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I. General |

The increasing use of radio for broadcasting and other pur-
poses and the necessarily small separation in frequency of trans-
nitting stations have created a demand for information about the
methods of mezsurement of the frequencies of radio tronsmitiing
stations. Measurements of this character are necesscry to take
advantage of the standard frequency signals transmitted by the
Bureau of Standards and also of the standard frequency trans-
mitting stations listed in the Radio Service Bulletin each month,
(The Radio Service Bulletin is 2 monthly publication of the De-
partment of Commerce and is obtainable from the Superintendent
of Documents, Gevernment Printing Office, Weshington, D.C., at
25 cents per year.) Detailed desoription ¢f an assemblage of ap-
paratus for this purpose is given herein.

The apparatus for measuring radio station frequencies con-
slats of a frequency meter (wavemeter), a radio-freguency generakr
end a radic receiving eet. Such equirment pernits mecsurements

* Prepared by M.S.Streck, Assistant Physicist.
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of the frequencies of radio traemitiing stations, either distant
stations or at the point where the apparatus is located. This
letter Circular gives a detailed discussion of the reouirements,
congstruction and operation of such apparatus \with the exception
of the recelving set) for the nmcasurcmont of frequencies above
550 kilocycles (wave lengthe below 545 meters).

v The requirements in view are: accuracy, low cost, and the
adapting of improvements to apparatus that an experiuenter is
likely already to have. & possible fourth requirement is that
the apparatus be compact and portablc.

~ Accuracy in the measurement of radio frequencies is of fun-
damental importance if the results are to be of value. To obtzin
it requires a properly constructed frequency meter with a re- '
liable calibration, and care and knowledge on the part of the ob-
server., A careful compliance with the inctructions in this cir-
cular will usually permit the obtaining of an accuracy of 0.5
per cent or better in the measurement of radio frequencies,

This estimated accuracy includes all deviations in frequency
which may occur between the primary source from which the fre-
quency meter is originally calibrated and the final reading of
the frequency from the calibration curves aftecr the frequency
meter has been adjusted to another source of radio frequency
which is being measured. If the primary source of frecquency
deviates By 0.2 per cent from the absolute or true value of
frequency,ithen in order to be certain of an accuracy of 0.5

per cent, the subscquent errors in celibration and observation
nust not be greater than 0.3 per cent. This follows because
these errors might be either all positive or all negative; if
they were of opposite sign the accuracy of the particular
measurencnt would be better than 0.5 per cent, but the uncer-
tainty of the measurement would in general be 0.5 per cent.

Accuracy must not be confuseld with precision. Precision
refers to accidental deviations, errors in obscrvatlon without
reference to the true values. It is possible to have precise
measurenents and very poor accuracy. The attaining of accuracy
with the usual type of frequency meter generally requires that
the instrument be used with a generator employing a storage
battery to supply filsment current to the electron tube. This
is due to the fact that the resonance indicator is rather in-
sensitive., The use of a storage batiery renders the equipment
unportable.

In the discussion in this circular devoted to the frequency
meter, a sensitive type of resonance indicator ie describecl
(as described in Bureau of Standards Scientific Papcr ¥o.502,
naAn Irproved Type of Wavemeter Resonance Indicator,% cbtainable
from the Superintendent of Documents, Govermment Printing Office,
TWashington, D.C., at 5 cents a copy). This device has sufficient
sensitivity to pemit the frequency meter being used with an inex-
pensive portable generator equipped with an electron tube which
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nay be operated from dry batteries. This resonance incdicator
costs no more than the type cormonly employed and it nay be added
to most portable froquency meters. By its use, the reguircnents
of accuracy, low cost, adaptability and portobility of the mcasur-
ing equipment are fulfilled. '

I1I. The Freaquency Heter.

A. Ggncral Construction.-- Gencrally speaking, there are
two types of frequency meters, transnitting and receiving. Trans-
nitting frequency meters may in turn be divided into two general
classes, those which have buzzer excitation and those which have
clectron tube excitation. This latter type of frequency neter
is usually called a heterodyne frequency necter.

; The receiving type of frequency neter only is considered in
this c¢ircular. The transnmitting type which uses buzzer excita-
tion does not vermit of reliable measurenients. The heterodyne
frequency meter is useful for approximete neasurenents and has
certain advantages in the way of precision, but the variations
introduced by variations in the tube currcnts or constants

nake it unsuitable for use as an accurate standard unless re-
course is had to very special design.

A receiving type of freouency meter consists essentially of
a coil of wire, a variable condenser and a resonance indicating
device to show when the instrument has been properly adjusted to
the source of radio-frequency power which is being measured. By
the substitution of various coils, the frequency range is extended.
It is also possible to obitnin measurerients outside the range of
the frequency meter by utilizing harmonics from a generator.

A reliable frequency meter is not marked directly in fre-
quencies. Instead, an arbitrary reading is taken fronm an en-
graved dial attached tc the shaft of the condenser and the
value of the frequency is determined from a curve showing the
frequency corresponding to each setting of the condenser. This
curve is plotted from values obbained from a calibration of the
-frequency meter (Part IV, B). :

B. Mechanical and Electrical Requirements.-— The fundamental
requirement of a frequency meter, that it ve capable of making
accurate measurerents, largely determines its mechanical and
electrical construction. It should he of such ‘construction
that it will, with proper care and freedom from rough handling,
naintain its calibration over a considerable pericd of tinec.

