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I. INTRODUCTIOH.

The term "duplexing", as used in this report, refers to the
use of a single antenna for transmission and reception on a radio sys-
tem, the requisite switching operations being performed automatically
by other than mechanical means. Advantages, such as saving of construc-
tion and installation time and cost, of single antenna operation with
any radio system are obvious: where both transmitting and receiving
antennas are directive arrays whose directions of effect must be Jointly
variable, it becomes almost necessity. Ordinary communications radio
systems may be able to utilize mechanical switches for obtaining single
antenna operation. A radar system using one antenna, however, requires
that the antenna be switched from transmitter to receiver in an extrenely
short time after the termination of a transmitted pulse, a time which,
ideally, should be a small fraction of a micro-second. Ilechanical
switches cannot operate in this time, so that single antenns operation
in the case of a radar system requires the use of electronic switches.
Accordingly, since such single antenna cperation is virtuslly essential
in modern radar, work was undertaken at the Haval Research Laboraiory
on the development of duplexing systems for radar, employing electronic
switching devices, under Buresu of Ships letter of authorization L1-2/
NP14(10-19-FS) of October 21, 1035« This report will be concerned only
with duplexing systems developed at this Laboratory for use on frequen—
cies below those vhich require the use of cavity resonators, although
some of the principles brought ocut will apply to systems for the higher

frequencies,
II. THEORY,

The duplexing system must perform two functions: it must dis-
connect the receiver from the antenna during transmission to prevent
over-loading of the receiver as well as voliage breakdown of the tube
insulation structures in particular, and to prevent loss of tronsmitted
power into the receiver, and it must remove the transmitter from the
antenna during reception to prevent loss of received signal energy infto
the transmitter circuits. In the ideal, there would be no insertion
loss in the network connecting a given unit to the antenns, and no
leakage loss into the unit which is "disconnected", The equivslent cir-
cuit of the ideal system would, therefore, be simply & double pole,
double throw switch connecting transmitter and receiver alternately to
the antenna and completely disconnecting the other at the sazme time.
Actual electronic svitching systems, however, fall short of the ideal
in that they introduce both types of loss referred to sbove. Duplexing
systems developed by this Laboratory are switching devices employing
trensmission line networks and electronic devices, which have an equiva~
lent circuit using mechanicsl switches shown in Figure 1. The various
impedances that are present in addition to the necessary switches, exist
inherently by the nsture of the system, and give rise %o the undesired
losses.

The figure shows an unbalanced circuit, but the same prin-
ciples will apply to a belanced one. During reception the mechanical
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I switch is thrown to terminals (1) and the antenns is coupled te
fs receiver across a mutual resistance Rm. At the gsome time a resistance

& Rd is placed in series with the branch line to the trensmitter, reducing
the amount of received signal power going into this branch. During

5! trensnission the switch is thrown to terminals (2). Iote that the re-
ceiver is still coupled to the antenna system, but only through an isolat-
ing network. Across the low side of the trensformer Ty is connected 2
small inpedance Zt; the transformed velue of this impedance, Z%,, will i
be high relative to the surge impedence of the antenna feed line across
viiich it is connected, and the power absorbed from this line will be

, small, The voltage developed across Zi will be B/ Zy,/Zy. This voltege
' will be spplied to the receiver input through a reactive voltage divider
Z, which further reduces the voltage to a safe value for the receiver
input, Also during transmission, resistance Rg is short circuited by
the switch, and a second high impedance Zy is placed across the antenna
line by transformer To. The network associated with switch section I
has been called the receiver protective system, that with switch section
II the trensmitter decoupler.
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This switching system would be reduced to the ideal if the
receiver were completely disconnected from the antenna line during trens-
mission and the transmitter during reception, Ry were of infinite value,
and. switch section II threw zero load across the line during trans-
mission. The actusal arrengement cannot meet these condiftions, and an R
improvement in the duplexing efficiency consists in approaching them _
more closely, i.e., in meking Ry and Ry larger to reduce losses duriag i
recention, and in making the trensformetion ratio n = .fZn/Zy and the |
voltage division in Z larger, to increase receiver protection eand to
reduce power absorption during transmission. At the frequencies at
which these systems have been most used at this Laboratory, transnission
line networks have been of convenient physicel size to form the imped-
ance elements, and have been used therefor since they show more necriy
ideal characteristics of the various elements. The transforming nroperty
of quorter-wave lines has been used in place of the lumped transformers
T, and. o resonant circuit, either two wire or concentric, into which a
sparic gap or gaseous discharge tube is connected, has been used %o
supnly the coupling and isolating resistences Ry and Ry during reception,
and. the elements Zt and Z durin; trensmission.

