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OPERATING INSTRUCTIONS
FOR

TYPE 821-A TWIN-T
IMPEDANCE-
MEASURING CIRCUIT

1.0 DESCRIPTION

1.1 General Description

The Twin-T Impedance-Measuring Cir-
cult is a null instrument for use in meas-
uring impedarice at frequencies from 460 kc
to 30 Mc. Measurements can be made at fre-
quencies slightly below and above this nom~
inal frequency range.

It is used basically with a parallel-
substitution method for measuring unknown
{impedances in terms of their parallel ad-
mittance components, namely susceptance,B,
and conductance, G, The susceptance is
obtained from capacitance increments, read
from a dial directly calibrated in capaci-
tance (in ppr), by means of the relation:

B= wAC (1)
The conductance 1s obtained fromadial di-
rectly calibrated in conductance (in pmho).
Conversion from the parallel admittance
components, G and B, to series impedance
components, R and X, can be made, if de-
sired, through the relations: :

G

R=—pl o (2)
@ + B°

X =..2_-].3_2 (3)
G + B

1.2 €ircuit and Balance Conditions

The circuit used consists of two T

networks comnected so that they furnish
parallel transmission paths, a-b-¢ and
1 "
gl b j [ —
1) )
c
L GL a;! UNKNOWN
——0
a9 43
H-F NULL
POWER SOURCE Jg{ DETECTOR
e
cm R
- s AW
FIGURE 1, Basic diagram of Twin-T
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d-d-c, from a high-frequency generator to
a null detector as shown in Figure 1,

) Zero energy transfer from the gen-~
erator to the detector occurs when the
transfer 1mpedance32 of the two T networks
are made equal and opposite, and a null
balance is obtained. The circuit condi-
tions for which: this occurs are expressed
by

2 CG
G, - Rw c'c" (1 + )= 0 (4)
1
Cg * C‘C“(év tort C%l) -3=0 (8)

W

1.3 Method of Measurement

In measuring an unknown admittance,
Yx = Gx + )Bx, the circuit i1s initially
balanced to a null, The unknown admit-
tance is then connected to the UNKNOWN ter-
minals and the circuit rebalanced by ad-

Justing the conductance condensers, Cg,
and the susceptance condenser, Cg. Fronm
the initial capacitance values, Cg, and

CBl, and the final capacitance valueS, Cgo
and Cpg, the unknown admittance components
are found as follows:

2 "

_Rwrc
G == (Cgp - Cgy) (4a)
B, = W(Cp - Cpy) (5a)

These relations show that each of the
components 1s proportional to a capaci-
tance increment, Since the unknown conduc-
tance component 1is always positive, the
capacitance of the conductance condenser,.
Cg, must always be increased when an un-
known impedance 1s connected to the UN-
KNOWN terminals and a single scale can be
provided reading incremental conductance
from O pmho, at the minimum capacitance
value, to a value determined by the capaci-
tance range, The susceptance component,
on the other hand, may be either positive
or negative., For direct readings, there-
fore, two scales would be necessary, one

1. The convention ¥ = G + JB is used throughout
so that capacitive susceptance is considered
positive, inductive negative.

2. Defined as the ratio of the input voltage to
the output current when the output terminals are
short-circuited.
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reading from O pmho at maxjmum capacitance
and the other from O umho at minimum ca-
pacitance, To avoid confusion from the use
of two scales, reading 1in opposite direc-
tions, a single scale of absolute suscep-
tance can be substituted, the unknown sus-
ceptance being found from the difference
between the two absolute susceptances at
balance, as indicated in equation (5a).

1.4 Conductance Range

For a given conductance value the
capacitance increment, CG2 - CGl’ varies
‘inversely as the square of the frequency,
as shown 1n equation (4a). The conduc-
tance dlal, therefore, reads directly only
at- a single frequency and, at all other
frequencies, the reading must be multi-
plied by the square of the ratio of the
operating frequency to the frequency at
which the dial was calibrated,

In the Twin-T Impedance-Measuring
Circult the use of a single conductance
scale 1s not feasible because of the very

large change in conductance range that re-
sults from the wide frequency band cov-
ered. To prevent this excessive variation
of conductance range the multiplying fac-

in equation” (4a) is changed by

adjustment of the condensers C' and C", By
switching these condensers, for instance,
a single scale could be made direct-read-
ing at several different frequencies and
the variation in conductance range at fre-
quencies between these could be made reas-
onably small, Some Increase in range, as
the frequency increases, seems desirable,
however, from a consideration of the fre-
quency characteristics of common types of
circuit elements.®* The Twin-T has, there-
fore, been provided with a four-position
switch that establishes linearly increas-
ing conductdnce ranges at successively
higher frequencies, as follows:

Nominal Switch~ Conductarice
“Position Frequency Range
1 Mc 0 to 100 pmho
3 Mc 0 to 300 umho
10 Mc 0 to 1000 pmho
30 Mc 0 to 3000 pmho

3., For the reason outlined in paragraph 1.5 the
dial used with the Twin-~T is calibrated in abso-~
lute capacitance, rather than susceptance.

4. For instance, the conductances of coils
are tuned with the same variable condenser
different wave bands and that have similar
ues of Q will increase with frequency, as
thosg of condensers and dielectric samples
ing reasonably constant power factors.

that
over
val-
will
hav-

.

To accommodate these on the dial, two
scales are provided, one reading from O to
100 pmho and one from O to 300 pmho,  The
tirst scale 1s read directly at 1 Mc, the
second at 3 Mc. The first is again used,
with a multiplying factor of 10, at 10 Mc
and the second, with a multiplying factor
of 10, at 30 Mc. At other frequencies the
dial reading corresponding to a given nom-
inal switch-position frequency must be
multiplied by the square of the ratio of
the operating frequency to the nominal
switch-position frequency.

1.5 Susceptance Range

For a glven susceptance value, the
capacitance increment, CBl - CBZ’ varies

inversely as the frequency, as shown in
equation (5a). A susceptance dlal, there-
fore, would read directly only at a single
frequency. Since, in many cases, the ef-
fective parallel capacltance 1s as conven-
ient a quantity to measure as the suscep-
tance, and since capacitance does not vary
with frequency, the Twin-T has been pro-
vided with a dial calibrated in capaci-
tance rather than susceptance. For the
reasons outlined in paragraph 1.3 it reads
directly the absolute capacitance, rather
than 1Incremental - capacitance, It has a
range from 100 puf to 1100 ppf and can
therefore be used directly to measure
effective parallel capacitances from ~1000
Mpf to +1000 puf, At the nominal switch-
position frequencies, this range of effec-
tive parallel capacitance corresponds to
the following susceptance ranges:

Nominal Switch-

Susceptance
Position Frequency Range
1 Mc -6,280 to. +6,280 pmho
3 Mc -18,840 to +18,840 pmho
10 Mc -62,800 to +62,800 pmho
30 Mcd® ~188,400 to +188,400 pmho

1.6 Auxiliary Controls

Equation (4) shows that the setting
of the conductance condenser, Cg, for the
initial conductance balance 1s determined
by the effective conductance, G, of the
tuning coil, L. Since this conductance