This requires a minimur of variation in thc inductance of the
coils and in the capacity of the condcnser for any particular
setting. In general, the construction must be such that the

parts and wiring will not become displeced.

If the frequency meter cciis are 10 maintain a constant
value of inductance, the wire muet be held fimly in place and
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it nust be protected from mechanical indury. The reguirement
for the variable condenser, thot its capaciiy reanin constant
for any particular dial setting, domends detniled attention
itz constructicn. Condensers other than the rctatins plote
should not be considered. Variablce condensers which employ
insulating naterial as a diclectric arc zlmost certain to unter—-
go a change in capncity for any ziven adjustnont of the conden~-
ser dial.  The plates sheculd be of sufficiently heavy rnaterial
go that they will not hecome bent, and they nust bhe rigicdly
supported. 4 condenser giving close spacing between the fixed
and moving plates is undesirable hecause 2 slight shifting in
the position of the rotating shaft will produce an appreciable
change in capacityv. The tearings must have lorge wearing sur-
faces and they must be so designed that there is no end play

in the shaft. The dial must be secured to the shaft in such a
manner that there is no possilbility of loosenirng. The condenser
should have unimpeded rotation through 360 degrees as the use

o{ stops is very likely to shift the position of the rotating
plates.

otk ot et ci
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In addition to the points discussed above, the requirenment
for accuracy in frequency meter construction deaands considera-
tion of three other features which relate to precision in iss
adjustment. These arc (1) a ccondenser dial vhich will indicate
small changes in adjustment; (2) means of eliminating the effect
of body capacity =nd of obtaining a slow movement of the rotating
plates; (3) a circuit of low radio-frecquency resistance.

The condenser dial should be of metal engraved over one-half
of its circumference with ewenly speced divisions which divide
the dial into 100 coual parts or into 180 degrees., The lines
should be sharply defingé: and of minimum width. In order to
secure sufficient precision in setting the frequency meter con-
denser, it is necessary that the dial scttings be read o a
tenth of a division. This requires the use of a vernicr scale.

The second requirement of precision in adjusting the fre-
quency meter necesgitates proper shielding and the use of o
a slow-motion device for the rotating pletes. Shielding usually
consists in mounting a metal sheet orn the under sidec of the
panel and connectins it to the rotating plates of the condenscr.
Shielding may 2lso irclude lining the inside of the cabinet with
metal. 7The slow-motion device may consist of a small knob geared
to the shaft of the rotating plates. A simpler method of obtain-
inz o fine adjustment of the cordenser 1s to attach a lirht s*rip
of wood about cne fuot in length to the condencer knob. This
also elininates body capacity, and shielding will probably not
be necessary.

Tae third requirement for precieion ¢f the frequency meter,
that it hove o low resistance is nccessary in order to obtein
rapidly chanzing deflections ef the resonznce indicator with
small chenges in the condenser adjustment. The frequency meter
will have a low resistance if its construction ogrees with the
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points previously discussed, if the proper type of resonance in-
flicator is used, and 1f the colls ore wound with sufficiently
larze wire properly snoced. The resoronce indicator end the
coils are discusesed in parrsraphs C and D.

L&)

: C. Rescnance Indicator.-~- I the cxperimcnter has a fre-
quency mecicr walch he desires to uce vith equipnent Jdescrilbed in
this ¢ircular, an exariinasion of its construcition should be nale
to sec if it conforms to the rcauircments ¢f accuracy Ciscussed
above. This cxunination may show the need for some alteration
which rnay be made without the necessity of constructinz o new
frequency meter. When the instrumeni is examined, soue derange-
nent of the circuilt may occur vhich will affect its calibration.
It is probable, however, that a new cclibration will be reaquircd.
(Part IV, B).

In addition to an examination of the frequency meter, a tect
should be made to determine if it has sufficient precision for
accurate measurements. To make this test, the instrument is
coupled to a source cf radio frequency power so that good de-
flections of the resonance indicator are obtained. The frequency
meter is now carefully tuned to resonance and the settinz of the
dial is recorded. This frequency nmeiter is then cCetuncd and again
tuned to the some source of power, which has hecen kept at constant
frequency, and another dial settinz is recorded. This process
is repeated until a number of readings are obitained. Tae fre-
quencies corrcsponding Fith thesec various adjustments are then
determined from the calibration curves, and the percertage Gif-
ference Dbetween then is corputed. If they agrce within about
0.1 per cent it is an indication that the frequerncy meter is
capable of making precise measuremnenis.

The tests just described to determine the precision of a
frequency meter equipped with the usual tywe of resonance indica-
tor may show that it is suitable for mensurcments of frequencies
from a high-power geunerating sct such as n radic transmitiing set.
However, for general use in conjunction with a low-pcwer radio-
frequency generator, as described in this circular, the more
sensitive type of resonance indicator above meniioned (described
in Bureau of Standards Scientific Paper Ho.502) is desirable.

The schencotic wiring of this resonance indicating circuit is
shown in Fig.l and these parts are letterced to corrcspond to
Fig.6 in Scientific Paper No.503. Thec essential parts of the
resonance indicator are a crystal detector D and a scnsitive
Gircet-current milliammeter MA giving a full-scale defleciion
with not more than 1 or 2 milliamperes. Undoubtedly, the use of
a crystal detector will seem objectionable to nany persons, It
has been found, however, that if a detector of substontial
rechanical design which is equipped with a zood galcena crystal
is used, no difficulty is expericnced in maintalning a sensitive
adjustuent.