III. SINPLE DUPLEXING CIRCUITS.

A duplexing action can be obtained by connecting the inpui
circuit of the receiver to the antenna line with a line section which 1s
electrically an odd number of quarter-wave lengths long (See Figure 2).
A protective system only is shown - nc trensmitter decoupling network is
connected. The receiver input tube will act in a similer capacity to
the spark gaps or gaseous discharge tubes used in better systems, drop-
ping to a lower impedence during transmission, and raising the input {
impedance to the connecting line, which in turn decreases the pover
absorbed by the receiver circuit, and drops the voltage applied to the
receiver input below the value existing on the antenna line, The system
is poor because it uses the very effect which a duplexing arrangement
should prevent, viz., overloading of the receiver, to accomplish its 1




burpose, and because the first receiver tube will not drop in impedance

to values as low as could be desired, and power absorption will be ap=-

breciable. Referring to the equivalent circuit, the transformer ratio

will be low, Ry will be high, and 2 will be absent altogether. TFor

relatively low~power circuits, where the first receiver tube can hendle

the grid current required by this arrengement, the scheme is applicable

and affords voltage protection for the receiver. Decoupling can be ob-

tained, using no added external circuit, since the main transmission |3
line will be mismatched at the transmitier coupling point while the
transmitter is "cold" during reception, by picking a point (P) for con-
nection of the line to the receiver, where the impedance looking toward
the transmitter is high; but a system employing a decoupler as such
allows comnection of the duplexing equipment at any point in the main
line, eliminates the necessity for making measurements to obtain the

main line impedance distribution while the transmitter is non~oscillating,
and does not change its effectiveness if this distribution is changed

due to a change in coupling conditions at the transmitter. Another
method which will take care of changes in the impedance distribution
along the line is the use of a "trombone" for verying the line length
between the transmitter and the connection point (P) to protective

system. It must allow a wvariation in line length of + ?/H-from the
length at its neutral position. Such a system is bulky and hard to

keep free from resistive joints, especially where extreme powers are

used. It also requires a more elaborate mechanism if it is %o be tuned
accurately and smoothly, and is more apt to require retuning if trans— |
mitter loading is changed than a decoupling system propers. i

Another arrangement is connection of a spark gap or similar
device across the receiver input line at a point an odd number of quarter-
wave lengths from the junction to the antenna feed line. (Refer to .
Figure 3). Here asgain, the impedance placed across the termination of
the quarter-wave section by the ionized gep during trensmission will not )
be nearly so low as desirable - the transformstion ratioc will be low and
Ry high - and the receiver is subjected to the full voltage across the
spark gap - Z is absent, Furthermore, the initial voltage across the
gap is only that of the main transmission line, and to keep the initial
"spike" voltage reaching the receiver as low as possible, as well as
for lowest fired impedance of the gap, the gap should be subjected to
a multiplied value of the main line voltsage. One way of accomplishing
this is to use a line whose length is a half-wavelength maltiple, and
vhose surge impedence is higher than that of the main line, for conmecting
the receiver to the antenna feeder, placing the gap at an odd=quarter wave
point as befores The available multiplicabtion in this method is rather
limited, however.

IV. EFFICIENT DUPLEXING SYSTEMS.

A. General Circuit & liode of Operation.

To overcome the faults of the primitive systems, the
spark gap should be connected into an anti-resonant circuit, where the
voliage step-up obtainable is used to accomplish the results noted in E
the previous paragraph. Such a cireuit 2ids also by making the termina- ,
tion of the transforming connecting line during transmission a lower -
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impedance than that of the gep itself. i

The anti-resonant circuit supplies the mutual resistance
By when receiving and the resistance Bty and reactive network Z of the
protective system when trensmitting, and a second such circuit can be
used for the decoupling system, which supplies the resisftance Ry during
receplion, as well as Ry for that sysiem during transmission, The block
diagram of the complete duplexing system developed and mosi commonly
employed at this Laboratory, showing both protective and decoupling
arrangements, is shown in Figure 4, The tanks are shown as block units, ‘
since they may be of various styles. Figure 5 shows the use of specific J
tanks to be describeds |