5. Because of errors caused by residual para-
meters, discussed in Section 3.2, the full range
of the condenser cannot be used above 20 Mc. At
30 Mc the actual usable capacitance increment is
about 300 puf and the corresponding susceptance
range from -56,500 to +56,500 umho. )
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does not, in general, vary as the square
of the frequency® the initial setting of
the conductance condenser will change with
the frequency. In order to avoid this
variation and to take full advantage of
the calibrated conductance scale, an aux-
iliary condenser is comnected in parallel
with the conductance condenser, By making
the initial conductance balance with this
ayxiliary condenser it is possible to set
the conductance dial at zero at all fre-
quencies and thereby obtain direct conduc-
tance readings on the dial,

Equation (5) shows that for any
given tuning inductance, L, the setting of
the susceptance condenser, Cp, for the
initial susceptance balance also varies
with frequency. In order to make 1t pessi-
ble to set 1initially at any point on the
scale, an-auxiliary condenser in parallel
with the susceptance condenser is there-
fore necessary. In addition, because of
the limited tuning range that can be ob-
tained with a single coil, several differ-
ent colls are necessary to cover the fre-
quency range. These are selected by a
switch,

1.7 Panel Layout and Complete Circuit Dia-
gram

A panel view of the Twin-T is shown
in Figure 2, The controls, plainly marked
on the panel, are::

(1) A precision-type variable condenser
(CAPACITANCE) used to measure susceptance
components and having a dial and drum com-
bination calibrated from 100 to 1100 wuf.

(2) An auxiliary condenser (AUX. TUNING
CAP.), consisting of a bank of fixed con-
densers, controlled by push buttons, and a
small variable condenser, This combina~-

2.0
2.1 Generator

Any well-shielded radio -frequency
oscillator having an output voltage of the
order of 1 to 10 volts and adequate fre-
quency stability will serve as generator,

2.2 Detector

Any well-shielded radio receiver hav-
ing a sensitivity of the order of 1 to 10
pv will serve as detector. It is recom-
mended that the recelver used be provided
with an adequate r-~f sensitivity control
and a local oscillator to give a hetero-
dyne note at the intermediate frequency,
and a switch to cut out the ave, Most so-
called "communications receivers" £ill all
these requirements,

tion is in parallel with the precislion con-
denser and is used to establish the
initial susceptance balance at any chosen
dial setting.

(3) A coil switch, marked with the fre-
quency range covered by each tuning coll,

(4) A variable condenser (CONDUCTANCE)
used to measure conductance components and
having a dial that carries two scales, one
from O to 100 ymhos and one from O to 300
pmhos,

(5) A 4-position switch used to estab-
1lish scales on the conductance dial as de-
scribed in paragraph 1.4. The nominal
switch-position frequencies (1, 3, 10 and
30 Mc) are marked in 1large characters

,,,,, the frequency limits between which
the setting is usable are marked in small-
er characters., The 4-position switch and
the coil switch are jointly identified by
the panel marking FREQ. RANGE, .

(6) Two small variablé condensers
(INITIAL BALANCE), 1in parallel with the
conductance condenser, used as coarse
(APPROX) and fine (EXACT) controls to
establish the initial conductance balance
at a dial reading of zero,

The complete circuit diagram of the
Twin-T, showing the switches and auxiliary
condensers, 1is 1llustrated in Filgure 3,
The resistor-condenser combinations asso-
ciated. with the tuning coils are used to
modify the tuning-coil conductances so
that their variations with frequency do
not. exceed the adjustment rdnge of the
auxiliary condensers used to establish the
initial conductance balance.

6. In terms of the series resistance, R, and
inductance, L, the conductance 1is given by

R ____. For values of the ‘storage factor,
R? + (wL)?
§, over 10 this is practically equal to _15.
RQ
OPERATION

2.3 Cables and Terminals

Two single-conductor coaxial cables
are supplied with the instrument for con-
nection to the generator and detector. One
of these is provided with General Radio
Type 774-M Cable Jacks at each end and is
intended for use with a General Radio Type
605-B Standard-Signal Generator as genera-
tor. The other is provided with a Type
774-M Cable Jack at one end and spade ter-
minals at the other, It is intended for
use with any receiver having machine-screw
terminals for antenna and ground. If pos-
sible, however, it is recommended that
this second cable also be terminated in a
Type 774-M Cable Jack and that a Type
774-G Panel Plug, into which it can be
plugged, be installed at the receiver.

B
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A special coaxial adapter (Type 774-V)
is available for the Type 684-4 Modulated
Oscillator that will receive the Type
774-M Cable Jack and it is recommended
* that this be used, rather than the Type
138~V Binding Posts normally provided, if
this'?instrwnent is to be used as genera-
tor,

2.4 Grounding

The instrument should, in general, be
grounded at a single point, through as low
reactance a connection as possible. To
facilitate making this connection a ground
clamp is provided on the instrument case,
as shown in Figure 4,

The ground lead should preferably be
made with a short length of copper strip,
say 1 inch wide, In laboratory setups a
satisfactory "ground" c¢an be obtained by
covering the top of the bench with copper
7. It has been found that a low-reactance con-
nection between the outer conductor of the co-
axial cable and the generator panel i1is very im-
portant. On this count, the combination of a
Type 274-ND Shielded Plug and Type 138-V Binding
Posts has been found inadequate at frequencies
over ‘about 15 Mc even though the shleldingis
satisfactory. If another type of oscillator is
to be used as generator it is strongly recom-

mended that a Type 774-G Panel Plug be installed
to receive the Type 774-M Cable Jack.

e T

foll, even though the bench is physically
far removed from ground, If the foil area
is large enough, it will usually .be found
that a connection from it to ground, say
through a steam radiatdr system, will make
no appreciable difference in results.® In
field setups the best "ground" is usually
tound to be some large metal structure,
such as a relay rack,

If the grounding 1s not adequate it
will usually be found that the panel of
the instrument is at a different potential
from the hand of the operator and that the
balance can be changed by touching the
panel, and erroneous results will be ob-
tained.

2.5 Stray Pickup

if the panel of the instrument is at
ground potential but those of the detec-
tor and generator are not it is usually
an indication of excessive reactance in
the connections from the outer conductors
of the coaxial leads to those panels. The
use of Type 774 Coaxial Connectors, as
recommended in paragraph 2.3, will gen-

8. The foil area should be at least great
enough so that generator, Twin-T, and detector
can all be placed upon it.

Figure 4,

B
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erally eliminate these potential differ-
ences, A further test for the existence
of this condition can be made by removing
the detector cable from the panel jack of
the Twin-T. The detector pickup should be
negligibly small if the generator is
adequately shielded., If the outer shell
of the Type 774-M Cable Jack can then be
touched to the ground post of the Twin-T
without significantly increasing the re-
ceiver output, no excessive reactance ex-
ists,

It the detector, when disconnected
from the Twin-T, shows considerable pick-
up, it 1s usually an indication of poor
shielding in the generator or of energy
transfer from the generator to detector
through the power line.