The first step in the application of the resonance indicator
is to short-circuit the old resonznce indicating device by a heavy
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conductor (2, Fig.l) firmly clamped or soldered in place. Ref-
erence should now be made to Scicntific Peper No. 502 for details
of wiring. The scensitivity of this resonance indicoter is largely
deternined by the size and nunter of turns of the coil L', Fig.l,
(Fig.6, Scientific Paper No.502). This coil is used in a fre-
quency rieter for meacurencats with a radio-frequency generator
employing an electron tube of about five watts power. If the
frequency nmeter is to bhe used with a low-powesr gencrator as .. ..
described in this circular, L' will consist of more turms,
deternined experimontally in the tests described below. Due to
different types of frequency neter construction, somé variations
in the connections of this rcsonance indicating circuit may be
required for best results. For this reascn, connections may be
tenporarily made, and the test described below will indicate if
the circuit is in proper working condition. The connections
should then be rigidly and permanently made.

» The most satisfactory test of the resonance indicator is
made by means of a low-power generator such as described in
Part III. In place of this, a radio tranemitting circuit may
be used. However, this will not be as satisfactory becmuse
there will be no way of determining if the resonance indicator
is sufficiently sensitive for use with a low-power generntor.
The frequency meter is coupled to the generator which is ad-
justed to a frequency corresponding to the lowest setting of
the frequency meter condenser when using the smallest coil.
With a low-power generator the respective coils of the genera-
tor and frequency meter should be separated Ly about six or
eight inches. Closer coupling will probably produce a reactive
effect which will prevent precise measurcments. It may heppen
that the generator is of such low power that a change in coup-
« ling will affect the setting of the frequency meter. This con-
dition may usually be overcome by crploying a higher plate voltage
for the tube used in the generator. If a source of high power
is used, very loose coupling must be employcd. '

The crystal detector is adjusted to a sensitive condition
and the frequency ncter is tuned to resoncnce with the generator
by noting the maxinum deflection of the milliammeter. With
the coupling specified above for a low-power generaitor, the
resonance deflection of the milliammeter should not be greater
than about one-third thettotal range of the scale, This de-
flection may be secured by varying the number of turns of L',
The generctor is now adjusted to a frequency corresponding to
apprcximately the highest setting of the frequency nmeter, and
the latter is again tuned to resonance so that a maximum deflec~
tion of the millismmeter is obtained. These two deflections
should be made as mearly as possible the szme. This may be done
by shifting the one-point connection from X to E or ¥, Fig.l.
Greater deflections may of course be obtained by using increased
coupling, but if the coupling is too close the reactive effect
will spoil the precision of the measurement. With the proper
amount of coupling to the generator, greater resonance deflections
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nay also be obtoined by the use of nore turns of wire on tl:e c3il
L' Fi%.l. If the nunber of turns of this coil is too great, it
will ~bsorb so nuch power from the frequency meter circulis that

a readjustment of the crystal detector will spoil the calibra-—
tion. Tests should be made to deteraine if this effect is in
evidence.

This effeet is nost pronounced at the hizh-froquency adjust- -
nents. Therefore, the frequency meiter condenser should be adjust—
ed near nininmum capacity with the coil of the suallest inductances
The generator is tuaned approxinately to resonance, the freguency
reter is tuned very carefully to the exact resonaonce point, and
the setting of the condenser dial is rccorded. The crystal de-~
tector is then readjusted so that the resonance deflcction is
reduced about one~third. The frecuency meter is agnin tuned,
and o sscond reading of the condensexr dial is taken, If
several repetitions of these tests indicate that the adjust-
nent of the crystal detector produces an appreciable change
in the settiny of the frequency meter dial (corresponding to
frequency differences of nmore than about 0.1 per cent), then it
is an indication that too many turns arc used on coil L' in
the resonance indicating circuit, Figz.l. Reducing the nupber
of turns of this coil may reduce the resonance deflectiods of
the nilliarmeter at the low~-frequency adjustments to such an
extent that a precise setting of the frequency meter ccendenser
can nct- be obtained from a low-power generator. In this case
a netal plate B, Fig.l, connected in the resonance indlicating
¢ircuit may be ueed to securc somewhat larger deflections
which do not give changed settings in the ccondenser upon re-
adjusting the crystal. This plate is nounted inside the fre-
quency meter case near the plates of the condenser which are
not connected to the shield and should havec an area of avout
8ix or eight square inches.

If the milliammeter is not provided with internal damping,
a damping resistance should be comnected across its terminals.
The most satisfactory value of this resistaonce would, as far
as securing stability of the ncedle is concerned, be the critical
damping resistance ofi this instrument. However, in orter to
insure a satisfactory sensitivity this rcsisctance should be suf-
ficiently hizh sc a3 not to reduce the normal deflection of the
nilliemmeter by more than about cne-third.

D. Construction.-~ 1In the specifications for the coastruc-
tion of a frequency neter given below, it is assuried that there
is an agreerent with all the requirements of accuracy previously
discussed. The description given below is prineipally devoted
to details of construction applicable to this particuler fre-
quency reter, which will cover a frequency range from about 500
to 3000 ke (545 o 100 neters). Accurate measuvements of con-
siderably hizher frequencies may te obtained by the uce of
harmonics. .

The essential parts of the frequency meter are: two coils,
a variable condenser, a rcsonance indicator, az panel of insulab-
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ing nmaterial and 2 cabinet.

pleted instrument is shown in Fig. 3. The

winding wire on weooden foms 4 inches in diem

S.