During reception, when the spark gaps are not ionized, the
circuits or tenks are tuned by means of the gap capacity plus any desired
additional variable tuning capacity to the operating frequency. The
impedences measured across any part of the snti-resonsnt circuits are
then pure resistances; in particular, those across the gaps are the
highest impedances in the circuits, that across the input terminals of
the protective tank (when the receiver lozd is disconnected) is the
mutual resistance R, of the equivalent circuit, and that across the
input terminals of the transmitter decoupler tank has a value of the same
order as Ry {around 1000 ohms if 2o for the transmission line is arcund
50 ohms, giving a theoretical loss of 0.2 db in each tenk). The Pro-
tective tank is then a coupling network, and if the receiver connection
tap on the tank is placed symmetrically with the input tap, is a one-toe
one transformer with low loss, and the circuit through to the receiver is
correctly matcheds The input resistance of the decoupling tank is trans-
formed by its connecting line, shunting a very low resistance across
the main line at point P, Consequently a high value of resistance, Ry
of the equivalent circuit, is seen looking into the branch going to the |
transmitter from peint Q, a quarter-wave length away, and little received
signal energy will be lost into this branch.

During transmission the spark gaps ionize, detuning the
tanks. Impedances measured across the input terminals of these tanks
are then made up of small resistences in series with small inductances.
The lengths of the comnecting lines ﬁl and 5 are adjusted to be anti~ q
resonent with these impedances and form the transformers Ty and Tp,
throwing high resistances By across the line. The decoupling circuit
is simply a light load, sbsorbing a little transmitted energy, and
perfoming no useful function. The protective system performs its
nominal purpose: +transformer Tl reduces the main line voltege to a low
value across the input to the protective tank, and this tank, now detuned,
is the reactive network Z, through which this lower voltage is further
reduced before it is applied fo the receiver.

A commonly empleyed early form of protechive system using an T
anti-resonant tank was a two-wire affair, as shown in Figure 6., This
circuit represents a large step in the right direction. Here the gap
is excited by a higher voltage than that on the antenna line, and the
termination of the quarter-wave section when transmitting is much lower

s -
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i than in the previous systems. In addition, the receiver coupling point
on the anti-resonant circuit is decoupled from the input coupling point
vhen the gep is ionized; this means that the receiver will exert less
loading effect on the connecting line (this peint will be discussed

g more in detail later) and also that there is now a voltage drop between
3 connecting line termination and receiver connection point - the voltage
divider Z of the equivalent circuit is now present. An open wire system,
however, is much less desirable than a concentric, due te the existence
of greater losses and consequently lower anti-resonant impedances in the
tanks, which results in a poorer effectiveness as will be brought out
presently (Seepp 7, 19. We will concern ourselves henceforth with

: concentric systems, for this reason, and also because most of the radio
& systems with which the duplexing equipment has been used at this Labora-
tory employ concentric trensmission line systems, and it is undesirable
4 to introduce the necessity for balanced-to-unbalanced coupling networks.
¥ The principles brought out will apply as well to two-wire systems as to
‘ concentric, however. :

ST O

B. Necessary Conditions for the System to be Effective.

The general requirements for an improvement in the effec=
5 tiveness of a duplexing system have been pointed out earlier in terms
& of the equivalent circuit. These requirements must now be made specific
- as regards the actual system to be used — the one shown in Figure 4.

The following terminology will be adopted:

Duplexing tank = the anti-resonsnt circuit containing
the spark gap or tube. This means either
the protective tank or the decoupler tank.

Transformer - the nominal quarter wave (or odd multiple
thereof) connecting section between antenna
line and tank.

- surge impedance of the antenns line, transformer,
and ye¢siwer input line,

Z, - surge impedance of the line of which the tank is
constructed.

Xe = reactance required to tune the tank to resonance
when gap is not fired. This is in parallel with
the gap and includes the capacitive reactance of
the gap itself.

Zp = BRp 4+ jXp - maximum impedance across the tank itself (between
the two conductors) vhen the gap is not fired. At
anti-resonance it is a pure resistance,

[
]

Rg + ng - impedance across gap vhen the latter is not fired.
At anti-resonance, it is a pure resistance.