It is sometimes found, in field set-
ups where grounding conditions cannot be
carefully controlled, that individual
ground connections from the panels of the
generator, Twin-T, and detector to a caom-
mon ground point will give less pickup and
more consistent results than a single com-
mon ground to the Twin-T alone. The use
of coaxial connectors at both generator
and detector is particularly recommended
for these field setups to avold, as much
as possible, the necessity for such multi-
ple ground connections,

2.6 Initial Balance

To place the instrument in operation,
first connect the generator and detector
with the cables provided in the cover and
ground the instrument as described inpara-
graph 2,4, Next set the coil switch and
the 4-position conductance switch to fre-
quency ranges bracketing the operating
frequency. Set the susceptance condenser
(CAPACITANCE) to some convenient value and
the conductance condenser (CONDUCTANCE) to
zZero. Balance to a null by varying the
auxiliary condenser combination in paral-
lel with the susceptance condenser (AUX.
TUNING CAP,) and the auxiliary condensers
in parallel with the conductance condenser
(APPROX. and EXACT).

Figure 6 1is a plot of the frequency
variation of the total tuning capacitance
(sun of capacitance of auxiliary condenser
combination and susceptance condenser) re-
quired for the initial susceptance balance
for the different coils. The plot will be
found useful both in estimating the approx-
imate initial settings and the capacitance
range over which the precision condenser
can be varied, At the low-frequency end

of each coil range the precision condenser
cannot. generally be set at initial low-
capacitance readings, and at the high-fre-
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quency end of each coil range it cannot
generally De set at initial high-capaci-
tance readings, By selecting the proper
coil, however, it 1is possibie to set at
both minimum and maximum capacitance at
any frequency in the operating range.®
For the detector it is particularly de-
sirable to use a receilver that has a good
r-f sensitivity control and a switch to
disconnect the ave, If the receiver gain
is set too high there is a tendency for
the recelver output to increase as balance
is approached, and if the conductance bal-
ance 1s not set approximately correctly it
becomes quite difficult to find the sus-
ceptance balance, or vice versa., When the
-r-f sensitivity control 1s set to minimum
sensitivity, and the avc is disconnected,
no difficulty should be found 1in making
the initial balance. As balance is ap-
proached, the receiver sensitivity can be
increased to improve the precision of set-
ting. For the first rough balance the gen-
erator signal can be modulated and the re-
ceiver beat oscillator turned off, The
precise balance, however, should be made
with the generator signal ummodulated. The
avc should be left disconnected at all
times, If an adequate r-f sensitivity
control on the receiver 1is not available
it 1s sometimes possible to accomplish the
same general results by reducing the gen-
erator output, rather than the receiver
sensitivity. For the precise balance the
generator output should preferably be set
at maximum so that the ratio of useful out-
put to leakage 1s as great as possible.
Once the initial balance has been ob~

tained, the setting of the precision con- -

denser can be changed to any desired value
and the susceptance balance reestablished
by varying the auxiliary condenser combina-
tion. The choice of the initial setting
depertds upon the sign of the unknown sus-
ceptance that is to be measured. If it is
capacitive, the initial setting should be
high so that a decrease in setting can be
observed when the unknown admittance is
connected to the instrument; if it is in-
ductive, the initial setting should be low
s0 that an increase in setting can be ob-
served when the unknown admittance is con-
nected to the instrument.

2.7 Measurement of Unknown Admittance
2.71 Unknown Admittance Components
Within Direct-Reading Ranges
of Twin-T
Since a parallel-substitution
method 1s used, the Twin-T is generally

9. Because of errors caused by residual para-
meters, discussed in Section 3.2, the full range
of the condenser cannot be used at frequencies
above 20 Mc (Footnote 4). At the highest fre-
quencles 1t will be found that the inductance in
the leads to the auxiliary condensers causes
their effective capacitances to 1ncrease above
their nominal values. Since they play no part
in the measurement process other than to estab-
lish an initial balance, however, this variation
has no bearing on accuracy of measurement.

adapted to the measurement of high im-
pedances or, specifically, to the measure=~
ment of admittances having small conduc¢-
tive components.  In this class fall, gen~
erally, the admittances of such elements
as colls, condensers, dielectric samples,
antennas and unterminated transmission
lines near half-wave resonance, parallel-
resonant circuits and high-resistance
units,

To measure admittances of this
class, flrst establish an initial balance
as described in paragraph 2.6. Then con~
nect the unknown admittance and rebalance
with the susceptance condenser, Cp, (CA=-
PACITANCE) and the conductance condenser,
Cg, (CONDUCTANCE). 1If Cp, and Cp, are the

initial and final readings of the suscep-
tance condenser; the effective parallel
capaclitance, ch, of the unknown admit-
tance is given by

Cp. =Cpg - C 5b
Py =%, ~ B, (5b)

and the susceptance, Bx’ is given by

Bx=W(CBl - CBZ) (5a)

If the final capacitance setting, 032, is

greater than the initial capacitance set-
ting, cBl’ the effective parallel capaci-

tance 1s negative and the susceptance is
inductive, If the final capacitance set-
ting, CBz,is less than the initial capaci-

tance setting, CBl, the effective parallel

capacitance 1is positive and the suscep~
tance 1s capacitive,

The unknown conductance, Gy, 1s
determined from the final setting of the
conductance dial, Gs. If the measure-
ment is made at a frequency of 1, 3, 10 or
30 Mc, where the dilal 1is direct reading,
the unknown conductance 1s directly given
by the final dial reading. If 1t is made
at any other frequency, the dial reading
must be multiplied by the square of the
ratio of the frequency used to the nominal
switch-position frequency corresponding to
the setting of the 4~position conductance
range switch (see paragraph 1.4).

The result, when measured 1in
this way, is of course in terms of the ad-
mittance, Yx = Gx + JBx. In many cases it

is preferable to express it in terms of
the impedance, Zy = Ry + JXx. This c¢an be
obtained from the relations
- GX
L - =
G + By

10. It is actually determined by the difference
between the final and 1initial settings. The

initial setting, Gy,
ting calibrated as zero.

however, is made at a set-
(See paragraph 2.6).
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et 1 -1 1
T 1+ BT a1+ 08 (2a)
Gx
Ty @)
Gy * By
:__l 1 .-,:_._1__1_ (33)
Bx1e (E%)z Bx 1402

For coils, the result 1s conven-
iently expressed in terms of the effective
parallel inductancell, Lp,, and the stor-

age factor, Qu, which can be found from
1 1
Lp, = -5 = - (6)
Px wa wZCPx
Gx

For condensers, the result 1is
conveniently expressed in terms of the ef-
fective parallel capacitance, CP , and the

X

dissipation factor, Dx’ given by

Cpy = CBy - CBy (5b)

Dy =|é§§‘ (8)

2.72 Unknown Admittance Components
Outside Direct-Reading Ranges
of Twin~T

At the sacrifice of the direct-
reading features of the Twin-T, measure-
ments can also be made of low impedances
or, specifically, admittances having large
conductive components, In this class fall,
generally, the admittances of such ele-
ments as terminated transmission lines,
antennas and unterminated transmis5ion
lines near quarter-wave resonance, series-
resonant circuits and low-resistance units.