The zeneral appearauce oi the com-

coils arec nade by
cter 2nd Loving a

winding space of 7/8 inch. Two Dbrass eiripe arc atiached to cach
coil form to pewnit the substitution of either coil iu tae cir-
cuit by inscrting their elotted cnds under bLinding posts mounted

on the panel., The terrinale of the coil are connected to the

brass strips. The wood faor the coil forms must be well scasonzd
and should be protected from moicture by a good grade of varnish.
Instead of using the round coll foms, cach fomm uay e Wuilt up .
of a Llock of wood 7/8 inch thick and L _jinches scuare wnich is
placed beitween two thin squarcs of woodﬁsomewhat largcr dicen—
siong so as to forn n shallow groove or winding space. The

corners of the blocks shouléd be roundec.

The inductance of the coils must be such the
renge of frequeucies 1rill he covered with a vari

ot the snecified
oblz condenser

having a maximum capacity of 0.001 microfarad. This inductance
is determined principally by the sizc and shape of the coil fomm,
the nmmber of turns and the spacing vetween tarns. A fairly

reliatle copacity rating of the condernser is spccified by the

v

manufacturer. Since the frequency meter is required to cover \
a given range, (550 - 3000 kc), allovances rust Le nade for

slight deviations in the inductance of the coils and the capacity
of the condenscr from the required values.
Table I considers these Jeviations and if adhercd to, the desired
frequency ranze of the froquency meter will be securcd, together
with a sufficient "overlap" betwveen the coils. Larger wire is
used on coil 2 ir order to reduce the resistance at the higher

frequencics.

Teble I.

The Gata given in

Coils for Frequency Meter
A g

Yaxinum copacity
of variable
concenser—

Coil 1 - 7/8 inch
rinding spncce.
Ranzge 550 to

Coil 2 - 7/& inch
winding space.
Range 1400 to

micrcfarals. 1500 kc. 2C0C ke,
Round Squars Round Squnre
form form fom forn
(4 inchest (3 3/4 incaes| (4 inches!(3 3/4 inches
Cing) SqUATE) . ial) SquaTe) .

0,001

Oie closely wound
layer No.22 AWG d.c.c.
wire..

KR
10 surns Lo.20 AWG d.C.Ce
vire evenly snaced.

The coil teminals are brousht out throuzh smail holes in ths2
winding form and soldered to the brass connecticn 5 rips. Tae
turns must be protected from noisture by the proper applicetion
of varnish. Only varnishes of the best quality, cspecially made
for clestrical insulation purpoces, chould bte employed. BEven if
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this precaution in the selection of the vnrnish is token, i3
frequently happens that as the varnish azes, the inductance of
the coil changes apprcciably. To partially overcome this dif-
ficulty, the varnish should be applied sparirzly. In no case
should an attempt be made to impresnate-the coil.

The turns of the coil must bLe protected from mechanical
injury and disnlacement. In the case of the round coil fomms
this nay be accomplished by wrapping strips of cclluloid around
the cdges, or if square forms are used, thin strips of wood
ray be secured to the edges.

The panel upon Which the parts are mounted rust be made of
a piecce of insulating material of sufficient thickness to insure
rigidity. It is fittecd into a cabinect of suitable size, approxi-
nate dimensions beins indicated in Fig.2. These dimersions will,
of course, vary somewhat with the size of the parts. The illus-
tration suzgests dimeonsions of sufficient size to provide a
separate compartment fcr storing the coils and the milliammeter.
Provision should e mnde for the elinmination of shock to these
parts and the corparitrnents should be provided with a separate
cover which is rcadily rernovable.

After the panel is drilled in accordance with the require-
nents for mounting the parts and binding posts, the lower side
of this panel should be shielded. For this purpose a sheet of
thin brass or copper is satisfactcry. The shield is connccted
t¢c the rotatinz condenser plates. t nust be carefully cut
awvay so that no contact is made with the binding posts, wiring
or other parts of the circuit except where these parts are
themselves connected to the rotating condenser plates.

The schematic wiring of the frequency meter is shown in
Fiz. 1. The wiring nmust be made with great care so that per-
nmanently rigid connections will result. The condeanscr C and
coil L forn the resonance circuit, the wiring of which merely
consists in running two rigid leads from the temminals of the
variable condenser to the binding posts where the coils are to
be connected. The parts of the resonance indicating.! %
circuit should ¢ temporarily wired together, and tests made to
deternine a satisfactory operating condition, as previously
described under Part II, C. The wiring is then pemmanently
and rigidly made.

In case it is desired to use a variable air condenser which
is shielded and already calitrated in terms of capacity, as the
condenser in the frequency meter, it may be considered undesir-
able to open the condenser in order to attach the coil L' and
plate B of Fig.l. One reason for not desiring to open a shielded
calibrated condenser is that the capacity calibration is likely
to be changed when the condernser is removed from the chield,

Assuning that such a condenser is used, the resonance in-
dicating device indicated in Fig.l may be nmodified somewhat and
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satisfactory results Obieined. Plate 3 noy be onitted andé coil
L' consist of two or three turne of No.l0 or 12 A.W.G. copper
wire. The coil L' should havc the saze diameter aos coil L and
be fimly fastened in the position in which it is calidbrated,
which may be within 2 or 3 inches of coil L.