A s
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Rp # JX; = impedance between input tap point of tank and
ground, P not fired. It has a value Ry + jO
at the resonant frequency.

Rgf = parallel resistive component of impedance of the
gap when fired.

2t = Rt + jXt - impedance between input tap point and ground, of

the tank, gap fired. 18
{3

Zy = By + jX, - input impedance to the transformer, with gep fired. N
It has the value R, # jO at the fundamental operat-
ing frequency.

L
ns= ‘JL-_l- - voltage transformation ratio of the transformer,
Y ;ztf gap fired.

The necessary conditions for a good duplexing system may now
be summarized in more exact working terms as follows, assuming B, estab-
lished several times the magnitude of %Zo 80 that the insertion less on
receiving is lows

(1} as great a ratio R /Ry as possible.

(2) as great a voltage drop in the tank itself, between input
and output coupling points, as possible during transmission.

(3) high impedance Zg and hence high voltage step~up to the gap : 1
before firing. |

(4) wide frequency pass band.

The second and third requirements need not be elaborated on; the fourth
is necessary vhen the duplexing equipment is to be used with a pulse
transmission system, in order that the pulses may be passed with low
distortion. Various types of tanks will vary in their fulfillment of
these conditions. The first requirement amounts to saying that the
transformer should be terminated in as low an impedance Zg as can be
obtained during transmission, keeping R, fixed for reception, but re-
quires further discussion. Consider the system during transmission -
See Figure 7. We wish the transformed impedance Z, to be high and a pure A
resistance. The attenuation of the line itself may be neglected. '

R iX jZo tan ©
zh=i-'o (t""Jt)"’Jo
%o + J (Rg = jX¢) tan O

Ry + j (X4 + zy tan )

%o - Xy tan © + jRy tan ©

If we adjust the length.ﬁi so that 2z cot @ = Xi, that is, make the capa-
citive reactance looking back into the line from the receiving terminals
equel to the inductive reactance of the termination, Zn reduces to

v b
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% e i 1+ 2,5/Xy
By Ry/Xy,

It is necessary, therefore, that both Xt and Ry be as small as possible,
and that the ratio Xt/Rt be as large as possible, In practical tanks,
having reasonable values of Qs placement of the input tap at points
which give usual values of Ry will make X¢ fairly small relative to ZOE,
for all the types of tanks to be described, and selection primarily of a
type which gives the smallest Bt will produce the greatest value of Zy, ,
since Ry then will have the greater effect on the value of 2 It is

the ratio Ry/Ry which must be considered, and not By alone, for the tap
on the tank must be placed high enough to raise By to a value giving
requisite low loss in the tank itself during reception. Different

styles of duplexing tanks will, for the same Ry, show different values

of Bt when the gap fires. The effect of the receiver locad connected %o
the tami must be considered here - any shunt resistance connected across
the input tap is a loading resistance on the transformer which effective-
ly increases the impedance of the quarter-wave line termination and
decreases the transformation ratic, and is not a shunt on a low impedance
terminotion of a true quarter-wave transformer. Consider the admittance

o =

Tg =1 = 6; - jBy

, Zy
Gt L 2 Bt G't -+ Bt

If G is smaller than B, as it will be found to be here, then if connect-

ing the receiver lcad increases G the series resistance Ry is made ‘
larger, Here again, various types of tanks will be variously affected
by the receiver load. Some will have much better isolation between
input and output tap points under transmitting conditions, and the value
of Rt will be less adversely affected; in one style of %tank it will
actually be improved by the receiver connection,

Bh must be high not only to make for good protection of the
receiver as well as small loss of transmitter power, but alsoc to keep
the power dissipated in the spark gap at a reascnably low value. Since
this device is the predominant dissipative element in the tank, it ab-
sorbs nearly all of the power drawn from the main line. The life cf the
gap is an inverse function of the power it dissipates; a gaseous discharge
tube is particularly limited in its dissipation capabilities,