Measurements of admittances of
this class are made by comnecting in ser-

ies with the unknown admittance an aux-
iliary condenser of such reactance that
the net admittance of the combination

falls within the direct-reading ranges of
the T™win-T.12 From measurements of the
net admittance components and a separate

11l. This is the inductance that has a reactance
equal to that of the tuning capacitance in a
parallel-resonant circuit. For a coil having a
storage factor, Qx, of 10 or greater it is with-
in 1% of the value of the effective series in-
ductance, LSx' The relation between them is

pr pr

Lg, = =
¥ 1+ (1/Q0? 1+ Dg?

measurement of the reactance of the aux-
iliary condenser it is then possible to
determine the unknown impedance,

To determine the proper auxil-~
lary capacitance to use, <first establish
an initial balance as described in para-
graph 2,8, Next connect a small fixed con-
denser in series with the ungrounded lead
of the unknown admittance, connect the
combination to the UNKNOWN terminals of
the Twin-T, and rebalance with the suscep-
tance condenser (CAPACITANCE) and the con-
ductance condenser (CONDUCTANCE). If the
auxiliary series capacitance 1s too large
the balance will be found to be outside
the range of one of the Twin-T condensers,
usually that of the conductance condenser,
If it is too small, the settings for bal-
ance will not change by a sufficient
amount to yleld adequate precision of meas~
urement, Change the auxiliary series con-
denser until a capacitance value is found
that will give settings for the final bal-
ance sufficlently different from those for
the initial balance to insure adequate pre-
cision, Be particularly sure to obtain a
substantial change in the conductance set-
ting.

The optimum value for the aux-
iliary series capacitance having been de-
termined, the measurement procedure 1s as
follows:

First, connect one side of the
auxiliary series condenser to the un-
grounded UNKNOWN terminal of the Twin-T
and, with the other side of the series
condenser disconnected, establish an ini-
tial balance as outlined in paragraph 2.0.
The series condenser should be physically
as small as possible and should be sup-
ported by its own ungrounded lead in a po-
sition as nearly the same as that which it
will take when connected to the unknown
impedance.

Next connect the free lead of
the condenser to the grounded UNKNOWN ter-
minal and rebalance with the susceptance

and conductance condensers, From the
measured admittance, Y' = G' + JB', the
impedance, Z' = R' + JX', can be deter-

mined exactly by equations (2) and (3). In

12. The conductance and susceptance of the com-
bination are found, by rearranging equations
(2a) and (3a), to be:

¢=1_21 (2v)
R 1+ QZ
=-i_ 1 (3b)
X1+ D?

As the auxiliary condenser 1is made smaller and

smaller, X and Q increase and D decreases. In
the 1limit, therefore, as Xy approaches infinity,
1. R
G —p xR
1
B—=*-3

13. ©Small fixed mica condensers, such as the
Cornell-Dubilier Type 5-W, are excellent for
this service. See Paragraph 3.12 for a more ex-
tensige discussion of the precautions to be ob-
served.

-9-
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most cases, however, it will be found that
the conductance component is negligible or,
in any event, so small that the following
simple approximate equations can be used:
Gt
R' = — (9)
(B")

X' = -% (10)
The position of the auxiliary series con-
denser should be changed as little as pos-
sible when this connection is made, pref-
erably only the free lead being bent so as
to make contact with the grounded UNKNOWN
terminal. '
Finally, <disconnect the free
lead of the auxiliary condenser <from the
grounded UNKNOWN terminal, and connect it
to the ungrounded terminal of the unknown
impedance. Rebalance with the susceptance
and conductance condensers, From the meas-
ured admittance, Y" = G" + jB", of the com-
bination the impedance, Z" = R" + jX", can
be determined from equations (2) and (3):

"
R" s G _ (2)

(G")2 + (B")z
"B"
X“ -5 (5)
(@) + (317

The unknown impedance, Zx = Rx + jXx, 1s
equal to the difference between these two
impedances. '

Ry = R" - R (11)

Ig = X" - X1 (12)
The ground terminal of the unknown impe-
dance can be left connected to the ground-
ed UNKNOWN terminal at all times for this
measurement.

It is often found that the un-
known reactance, Xy, 1is quite small com-
pared with the reactance, X', of the aux-
1liary series condenser and that the
arithmetic used
fore involves taking the difference be-
tween +two large numbers. To avold, as
much as possible, inaccuracy in slide-rule
computations it 1s therefore helpful to
express the unknown reactance, Xx,- in

.terms of the difference between the two
measured parallel capacitances, Cp" and
Cp', which can be read from the precision
condenser scale,

14. If the same iniyial getting is used for
then CB - Ccp =

both measurements, cBl = cBl’
(cB] - cB3) - (cBf - CB3) = CB) - CB.

in its evaluation there-

gt "2
, T
Xy =g - 3 (13)
1+ (@M
C " - C v n 2
‘—L—W_P + Q—Gv—)
1~ Cp wCp
:‘E——' 5 (153)
P a" )
1 + (gar
wCp
"
The dissipation factor, D" = é;u of the

serles combination 1is usually small and
its square can be neglected 1in comparison
with unity. For most conditions, there-

o a s
fore, equation (13a) can be ussd

simpler, approximate form:
o} " C.' v 2
1 P -"P G
XX _wcpl [ CP" + ( wcpw):| (l3b)

Since this equation involves di-
rectly the small difference in final cap-
acltance settings the accuracy of the re-
sult 1s of the same order as that of set-
ting and reading capacitance difference,

When the unknown reactance, Xy,
is small compared with the reactance, X',
of the series auxiliary condenser it is
also possible to simplify, to some extent,
the determination of the unknown resist-
ance, Ry. Since X' and X" are then not
greatly different, loss 1In the awxiliary
condenser contributes practically the same
conductance component, both in the meas-
urement of the condenser alone and in the
measurement of the series combination, It
is therefore generally safe to neglect the
condenser loss and to make the conductance
balance, when measuring the condenser
alone, with the EXACT INITIAL BALANCE con-
ductance control, leaving the CONDUCTANCE
dial set at zero, The conductance balance
for the series combination 1is then made
with the same setting of the INITIAL BAL-
ANCE conductance controls, so that, to a
first approximation, the loss in the ser-
les condenser 1is allowed for in the meas-
urement process, The unknown impedance
then becomes: -

T s
411 ULIIC |

a"
& (CUCp" )2

Rx = R" = 5 (2)

(¢")
l CP“ - CP' ' G" K
T =w0p'[ oo (wepm |

2.73 1llustrative Examples

Ag a gulde to the practical ap-
plication of the material of paragraphs

-10-
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2.71 and 2.72, three illustrative examples follow,

(a) Measurement of a 500-upf Condenser at 10 Mc

Set the 4-position conductance
range switch at 10 Mc and the coil switch’
on the 8 - 13 Mc range, Set the suscep-
tance condenser dial .at some high value,
say CBl = 1000,0 pupf, and the conductance

dial at zero. Adjust to an initial bal-
ance as described in paragraph 2.6. (From

100 ppt.)