III. Tho CGencroter.

A. Requiremeunts.—-- A generator of radio-frequency currents
consists essentially of a coil of wire, a variable condenser, ant
an electron tube. The inductance of the coil and the capacity
to which the condenser is adjusted practically determine the
generated frequency. The frequency rance of the generator is
cxtended by the substitution cf coils of different inductance.

A fundamental requirement of a generator when used in conjunctio:
with a frequency meter and radio receiving set, as descrilted late
is that it bhe of sufficient power to permit precise adjustments
of the frequency mecter. The latter device when equipped with
the type of resonance indicator previously described pernits

the use of a low-power generator having an electron tube opera-
ted by dry batteries. Other requiremenis of the generator are
that it be capable of gradual frequency variation, that it De
simple in operation, and that it maintain a constant frequency .
for a particular adjustment during the time interval required
for a measurenent.

B. Construction.—— The cost of the generator is much lesc
than that of a wavemeter. The schematic wiring, utilizing the
well-known Hartley circuit, is shown in Fig.3, and the general
appearance of the complcted gererator is shown in Fig.Wk, Varia-
tions in the inductance of the coils and in the capacity of the
condenser for a particular setting over any cxcept a short
time interval are of no consequence. Hence the precauticns
necessary to secure constancy as prescribed for the wavenmeter
are not necessary. For the uses to be descrilted the required
frequency range of the generatcr should te arnproximately 300
to %000 ke, This is obtained by two coils -and a varicoble
condenser of 0,001 microfarad capacity.

The generator cabinet accommodeates the dry cell A ané B
batteries and provides storage space for the coils. The
variable condenser, tube socket, and rhecetat are nountced on
the under side of a wooden panel. A panel of insulating naterial
may be used but it is not necessary. The. arrangexment of the
parts on the panel as sugzested in Fig.l perwits short connect-
ing wires and provides space inside the cabinet for hatteries.
The electron tube used should te of a type which nmoy be operated
on dry cell A batteries requirinz a small amount of space. The
B battery should consist of at least three 22 1/3-volt units
and if the dimensions of the cabinet arc as shewn ir Fig. U4, the
small size battery unit is required. Although these susgestions
for the 4 and B batteries are given with the idea of using a
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snall amount of space in order that the 3ﬂ0arabur may Yo ol
readily transported, it will, in general, bLe moTs uatlﬁfnotcry
to employ a high plate voltage on the tube, and this will
probably require the use of rmorc B batterles which can not be
mounted inside the generator cabinet having the dimensicns
shown in Fig.h. The use o0f hi cher plate voltages increases the
power of the generator so that looser coupling nay be employed
between the generator and frequency ricter. Thus the use of
rore plate batteries while renderinz the equlpmcnt sonewhat
less portable, has the advantage of requiring fewer precauticns
in the measurements.

~ The gecnerator coils are of the so-called spiderwedb type,
a8 shown in Fig.l, This type of coil ic easily wound to an
-approximate required inductance since it does not reguire the
selection of a cylindrical winding form of a given diameter.
It also has the advantage of compactness. Cn the other hand,
it is probable that single-layer coils wound on cylindrical
forms will give slightly better results. The two terminals of
each coil are anchored to the cardboard form and allowed to
project about six inches. A third temminal is formed by
soldering a wire to a point near the center of the coil. The
threi terminals are connected to binding posts on the generator
panel.

The variable condenser used in the generator should have a
maximum capacity of 0.001 microfarad. This determines the
specifications for the coils as shown in Table II in order
that the generator may cover the required range of frcquencies
(approAimambly 300 to 3CC0 ke) with sufficicnt overlap between
coils. The coils are wound with No.20 or 22 AWG d.c.c. wire
upon cardboard forms having an odd nmumber of projcctions or
spokes, ‘

Table II.
Coils for Radic Freguecucy Generator.
1 .3 ’
Coil No. } (Range 300 to 1400 kc) |(Range 800 to 3000 kc)
Approxinmate { -
outside diameter 6 1/4 inches 6 inches
of flat coil form.
Inside dianeter
of flat coil 3 inches 3 inches
fom. ]
Number of turns | 50 ~ Ho.22 AWG 20 - 0,20 dec.cewire
deC.C.7i TE.

The condenser should be&provided with a dial and a type of knod
which will permit attachinz a light wooden strip ahout 14 inches
in length. This will allecw adjustirg the condenser without any
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apprcciable capacity effect from the bedy of the observer, a
necessary condition for precise adjustments. Tais rethod of
adjusting the condenser eliminates the necessity of shielding.

The schematic wiring of the generator is shown in Fige.3.
Insulated wires are brouzht out from the hutteries and coanccted
to the proper binding pcstc on the ponel which is then sccured
in position. The batteries are held in nlace inside the cabinet
by wocden strips. Thc head phones are connected to the proper
- binding posts, the rheostat turned on, and the coil terminal
which leads to the grid of the tube is tapped lightly with a
noistened finger, while the condenser is rotated. A succession
of clicks show that the circuit is in 2 generating condition.

Part IV. Measurenents.

. A. Accuracy.-- That requirement for accuracy in the measure-
ment of radio frequencies which relates to a properly constructed
waveneter can be realized by careful attention to the preceding
discussions in this circular, while the other requirements for
accuracy (a reliable frequency meter calibration and care and
knowlcdge on the part cf the observer) will be met by a following
out of the sugsestions given in parts B and C.

