, W.C.2, England,
QJ5T, American Badio Belay League, W. Hartford, Goan.
Badio, 132 W. 43d St., Hew York, H.Y.

Badio Engineering, Bryan Davis Publishing Co., 19 E. 47th St., Hew York,
H.Y.

RCA Review. RCA Institutes Technical Press, 75 Varick St,, Hew York, H.Y.

Report of Radio Research in Japan.
Review of Scientific Instruments. American Institute of Physics, 57 East

55th St., Hew York 22, H.Y.

Wireless Engineer, Illff© & Son® Ltd., Dorset House, Stamford St.,

London, S.E.l, England.

Such papers as are issued by the Hation&l Bureau of Standards can
be purchased from the Superintendent of Document®, Government Printing
Office, Washington, D.C.

, at th© prices stated. The prices quoted are
for delivery in the United States and possessions and in certain other
foreign countries which extend the franking privilege. Per delivery
to countries other than those, remittance should be increased by one-
third to cover postage. Remittances should be mad® to the "Superintendent
of Document

@

s Government Printing Office, Washington, B.C.

"

Serial letter® and numbers are used t© designate Bureau publication®.
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S t "Scientific ?aper", i# used for reprints fro® the "Scientific Papers
of the Bureau of Standards" (Sci.Pap. BS). This series was superseded
by the "Bureau of Standards Journal of Research" in 1928* BP, *Re»

search Paper", designates reprints of articles appearing in the "Bureau
of Standards Journal of Research" (B$ J. Research) and the "Journal of
Research of the National Bureau of Standards” (J.Research BBS)

, the
latter being the title of this periodical since July 1934 (volume 13.
number l).

In each reference below, unless otherwise indicated, the first
number (underscored) is the volume of the periodical; the numbers
following indicate pages and the year of publication. Names of period-
icals abbreviated can be found in full in the list of addresses above.

The piezoelectric resonator. W. 0, Cady. Proc.I*R.B. 10, 83-114 (1922).

Piezoelectric crystal resonators and crystal oscillators applied to the

precision calibration of wavemeters. 0. V. Pierce. Proc. Am. Acad.

Arts 4 Sci. 81-106 (1923).

A method of measuring very short radio wave lengths and their use in
frequency standardization. F. W. Dunmore and P. H. Engel. proc.
i.h.e. n, 467-478 (1925).

Piezoelectric standards of high frequency. W, G. Cady. J. Optical
Soc. A». 10,, 475 (1925).

A method of calibrating a low-frequency generator with a one-frequency
source. S. Harris. Proc. I.B.E. 14, 213-216 (1926).

i

OP Establishment of radio standards of frequency by the use of a harmonic
amplifier. C. B. Jolliffe and Grace Hazen. Sci.Pap. BS 21, 179-189
(1926); S530.

Uses and possibilities of piezoelectric oscillators. A. Hund. Proc.
I. R.*. 14. 447-469 (1926).

Piezoelectric quartz resonator and equivalent electric circuit. D. W#

Dye. Proc. Physical Soc. j$8, 399-457* discussion 457-458 (1926).

Quarts crystal calibrators. A. Crossley. QST !U, pp. 23-27 of March 1927.

Frequency checking station at ^are Island. G0 T. Hoyden. Proc. I.H.B.

15,. 3i>3i8 (1927).

The exact and precise measurement of wave length in radio transmitting
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