Connect the condenser t be meas-
used across the UNKNOWN terminals and,
with the susceptance and conductance con-
densers, adjust to a final balance. Let:

CB2 = 442.4 uuf

Figure 5 the AUX. TUNING CAP will be about Gy = 80 pmho
Then:
Cp, = 1000.0 - 442.4 = 557.6 mf (5b)
Gy = Gg = 80 ymho (See par. 2.71)
=B
= 90z 10 5 = 0.0023 = 0.23% (8)
2y x 10 x 10° x 557.6 x 10

(b) Measurement of 1-ph Coil at 25 Mc

Set the 4-position conductance
range switch at 30 Mc and the coil switch
on the 20,0 - 40.0 Mc range. Set the sus-
ceptance condenser dial at some low value,
say Cp; = 100,0 ppf, and the conductance

dial at zero., Adjust to an initial bal-
ance as described in paragraph 2.6, From
Figure 5, . the AUX, TUNING CAP will be
about 600 ppf. It will, however, appear

less because of lead inductance (see Foot-
note 9, par. 2.6).

Connect the coil to be measured
across the UNKNOWN terminals and adjust to
a final balance as before. Let:

Cpg = 139,8-jpf
G2 = 90 umho (Dial reading)

Then:
_ 6 -12 6 _
Bx = 2y x 25 x 10~ (100.0 - 139.8) x 10 x 107 = -6250 umho (5a)
= 25,2 _
Gy = 90 x 6569 = 62,5 ymho (see pay. 2,71)
Lp, = - 610 — = 1.02 1h (6)
2m x 25 x 100 x (-6250)°x 10 .
_ 6250 _
x = 55 = 100 (7)

(¢) Measurement of Matched 72-omm Coaxial Transmission Line at 830 k¢

P Set the 4-position conductance
range switch at 1 Mc and the coil switch
on the 620 -850 k¢ range., Set the sus-
ceptance condenser dial at some value near
mid-scale and the conductance dial at zero.
Adjust to an initial balance as described
in par. 2.6, From Figure &, the AUX, TUN-
ING CAP will be set at zero, )

Following the procedure outlined
in paragraph 2,72, find the largest conven-
ient value of the auxiliary series conden-
ser that will give a conductance balance on
scale, Suppose 1t is 150 ppf, nominal val-
ue.

Measure the capacitance of the
auxiliary condenser and balance with the

conductance condenser set to zero with the
auxillary condenser across the UNKNOWN ter-
minals, Disconnect the lead of the aux~-
iliary condenser from the grounded UNKNOWN
terminal, connect to the ungrounded ter-
minal of the unknown impedance and rebal-

ance, Let:
CBi = 500,0 uuf
Cgj = 352.5 wuf
G4 = O umho (Set with EXACT INI~

TIAL BALANCE conductance control)

-l]l-
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Cpy = 500.0 uuf
cgg = 353.6 unf

2

0.6 x (2:8)2

60.8 ymhos (Dlal reading)
= 41.9 ymho (See par. 2,71)

Then:
Cp = 500,0 - 352.5 = 147.5 upt
G" = G3 = 41.9 ymho
Cp = 500.0 - 353.6 = 146.4 W ;
B" = 2n x 830 x 10° x 146.4 x 16 2 x 10° = 764 ymno
-8
Ry = —2.9% 10 = 7160
(41,9° + 764 ) x 10
1012
Xy = = 146.4 ~ 147.5 , (41.9) (13b)
2n x 830 x 10 x 147.5 146 .4 764
= -6N (Capacitive)
Zy = 71.6 - 16
2.74 Balanced Lines and Antennas and measure impedance, %%', from lineA to
B ground,
The measutremeént of three-termin- " 8122
al devices, such as balapced lines and & = (18)
antennas, can be made with the Twin-T, al- 1 2
though the computations involved are quite
laborious, Combining equations (14), (15)
The method depends upon the anal- and (16) gives:
ysis of the unknown impedance in terms of ' SBIETEM 2
the equivalent circuit of Figure 6 and re~ %, = oo¥ ooy e S 17)
B 1 ZVE"T - BUREY 4+ FWE 1.1 1
quires three separate measurements,as fol- g*-z-w'*gw,
lows: 2% 13" gm 2
B = . e sEwE S I 1.1 O
(1) Short-circuit impedance #%; by ’ gt Em

grounding line A at point of measurement,
and measure impedance, &', from line B to
ground,

£2%3
(g * I3

o=

(14)

(2) short-circuit impedance £2 by
connecting 1line A to 1line B at point of

measurement, and measure Impedance, 2",
from the Junction to ground,
%
8" = Zf o (15)
3 1

(3) Short-circuit impedance, £z, by
grounding line B at point of measurement,

12~

Zp
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2B'z"gM
3 BB + ZTRM

4_%1"— ———T (19)
BTEE

This method gives each component
of impedance, detecting any unbalance, At

perfect balance, Zl = ZS’ At = g,
= = L] .
Zl Zs 24 (17a)
___2E'g" 1
By =T g I (18a)
A 2%

When the balanced 1line is fed
from a balanced source, the effective in-

put impedance 1is given by

%% gt
172 _ 4%'%
BB "Zg v g, T 4@ - (20)
1 2
Zpp 1s the 1nput impedance seen

from the source. It should be measured
once with the far end of the line open and
once with it closed it it 1is desired to
compute the characteristic impedance and
propagation constant by the usual method.
No grounds should be made to the line at
any point other than the input when making
measurements,

The component impedances 1in-
volved must usually be measured by the
method described 1in paragraph 2,72, In

equations (17) to (20) they must, of course
ourse

CQuatvlilns L&+ \EV, Uagy MUiSTy, 0L C

be written in their complex forms.

b4

3.0 CORRECTIONS

3.1 Lead Corrections

In common with other types of im-
pedance-measuring equipment, the Twin~T
can only measure impedance at its own ter-
minals, The residual impedances of the
leads used to connect the unknown Iimpe-
dance to these terminals, however, often
causes this impedance to differ from the
impedance appearing at the terminals of
the device under test., Under some circum-
stances the difference can be ignored and
the measured impedance taken as the im-
pedance of the device under test, includ-
ing the leads. In most cases, however,
the device will not be used with the same
leads used to comnnect 1t to the measuring
instrument and it is necessary to compen-
sate for the effect of these leads to ob-
taln the desired impedance. An exact cor-
rection for the effect of the leads re-
quires analysis as a transmission line and
1s laborilous and cumbersome., For specific
measurements, however, approximate correc-
tions will yleld satisfactory accuracy.

3,11 Corrections for admittance meas—
urements within direct-reading ranges
of Twin-T

When the Twin-T 1s used to meas-
ure admittances within its direct-reading
range the unknown Impedance 1s so high
that for relatively short leads the volt-
age drop along the leads is small compared
with the voltage drop across the unknown
impedance., The effective capacitance be-~
tween the leads 1s consequently not mater-
1ally changed when the unknown impedance
is comnected and disconnected, If the ini-
tial balance 1is established with the leads
to the unknown in place, but disconnected
at the far end,the lead capacitance there-
fore cancels out in the measurement and

1 -w=(sL)C!

the only correction that need be made is
for the inductive reactance.