- B. Frequency Meter Calitration.-— In calibreting the fre-
quency meter, auxiliary apparatus, consisting of the generator
previously Gescribed and a radio receiving set (preferably one
which is capablc of being adjusted to a generating condition)
will be reguired. After the frequency metcer calibraticn is ob-
tained, one or both of these auxiliary pieces of cquipment will
be used for the general purpose of the measurenent of frequen~
cles of distant transmitting stations. Thereforc, in making a
calibration, some knowledge of such measurcnents will be gained.

The method of calibration utilizes the enitted ("primary")
frequencies of transmitting stations having frequencies which.
are known to be accurate. There are two distinct groups of
transmitting stations vwhich supply these primary frequencies.
They are (17 "Standard Frequency Stations+ and (3) Stations WWV,
Bureau of Standards, Washington, D.G., and 6XB¥, Stanford Univer-
sity, California.

"Standard Frequency Stations" are thosc lisied monthly in
the Radio Service Bulletin and include a mumber of broadecasting
stations of suitable frequencies for this work. Stations WV
and 6XBM transmit sémimonthly schedulcs of sitandard frequencies
on unmodulated continuous waves. Schedules giving the hours of
transmission and the transnitted freguencies are announced cvery
two months in the Radio Service Bulletin and in radio megazines
and newspapers. '

In arranging the cpparatus preparatory to obtainirg primary
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frequencies for the frequency meter calibration, the gonerator
should be placed between the Ffrequency rieter and the recciving
gses so that coupling will be ohtained between then. Tais also
. gives coupling between *the generator and the freguency neter.

~ Very loose coupling is recuired betreen the receiving sct and

$he generator.

The method of obtaoirning o frecguency metcr ecalibraticn from
the prinmary frcquencies of distant stations coneists ian ottaining
points on the frequency meter correspondinz tc those frequencies
and obtalning additional points by utilizing harmonics from the
locel generatcer. This nmethod gives a sufficient number of noints
to pernit the Plédtting of reiiable calibration curves. As many
priuary frequencics as possible shcould be ovtained. If this is
done, time will bec saved by a reduction in tlie nunber of har-
nonics which will be required, and errors in calibration which
night be caused by the deviation of a primary frequency will be
largely eliminated. On the other hand, it is possible by the
use of harmonics to obtain a comnlete frequency meter calibra-
tion from a single prinary frequency. If it is desired to check
a calibration previously obtained rather than to obtain a ncw
calibration, the primary frequency signals will often be sui-
ficient without the necessity of employing harmonics from the
local generator. .

The method of obtaining primary frequencies for the calibra-
ticn employs the principle of zero beat and permits of a high
degree of precision. If an unmodulated primary frequency signal
is Peing received (WWV or 6XEM) it will be most convenient to
first adjust the receiving set to the point of self-generation.
If a non-generating receiving set is used, it is necessary to
tune it approximately to the transmitting station and then ad-
just the generator until an audible beat note is produced in
the phones of the receiving set. Retuning the receliving set
8lightly will produce a beat note of maximum intensity. If a
broadcasting station is being received, the set is tuned to
ma¥imum signal, but is not adjusted to a generating condition.
The generator is then tuned until it produces an audible beat
note with the incoming carrier frequency.

‘When the desired transmitting station has been tuned in on
the receiving set, the local generator must be adjusted to a con-
- dition of zeoro beat while the receiving set is in a non-generat-
ing condition. This adjustment transfers the frequency of the
distant station to the local gencrator. It must be made with
great care so that the error in setting will te small. The ob-
server should place himself in such a position that the body
capacity will not affect the adjustmentis of the frequency meter
and generator. An extremely precise adjustment of the generator
may be obtained by tapping the pointer zttached to the krnob of
the condenser, The frequency meter is now carefully tuned until
the resonance indicator shows a moaximum deflection. As it is
tuned near the point of resonance, the reactive effect may cause
a slight variation in the frequency of the generator, with the
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result that the beat note will @szn be herrd. Thic ¢z il
be measurable on the frequency meter and therefore adgustmcﬂts
should te made to again cttain the condition of zerc beat. This
rmay require decreased coupling between the frequency meter and .
the generator in additicn to a ulbgrt ren d]ust 1ent of the
generator. To reduce the errors in observation as much as pos-
sible a number of successive readings of the frcquency meter
should be taken, the gencrator being of cource always kept at
the adJustnent corresponding to zero beat. In general, the

nean value of these remdlnﬁo wili be wmost r0¢iaolp. In case

one of these readings shows a comparatively great deviation from
the mean value, that reading is di svcaarded and a rean value of
the others is obtained.

C. Use of Harmonics.—- Heving determined as many primary
frequency points as possible, the metaod of harmonics is used
to obtain additional points over the ronge of the frequency neter.
This method as descrlbed below is not intended to be inclusive,
that is, 1t does not give in detail the obtaining of all the
points necessary for plottmo calibration curves. Ry following
through the method as described, the experimenter will gain a
sufficient icdea of the process to enadle him to vary it slightly
according to the apparatus which is at hand. For this work,
two generators, which may be of the type previously described,
are required. A recceiving set which can be adjusted to a gen-
erating condition, or the circuit cf a continuocus wave trans—
nitter in the room where the apparatus is locatcd, may serve
as onc ¢f the generators. %.:To obtain stronger hamwonics it is
sometines desirable to incrc oe the plate vbltagn above the.
normal valuc and to somewhat reduce the filament current.
Headphones are inserted in the plate circuit of one of the
generators. In using the nmethod of harmcnics, it is important
t0 be atle to readily determiine the harronic Wbldh is emnloyed
to obtain zero beat. To this cnd, it is vory desirable to hov
an approxinate calibration of the generator sc that an idea of
the frequency to which it is adjucted may bec chbtained by noting
the doundenser setting and the particular coil which is used.
If the generator is constructed as pICViOUQlY doscri:ed the
approximate frequency to which it is adjusted nay be estimated.