C. Concentric Duplexing Tanks.

Three types of concentric tanks have been commonly em=
Ployed in duplexing systems developed by this Laboratory. They are shown,
together with their transforming lines and recceiver cennections, in
Figure 9. The first will be referred to as a "quarter-wave" tank, the
second as a "half-wave" with shunt gap and the third as a "half-wave"
with series gap, aslthough the actual lengths of the tanks are fore-
shortened from these designated ones. The Properties of these tanks
will now be discussed individually and it will be shown how they compare

|
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in meeting the necessary conditions for an effective system. They are
most easily analyzed for the receiving condition case in which the spark
gap is not ionized, by congidering the tanks as made up of short-circuited
sections of concentric line, of cheracteristic impedance 4oe The cir-
cuits can then be designed and calculated as simple antz—resonanu cir-
cuits, for the relations for resistance and inductance of the line sec-
- tions are well known. For the case in which the spark gap is ieonized,
the tanks are detuned, and must be handled by point-to-point transm1551or
line calculations. General relations for various quantities such =2
input impedance, ete., pertaining to a given tank, in terms of the variﬂ
ables such as R X s position of the connecting taps, etc., are toc
complex for 1nternretatlon, and each individuzl case must be calculoted.

1. Quarter~ave Tanik.

See Figure 10, Let £ be the inner conductor
length (considering sparik gap to be at the extreme end).

£ = 27/ > is the phase shift constant.
[ 4= electrical length of the tank (in radiens).

Zo = surge impedance of line of which tank is constructed.

i

static resistance per unit length of tank - assuming uni-
form current distribution.

To

Lo reactance of tuning and spark gap capacitance.

The inductive reactance of the tank itself as seen from the
condenser terminals i8 Z, tan #.£ohms, and since the resistance is
negligible, relatively, the condition for anti-resonance is

Xo =2, tan p L

For designing, C, Z, and the frequency will be known, ond .£can be cal-
culated. This is made the distance from bottom of tank to the actual
spark gap position. TFor exact work, the inductive reactance of the spari
gap electrode above the actual gap (the reactance of the short section

of tank at the top) must be subtracted from the gap capacitive reactance
to give the effective capacitive resctance; the same must be done in

the case of the tuning condenser leads, if cone is used.

The impedance across the gap at anti—resonance, which is equal
to the tank impedance, is

oo = Zp = XGQ/R where R is the total effective resistance in
the circuit. That part of R due to the line sections composing the tank,
vhich is the only part that cen be calculated, is, for all but a neg—
ligibly cepacitively loaded tanic '

- (2 £L+ sin 2 f4)

4,2 cos® y P

E& of references. p
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The impedance at the connection tap, point P, is
2 BZo2 sin® ©
R = P oo

E S tan~1 EE
Zo

if © £ < B4, where © = Bx is the electrical distance of the tap above
the shorting disc. This expression may be derived by considering the
two impedances seen looking away from each side of the tap point, which
are in parallel., The derivation will not be given here,

The frequency band width of a duplexing system employing this
tank, as well as that of one using the other styles of tanks considered,
is discussed in another part of this paper.

4An improvement in the effectiveness of the circuit results
when the inductive part of Zt and the reactance of the lead into the
tank are tuned out by means of a condenser, as shown in Figure 11,
leaving point P removed from ground by a small pure resistance. The
length of line from P to Q can then be a full quarter~wave length, and
the shunting effect of the receiver load is beneficial,.

2, Half-Wave Tank with Shunt Gap.

See Figure 12. Let € be one-half the total length
of the inner conductor. S-£€is then one-half the electrical length,
Other symbols are as defined for the quarter-wave tank, Congider the
tank as made up of two shortecircuited sections of line of characteristic
impedance Zo in parallel, across which the reactance X, of the spark
gap and tuning condenser is connected. The inductive reactance of each
short circuited section will be Z, tan 5.4, that of the two in parsllel

will be half of this, and for anti-resonance

Zo tan 3.4
XC: --q-né-—__.—_

from which the tank may be designed. TFor exact work, again, the induct-
ances of spark gap and condenser leads must be taken into account.

The impedance across the gap is given by

g = Zp = 2X02/R, where R is the effective resistance of one
half of the circult, that part of which that is due to the line sections
of the tank being given by the same expression as in the case of the
quarter~wave tank,

The tap po;nt impedance at antieresonance is

. %5° sin® @
Bn= &

To tan‘l EEE
lo}




if & £L<_ﬁﬁi where © = £x is the electrical distance of the tap above
the end plate. If the tank is to work between the same two values of
impedance, & will be the same on each end of the tank.