The "shortness" of the leads 1s
expressed by the réatio of their inductive
reactance to the unknown impedance. A val-
ue of 20% for this ratio may well be taken
as an upper limit, If, for instance, two
parallel No, 18 B & S gauge wires, spaced
3/4" apart on centers, are used as leads,
the inductance of the two wires will be
about 0,037 ph/inch and the corresponding
inductive reactancé at 30 Mc will be about
740e/inch,  When measuring, say, a 3004
impedance at this frequency, then, the
leads used to connect to the unknown im~
pedance should each be less than 9" long.

The most straightforward method
of correcting for the lead inductance is
to convert the measured parallel admit-
tance to the corresponding series impe~
dance and to subtract directly from the
measured reactance the inductive reactance
of the leads.

The lead inductance can bedeter—
mined by measuring a small fixed condenser,
first at the UNKNOWN terminals of the
Twin-T and then at the end of the leads,
The first measured capacitance, C', with
the condenser at the UNKNOWN terminals is
equal to the effective parallel capaci-
tance of the condenser; the second meas—
ured capacitance, C", with the condenser
at the end of the 1leads 1s equal to

c! .
, where (8L) is the lead iu-

ductance. From these two measurements

_ 1 ¢" -¢t
§L -w—z— g (21)

As the capacitance of the fixed condenser
is increased the difference between C' and
C" becomes greater and the precision of

measyrement of §L increases.

-]3=-
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3.12 Corrections for admittance meas—
urements outside direct-reading range
of Twin~T

The analysis presented in para-
graph 3.11 applies directly, in the series-
condenser method described 1in paragraph
2.72, to the lead from the ungrounded UN-
KNOWN terminal to the auxiliary series con-
denser, provided this lead is not made so
long that there 1s an appreciable voltage
drop along 1its length. The capacitance of
this lead to ground is therefore automatic-
ally accounted for when the initial bal-
ance 1s made with it connected, but with
the far end of the series condenser dis-
connected, as described in paragraph 2,.72.
The effect of the lead inductahce can also
be eliminated, in this method, by connect-~
ing the auxiliary condenser at the far end
of the lead, where 1t can be connected to
the ungrounded terminal of the device un-
der test with a lead of negligible length.
The far end of the condenser should then
be connected to the ground terminal of the
device under test, see Figure 7, rather
than to the grounded UNKNOWN terminal in
the Twin-T when its reactance, X', is meas-
ured, This measured reactance then in-

(o]

FIGURE 7.

cludes the lead reactance and, since the
same lead length 1s used in the measure-
ment of the series combination, the lead
reactance cancels out, If the auxiliary
serles condenser is connected at the Twin-
T end of the lead 1t will generally be
found necessary to correct for the lead
capacitance, even if the C' measurement is
made by connecting the far end of the lead
to the ground terminal of the device under
test.

There 1s one other source of
error, however, that should be carefully
watched, when using the series-condenser
method, Any condenser, when used in a ser-
les connection, will have, in addition to
the direct capacitance between 1ts termin-
als, capacitance from each terminal to
ground, Capacitance to ground from the
condenser terminal connected to the Twin-T
will cause no error since it 1s always
across the UNKNOWN terminals, Capacitance
to ground from the other terminal, however,
will cause the measured value of C' to
differ from the direct capacitance between
the terminals since this capacitance to

ground is effectively across the UNKNOWN
terminals for the initial balance but is
shorted out when the condenser 1s con-
nected across the UNKNOWN terminals. While
the capacitance to ground 1s ordinarily
very small, it 1s often necessary to use
small series capacitances (as low as 20 -
30 ppf) and it 1s not difficult to produce
appreciable errors. It is strongly recom-
mended, therefore, that the series conden-
ser used be of as small dimensions as pos-
sible. As a further safeguard it is sug- .
gested that the body of the condenser be
wrapped with copper foil, connected to the
lead to the Twin-T, so that the ground
capacitance 1s all thrown over to that
slde of the condenser, see Figure 8, where
it can cause no error,

o

e ——Hit—

@,

FIGURE 8._—Recommenaea metnod of
shielding auxiliary condenser,

3.2 Corrections for Residual Parameters

The upper-frequency limit of accurate
operation of radio-frequency impedance-
measuring equipment is nearly always de-
termined by residual parameters, in the
wiring and in the impedance elements, that
are 'mot accounted for in the ordinary
theory of operation. While these have been
made extremely small 1in the Twin~-T, they
are still large enough to affect perfor-
mance at the highest frequencies and to
set -the maximum usable frequency in the
neighborhood of 30 Mc, .

. By careful balancing of impedance
levels and attention to mechanical arrange-
ment, the effects of all the residual
parameters except those occurring in the
susceptance condenser, Cg, have been made
negligible, The residual parameters in
this condenser, for which corrections may
be necessary, are:

(1) Inductance, L', between the con-
denser and the ungrounded UNKNOWN terminal.

(2) Inductance, L", between the con-
denser and the point in the Twin-T circuit
to which it connects,

(3) Inductance, Lg, in the metal
structure of the condenser itself.

(4) Resistance, Re, 1in the metal
structure of the condenser,
Figure 9 1s an equivalent circuit

showing the residual parameters listed and
their relative locations, They are all
essentially constant, independent of the
setting of the susceptance condenser, and

=14~
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have the following values at a frequency
of 30 Mc:

L' =6.8x10° h
L" =3,15 x 109 h
Le =6.1x109h
. = 0.026 N

The inductances are independent of fre-
quency. The resistance varies directly as
the square root of the frequency,

3.21 Correction for L!

The inductance, L', 1is directly
in series with the unknown admittance, To
correct for 1ts effect 1t 1s therefore
only necessary to subtract 1ts inductive
reactance from the measured reactance as
described in paragraph 3,11 for lead reac-
tance. When lead corrections are neces-
sary, 1t can be taken into account as part
of the lead correction by increasing the
measured lead inductance by 6.8 x 10~9 n,
When measuring low impedances by the ser-
les-condenser method 1its effect 1s elim-
inated, along with that of the lead induc-
tance, by following the procedure outlined
in paragraph 3.12.

3,22 Correction for L"

The inductance, L", has no ap-
preciable effect upon the susceptance bal-
ance but causes the apparent conductance,
measured by the conductance dial, to dif-
fer from the true value, To a first ap-
proximation the true value of the unknown
conductance, Gy, is found from the meas-
ured value of unknown conductance, Gg, and
the initlal susceptance condenser capaci-
tance, CBl, by

2
Ge = Gp (1 -w?licy)®  (22)
bl.
I I
H 1|
U
b(
UNKNOWN

1

FIGURE 9. Equivalent circult of the
susceptance condenser showing residual
parameters,

3.23 Correction for L¢

The inductance, Ls, causes the
high-frequency effective capacitance of
the susceptance condenser, Cp, to rise
above the low-frequency calibration., The
apparent susceptance, measured by the sus-
ceptance condenser, therefore differs from
the true value. To a first approximation
the true value of the unknown susceptance,

By, 1s

w(Cp, - CB,)
By = 5 1 £ (23)
1l -Ww LC(CBl + CBZ)
3.24 Correction for Rg
The resistance, R;, causes the

effective conductance of the susceptance
condenser, Cg, to vary as the capacitance
is changed. It therefore introduces.an
error in conductance measurement when the
unknown admittance has a relatively large
susceptive component. To correct for its
effect, the conductance component, 8§a,
should be added algebrailcally to the meas-
ured conductance.
8CG = RewBx(Cp) *+ CB,) (24)

For capacitive unknown susceptances this
correction is positive, for inductive sus-
ceptances negative,ld :

3,25 Application of Corrections

The systematic application of
the corrections. given by equations (22)
to (24) will yield results that are
limited largely by the calibration accu-
racy of the instrument, For highest accu-
racy, however, it is recommended that the
residual parameters be measured for the
particular instrument in use,l®

Since the corrections for errors
caused by L", Le and Re all increase with
the capacitance, Cg, of the susceptance
condenser, the settings of this condenser
should be kept as low as possible. For
frequencies above 20 M¢ the tuning coil
has been so chosen that initial suscep-
tance balances cannot be made at settings
s0 high that excessive errors occur. When
inductances are measured the final suscep-
tance balances should be kept within the
range for which initial balance is possi~
ble.