The calibration by harmcnics should preferably be started
at the same time a primary frequency sipral is being received.
This will permit setting the zeanerator to zero beat with the
incoming signal. If the prinery fréquency hes dbecn previously
transferred to the frequency meter, the generator may Le adjusted
to this frequency by tuning to rescnance with the frequency meter.
The primary frequency signal is thus reproduced in thne generctor
instead of ‘the generator bglng directly zijusted to the inconing
signal, and therefore the observotional error is increased. After
aagustl the generator to the lemary frequency, przccutions
should be taken to see that the £requency of the generator re-
nieins constant. This nay be determined by noting the constancy
of the pitch of the Dbeat note obitained by rcaction with a second
generator. Fig. 5 shows graphically the method of obiaining

'Y

*
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harmonics between gencrators. Assume that a prianry f£regqueacy of
600 kilocycles is Leinz received. Having set gencrator A to 600
kilocycles, generctor B is tuned to the saue frequercy by zerc
beat. In order to detcrmine that this beat is produced by the
fundamental frequencies of the two gencrators, the settings of
the condensers may be noted and (assuming thait the generators
are of similar construction) will be found to te approxzimatcly
~ the samc, or the frequency meter may e uscd to indicate that

the beat note produced between the two generators comes from
their fundamental frequencies. The condenser of generator B
is now reduced to about 1/4 its scale settinr until a sccond
beat note is heard. This beat £8 caused by the second harmonic
of generator A (1200 ke) reactine with the new fundamental fre-
quency of zenerator B. The frequerncy ncter is now carcfully
tuned to resonance with gencrator B, and a number of rcadings
are taken to reduce the errors in observation. The 1200-kec -
point frequency thus -obtained is recorded.

By the substitution of a different coil the frequency of
generator B is again increased until ancther beat note is ob-
tained. This is caused bty the third harmonic (1800 ke) of
generator A leading with the fundemental of B. It is trans-
ferred to the frequency meter in the same nmanner as before.
Leaving gencrator B adjusted to 1800 k¢, the frequency of
generator A is increased until another zero beat note is ob-
tained. This is the second hamonic of generator 4 (fundanental
now 900 kc¢) beating with the fundamental frequency (1800 kc)
of generator B. This is transferred to the frequency neter.
Generator A is now left at the 900-kc adjustment, ond the
frequency of generator B is increased to 2700 k¢ producing
zero beat with the third harmonic of A, The frequency of
2700 k¢ is then transferred to the frequency meter. Harmonics
from other primary frequencies are obtained in the same manner.

Of equal importance to obtaining accurate frequency points
is. the plotting of these points on cross-gsection paper so that
a smooth curve may be drawn between them permitting the accurate
deternination of frequencies correspending to any setting of the
frequency neter dial. Curves obtained for the frequency meter
described in this circular are shown in Figs. 6a and 5b. '

Acsuning that the observations are accurate, the more noints
obtained for the plotting of curves, the better. If in atteompt-
ing to cdraw a smooth curve through the points, some of them ap-
pear to lie to one sidc, then these points usually indicate ob-
gservational errors, .and it is DLest to repsat the observations.
However, it sometimos heppens that in drowing a curve only a few
of the points will lie slightly outsidec of its path. In this
case a "mean" curve should be drawn, thet is, a smooth curve so
located .that .these points will lie equally orn each side. Accuracy
in the use of calibration curves depends to a considerable gxtent
upon the scales chosen for locating the points. -The scales for
these curves should be chosen sufficiently large so that aay
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errors in plotting the points or in rending the frequency frox
the curve after the points have been plotted will te less than
the observational errors in making mensurements,., To illustrate,
reference nay be made to the frequency wmeter dini. -~The vernier
scale suggested for this dial permits reading to C.1 of a
division and estimating to about 0,05 of a Aivision. Therefore,
the points for the froguency neter scale {lccated on the hori-
zontal exis) should be ploited %o such a sezle on the cross-
section paper that they may be readily located to within 0.02

or 0,03 of a division of thc frequency neter dial. As a second
illustration, reference may be mode to the frequency points as
located on zane vertical axis. It has heen previously assumed
that by following the specifications for frequency meter con-
struction and operation, an accuracy of better than 0.5 per cent
ray e obtained. Therefore the scalc c¢f frequcncies is to be so
chosen that the points may Ye laid off to an accuracy consider-
ably greater than 0.5 per cent, say one or two tenths per cent.

This discussion relative to the scales used in plotting
curves nust be given with a word of caution. While it is true
that ir order to eliminate or rcduce the grrors in recding fre-
quencies from the curves, the scales should be chosen so that
these errors are less than any cerrors which nay be mnde in the
observations, it is also true that one can nct cxpect 0 obtailn
a rorc accurate valuc of frequency from these curves than is
possible to obtain by the actual caliuration of the freguency
neter. For instance, suppose that a certain dial setting on
the frequency neter shows from the completed curve that the
corresponding frequency is 500.5 kc. The value of 0.5 k¢ rep-
resents a discrimination of 0.5 part in 500 which is ecquivnlent
to 0.1 per cent. Since, however, the accuracy of the frequency
meter calibration nmay not be better then 0.5 per cent, the fre-
‘quency as chosen from the curve will %“e recordad as eithex
500 or 501 kc.

D. Methods of Measurcnent.~— In the nreceding discussion
giving rmethods of calibrating the frequency neter, its use as
a neasuring instrument is described to a considerable extent.
This is particularly true in regard to precautions to he taken
in the measurenents so that the observational errors will e a
ninirmn. However, the discussion telow will add something to
the knowledge of frequcncy measurements previously obtained by
describing some particular kinds of measurenients.

Consideration will first be given to the measurenent of a
frequency of a trensmitting station vherc the mcasuring equip—
rent is located. This measurenent subdivides into two partas,
first when the frequency of the itransaitting station lies within
the range of the frequency neter, and cecond when the trans-
mitted frequency is higher than a frequency which can be dircectly
neasurcd. :

The first kind of neasurcnent merely requires coupling the
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frequency meter to the transmitting circuit and adjusting ke
dial until a nmoxinun deflection is obtained on the resonance
indicator, In maXing this neasurcient preceutions nust be taken
to see that the coupling is not tou close, that the cffect of
tody capacity of the obsecrver is not sppreciable, ané that ob-
servational errors are reduced tc a ninimw. This latter is
accomplished as previously nmenticned by takinz a number of
separate readings on the frequency neter, preferatly using
différent dezgreces ol coupling. The frequencies corresponcing

to these Cifferent settings are then deternined from the calibra-
tion curves, and if they o not differ by rore than cpproxinately
0.1 or 0.2 per cent, the nean is.ascumed t¢ be accurate.

In case the frequency of the local transmitter which is to
be meaBurdd~is above the range ¢f the freguency meter, then the
neasurement may be made by the use of harunenics. This requires
a radio-frequency generator with headphones connected in the
plate circuit. The generator is tuned until one of its harmonics
beats with the fundamental of the transmitter and the generator
is then carefully adjusted to zero beat. The frequency of the
generator is then necasured and its value obtained by refcrence
to the calibration curves. It is nccessary tc “ctermine whether
this frequency is 1/2, 1/3 or polaibly 1/4 of the frcquency of
the transmitting station. To thig.gnd, the approximate frequency
of the transmitting set must be known. For instence, assune
that the transmitter fregquency is approximately U000 kc, and
suppose that the frequency as ncasurcd by zero beat from the
generator is 1026 kc. Dividing U000 by 1026 zives 3.9, which
shows that the 44h harmonic of the generator was used to obtain
zero beat. The true frequency of the tranemitter is therefore
1026 x 4 = 4104 kc.

The second kind of neasurenents which are far greater in
scope, are nade upon distant transmitting stations. Methods of
calibration previcusly described, as well as methods of measurs-
ment just given almost cover thic subject. In the following
- further discussion, it is assumecd thal there is a careful ob-
servance of the precautions previcusly nmentioned.

First, there is the neasurement of a distant transnitting
S8tation of a frequency within the range of the frequency neter.
This operation is essentially the same as locating a point fronm
8 transmitting station when the frequency neter was calibrated.
After the generator is tuned to zero beat with the incoming sig-
nal, the frequency meter is tuned to the zenerator, the setting
of the frequency meter is read, and the frequency is determined
from the calibration curves.

A second kind of measurement of a distant tranmuitting
8tation is sometimes desired when the frequency of this station
ig higher than that which mey be directly measurcd. In this
casc the generator is tuned to zcre Leat with the incoming
frequency, the zero beat “Meing produced by a harmonic of the
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generator combining with the received frequency. The- generator
froquency is then neasured as previously described, and it is
merely necessary to determine the hammonic of the senerator which
was used in setting to zoro beat. | '

Ve Carc of Freoucncy Metger.

In following the instructions Tor the construction and use
of radio-frequency measuring cquipnent given in this circuler,
it nust be understood that the calibration of the frequency neter
is rot pemmancnt. Proper care of the instrument, such as avoid-
ine mechunical shock and exposing it to sunlight, or more
egnecially, to dempness, will be of essistance in maintaining
the calibration. However, after a pcriod of a few months, par-
tioularly when the frequency meter is new, it is necessary 1o
obtain a check of its calibration, and in case this shows a
ghange of more than about 0.2 per cent, a new calibration should

¢ made, .

‘ As a suggestion for checking the calibration it will usually
be sufficient to obinrin three or four points for cach curve, pro-
vided these points are so located that two of them lie near the
ends cf the curve and that the other roints are apprexinmately
uniforgly spaced. In obtaining a check in this manner the source
of the primary frequencies must be kncwn tc be accurate, other—
wise iz may appear that the calibration of the frequency meter

is inaccurate, when, 28 a matter of fact, the inaccuracy is due
to the points used for checking. If these points lie at appre-
ciably different distances from the curve, then it is probable
that the frequency meter calibration has changed and a cozplete
new calibration should be obtained. It may happen that these
.points all lie upon one side of the curve at the same distance
from it, In this case, assuming that the pcints have been
carefully takeén from an accurate frequency source, it is per-
rnisaible to draw a new curve throush them and parallel to the

cld curve. This amounts to a recallbration of the frequency
‘meter without the necessity of obtaining many new frequency
points, ;

Attached:
6 Figures.
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