15. When measuring low-loss condensers and di-
electric samples, the error is often sufficient-
ly great to cause negative conductance readings
unless the correction 1s applied.

16. See D. B. Sinclair, "The Twin-T, A New Type
of Null Instrument for Measuring Impedance at
Frequencies up to 30 Mc", Proc.I.R.E. for a com-
plete description of methods of measurement.
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By C. F. SHEAFFER*

The Parallel T, or Twin T, as you prefer,
is the name given to a radio frequency im-
pedance measuring set which has recently
been designed by engineers Sinclair and Tut-
tle, of the General Radio Company. The
names are very descriptive, for, basically, the
device consists of two specially designed T
networks connected in parallel, and though
they cannot strictly be called twins, they are
required to bear a certain design relationship
in order to permit independent measurement
of the resistance and reactance.

The purpose of this article is to describe
the design of a parallel T, a modification of
the G.R. device, which is easily constructed
and calibrated, and therefore adaptable to
amateur use. The amateur is seldom interest-
ed in making precise measurements, but most
usually is interested only in making certain
that his transmitter is properly tuned and
loaded and that there are no standing waves
on the transmission line. Also, one of the
principal interests of the amateur is experi-
mentation, and hence the availability of a
simple means of measuring r.f. impedance
opens new possibilities for experimental work
of a highly interesting and educational na-
ture,

The theory of parallel and bridged net-
works and the development of the circuit
design described herein, has been disclosed
in other writings, and will not be discussed
in detail. The operation of these null devices
is based on the fact that when two networks
are connected in parallel, the receiving-end
voltage goes through a null when the sum of
the transfer admittances of the two networks
goes through zero. Since, if they are con-

*KTUL, Tulsa, Okla.

nected in parallel, they have the same volt-
age source, this is the same as saying a null
occurs when the received currents are equal
and opposite in phase. The design of these
devices, therefore, resolves into the selection
of pairs of networks which shift the phase
in the proper directions and under the de-
sired conditions.

The schematic diagram and a list of circuit
values are given in figure 1. The conditions
for balance, or a null, may be obtained by
adding the admittances of the two T’s and
equating to zero. The two resulting equa-
tions for balance are:

L,=1/2C+C/C:+GCo)e* (1)
R,=1/R(1+C/C)HC (2)

L, and R, are the required parallel induct-
ance and resistance for producing the null.
~ L, = Total inductive effect at 3,4, includ-
ing the coil, condenser, and unknown.

R, = Total resistive effect at 3,4, including
the shunt Ry, and the unknown parallel re-
sistive component.

B,=BC,+B1.+B: (3)
Gp=Gpo+Gx (4)

Where G, dnd B, are the total admittance and
suspectance at 3,4.

The conditions required for reactive balance
can therefore be met by adjustment of C,.,
and the adjustment for resistive balance may
be made by adjustment of either C or C.. The
point of interest is that the resistive require-
ments for balance are independent of C;, and
the reactive requirements independent of C..

- This permits C, to be used for measurement

of the parallel resistive component of the
unknown impedance, and in the device of
figure 1, the dial of this condenser is calibrat-
ed directly to read this resistance.

* |2 e
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Making an Impedance Measurement

Measurements of unknown impedance are
made in the following manner: The parallel
T is set up as indicated in the diagram, and
with nothing connected to the unknown ter-
minals, 3,4, an initial balance is made at the
frequency at which the measurement is de-
sired. This is done by adjustment of C in
conjunction with G, with C. set at zero
capacity, or resistance reading R=o00. The un-

known impedance is then connected and a -

re-balance obtained, this time by adjustment
of G, in conjunction with the standard con-
denser, Cy.. The unknown parallel reactive
component is then: Xx=1/wAC, where
AC;, is the change in capacity of the standard
condenser between initial and measurement
balance. The parallel resistive component is
read directly from the scale of G

The chief point of difference in operation
of the parallel T of figure 1 and the G.R.
instrument is in the means whereby the initial
balance is obtained, In the G.R. device, in-
itial balance is made by adjustment of a con-
denser in parallel with C. provided for this

{Rapio} =

purpose. When the balance is made in this
manner, the conductance, or resistance scale
calibrated on C: becomes a function of the

frequency and will be true only at the fre-
quency of calibration. In designing the in-
strument of figure 1, it was thought that
the use of the device would be simplified by
providing means for making the initial balance
by adjustment of C, the twin condenser. This
automatically compensates for frequency
change and thereby renders valid the resistance
calibration for all frequencies.

Construction of the Unit

It is the simplicity of construction and its
ability to operate over a wide range of fre-
quency, which makes the parallel T so well
adaptable to amateur uses. Most amateurs
will have on hand a considerable amount of
the apparatus required for its construction.
‘There are a few precautions which should
be taken in laying out the mechanical de-
sign: The signal and detector terminals should
be separated by considerable space on the
panel front. The only stray capacities which

Front view of the homemade parallel T impedancé measuring network. The oscillator input is
connected to the feed-through and binding post on the top left of the panel. The unknown is con-
nected to the binding post and feed-through at the top of the panel, and the receiver is con-
nected to the pair of terminals on the top right hand e(rge of the panel. The tuning controls are
from left to right: First the top row of three; the calibrated l’uning capacity Cpo, vernier for fine

adjustment of C, condenser C for making the initial balance. The

ottom row of four; coil switch,

a vernier for Cpo, an auxiliary condenser connected in parallel with C; and used for measuring
high resistances, (this condenser is not included in the described design, but may be added if
deemed desirable] and the condenser for measuring parallel resistance C..
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Behind-the-panel view of the test set.

do harm are those between 3 and 7, 1 and 5,
and 5 and 7. It is well to shield the two con-
densers C, and C;. from each other. Other
capacities can be made sufficiently small by
placement of parts.

Calibrating the Instrument

The calibration of C. is accomplished by
checking the null adjustment of a group of
fixed carbon resistors of various known values
and then drawing a graph of dial reading
vs. resistance. A paper dial may then be cut
and a scale of resistance values transcribed on
it.

The standard condenser, C,., is calibrated as
follows: A small fixed condenser of known
value is used as a comparison standard. The
parallel T is set up and an initial balance
obtained at some frequency, say 2000 kilo-
cycles. A large variable condenser is con-
nected across the measuring terminals, and
with the small fixed condenser also con-
nected, the dial of C,, is set in the zero
capacity position. A re-balance is then made
by adjustment of the variable padding con-
denser, The next step is to disconnect the
comparison standard and re-balance with Cp..
The change in the dial reading of this con-
denser is then equal to the value of the fixed
standard.” The dial reading is logged and the
above procedure repeated, this time leaving
the diaF of G, set at the logged position. This
procedure is continued, each time loggin
the setting of the dial, until the full scale has
been covered. By this means a group of dial
readings are obtained which represent ca-
pacity changes equal to value of the com-
parison standard. If finer divisions are de-
sired, a graph may be drawn from these.
The dial may be cut from a sheet of white,
paper. A protractor may be used for mark-

ing the lines representing the various values
on the dial, but since, ordinarily, the dial
scale used in obtaining the graph will be
0-100, this will require multiplying the values
on the graph by 1.8.

We shall now consider, briefly, a few of
the uses of the parallel T.
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Figure |. Wiring diagram of the farallel

T impedance measuring networ

C-—Two-gang variable condenser, tapered
capacity, 150 pufd. per section

Ci—50-pufd. midget variable set at about
¥ capacity

Cr—Two-gang variable condenser, tapered
cﬁp[ac'd'y. 500 upfd. each section, in par-
allel :

Cro—1000-pufd. variable, straight-line ca-
pacity

Rpo—500-chm carbon resistor.

R—500-ohm carbon resistor

Lec—Four coils, as folows: 20 turns on 1-
inch form, I5 turns on ¥4-inch form, 10
turns on lh-inch form, 3 turns on lh-inch
form.

A vernier condenser of approximately I5
pufd. is connected in parallel with one of
the sections of the twin condenser C, A
vernier of 50 uufd. is connected in parallel
with Cpo and is calibrated to read plus or
minus 20 pufd.

RADIO
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MEASUREMENT OF INDUCTANCE AND
CAPACITY

Adjust the T to an initial balance at some
frequency, preferably one near that at which
the coil will be used. Note the setting of the
standard condenser, then connect the coil to
the unknown terminals and re-balance. The

_change in the capacity of the standard con-
denser is the amount of capacity required to
resonate the coil at the frequency of measure-
ment, and the inductance is given by:

Lx=1/&*AC,,

Any adjustment of C, required to get the
measure-balance is an indication of the coil’s
resistance, and the coil Q is given by:

Q=Rx/wLx, where Rx is the resistance read-
ing given by C.. The change in capacity noted
on the standard condenser, when measuring
an inductive reactance will always be positive,
while the change will be in a negative di-
rection when measuring a condenser. Capacity
measurements are simple, since the unknown
capacity is indicated directly by the change
in the standard.

MEASURING THE CHARACTERISTIC
IMPEDANCE OF TRANSMISSION LINES

Unbalanced lines may be measured direct-
ly with the parallel T as follows: Estimate
the frequency at which the line will be a
quarter wave in length, or an odd number
of quarters. Next, place a non-inductive re-
sistor of known value, and of a value approx-
imating the expected value of the characteristic
impedance, across the end of the line. Set
up the parallel T for measurement at the
estimated frequency and measure into the
line viewing the resistor R.. The characteristic
impedance is then given by:

Z, = V ZR:, where Z, is measured input
impedance.

The characteristic impedance of a line will
not vary to any great extent with the fre-
quency, and if the frequency of measurement
is not too far from the operating frequency,
the accuracy will be sufficient. As a further
check, however, the T may be set up on the
operating frequency and the line terminated in
the measured value of the characteristic im-
pedance. If the measured value holds for the
operating frequency, the input impedance will
be equal to that of the termination.

Measurements on balanced lines are some-
what more complex, because of the necessity
of providing a balanced circuit from which to
measure. Such measurements are usually made
through a specially designed transformer, the
secondary winding of which is balanced to
ground. One method makes use of the device
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Figure 2. Tuned ra-
dio frequency trans-
former for making
measurements of the
characteristics of
balanced r.f. trans-
issi lines.
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shown in figure 2. It can be shown that a
transformer acts like a quarter-wave network,
if its primary and secondary are individually
tuned to series resonance. Under these condi-
tions the impedance invert§ about the axis of
the mutual impedance. The input impedance
of a transformer is given by:

Z;=Rp+jXp+X%/(Rs +jXs) =Rp+ R Xm/
(R%+X2%) +j (X —Xu (Rx+ X%+ (5)

If X, and X, are made zero by series tuning,
(5) reduces to:

Ri=Rpy+X%w/Rs (6)

Ry is the primary coil resistance and R. is
the total resistance in series with the secondary
including the coil resistance.

The procedure for measuring into a bal-
anced line with the tuned transformer is as
follows: Adjust the primary to series resonance
at the desired frequency with the secondary
open; adjust the secondary to series resonance
with the primary open. These adjustments may
be made with use of a non-inductive series re-
sistor containing enough resistance to permit
the resistance reading to fall on the scale of C..
Next, select a few premeasured non-inductive
resistors of values varying from 50 ‘to 500
ohms and measure their reflected values
through the tuned transformer. A graph may
then be drawn of measured value vs. resistor
value covering the above-mentioned range. We
may then refer to the graph for determining
the value of resistance connected across the bal-
anced secondary. If there is a reactive com-
ponent in the unknown impedance, it can be
eliminated by adjustment of the secondary tun-
ing condenser, and if it is necessary to know its
value, it can be found by measuring into the
secondary. Under these conditions the series
components will be determined. It is, perhaps,
of passing interest to note in connection with
the resistance graph and equation (6), that if
the resistance of the two coupled coils are
negligibly small, the mutual reactance of the
transformer is given by the intersection of the
graph plot and a 45 degree line drawn from the
graph axis.

ANTENNA MEASUREMENTS

Measurements on vertical antennas can be
made direct, but most amateur antennas are of
[Continued on Page 90}



A Parallel T for Amateur Use
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the horizontal type and will necessitate the use
of the tuned transformer. Careful use of the
parallel T will go a long way toward taking
the guesswork out of matching up the antenna
and transmission line. The impedance measut-
ing set can be set up at the transmitter end of
the transmission line, and the antenna im-
pedance transforming device adjusted until the
measured impedance is equal to the character-
istic impedance of the line.

With reference to experimentation, a great
many things can be learned about the character-
istics of filters and networks which are not al-
ways too apparent from text book studies, and
the truths grasped will add greatly to the stu-
dent’s understanding of what he reads.

The parallel T measures parallel components,
and if it is desired to know the series com-
ponents, they must be derived by formula.

Z,=Ry+jX,=RxX’x/ (R'x +Xx) +
iR:xXx/(Rix+X%%) (7)

where the subscript x denotes parallel com-
ponents, and y the series components. It should
be noted that if either of the parallel com-
ponents is infinite, the corresponding series
component is zero, furthermore the remaining
parallel and series components are equal.
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The narrowest ham band (160) is twenty
times smaller than the widest (114).

"l told you the hidden transmitter wasn't a
water-cooled job.”
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