3. Half-Wave Tank with Series Gap.

See Figure 13. Let £ be one-half the distance
between inside edges of the end plates. i&Jﬁis then the corresponding
electrical length. Other symbols are as defined previously. Consider
the tank as a series circuit of two short-circuited sections of line and
the capacitive reactance X, of spark gap and tuning condenser. Each of
the shorted sections has a reactance of Xy = Z, tan ,Eifohms. looking
away from the condenser terminals, and, for anti-resonance

Xc_-_EZo tan 'Ba& I
The impedance across the spark gap will be

2
Z, = X,°/er

where R is the effective resistance of one-=half of the tank, given by
the previous expression.

The impedance across the tank itself will be

Zp = X.2/8R
or one~fourth Zg. This may be obtained by considering the tank, as

8 before, to be made up of two inductive sections, for each one of which ;
: the reactance is one-~half X, and each of which has resistance R. Hence

R R

2R 2R 8R

Ip =

is the impedance across one of these sections at anti-resonance.

The impedance between the connecting tap point, P, and ground,
is
ZOE sin® @

-Rﬁl - ﬁ }

T tan~1 EE_ |
2Z, '

if 8 £ < ﬁf. where @ = Fx is the electrical distance of the tap above

the end plate.

Ty P BT =
o A Gy, -

The effectiveness of this tank as a protector will depend upon
its length, among other factors - it should be neither too short (too
heavily capacitively loaded) nor too long (too lightly loaded), but
preferably about a quarter-wave length long at the operating frequency.
This can be seen by considering the voltage distribution along the tank
with the gap ionized. See Figure 14, Ey is the impressed voltage between
the input tap and ground, E, is the resultant voltage applied to the
receiver cable. The voltage will fall off in either direction from the

E ~10~
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input tap along sections of a sine curve, that toward the receiver tap
undergoing a sudden drop which is not drawn (with some shift in phase if
X; is of the same order as Bgf) as it passes the spark gap. Now if the
tank is shorter than the optimum length the voltage will not have dropped
to as low a value at the receiver connection, and if the tank is longer
than optimum, the voltage will first rise as we Proceed toward the out-
put end, then fall, and again will not have as low a value at the re~
ceiver tap as with correct length,

The development of this tani grevw out of an investigation of
the effect of the electrode lengths of gaseous discharge tubes when such
tubes are used in a quarter-wave tank. These lengths are an appreciable
fraction of the length of the tank at the higher freguencies, and the
Position of the 2P is not actually at the end of the quarter-wave af-
fair. The question arose as to the effect of noving the gsp position
along the inner conductor (keeping the system anti-resonant by varying
overall length) on the impedance Zpe An analysis showed that this im-
pedance would be a maximum when the #ap were in the lengthwise center
of the assembly. INote that the impedance concerned is that across the
gap, not that across the tank, which is a maximum with the gap placed
at the extreme end of a quarter-wave tank. (We are here consi dering X,
“to be held constant).

D. Comparative Performance of Duplexing Systems Employing
Concentric Tanks.

? Some quantitative comparisons between the three styles of
tanks will now be made,

1. Consider each of the three tanks %o be designed
for the same frequency. Each will be constructed of line for which
2o = 100 ., and each will be tuned by a reactance X, = 300 -A., Then
theoretically the following relations will hold true for receiving
conditions:?

£X__ Relative R Relative Zp Relstive %

X4 Tank 1.25(z) 0.27 1.9 1,9
N2 Shunt Gap Tamk 1L 1 1 1
A/2 Series Gap Tank 0,98 0.08 0.78 3ol

2« Consider, at the same f equency, the three
tanks to have the seme value of gL, say 1..25(r » that all three have
8, = 1001, and that the MY tenk is tuned by X, = 300.n. Each of
the other two will require a different tuning capacity. Relative
s quantities for receiving will be




X Relative R Zp Ze, |

Al Tank : 300 _ A O e 2 |
!

N2 Shunt Gap Tank 150 1 1 1

Al2 Series Gap Tank 600 1 1 I |
1

3. The data in this baragraph are for three tanks
built for operation at 515 mc., each tuned by a gaseous discharge
tube having a reactance of 2584 at this frequency. Iach tank vas
constructed using 2«7/16" i.d. tubing as the outer conductor, 3/8"
Oede tubing as the inner conductor, making Z, nominally 108--. The
tanks were silver plated. The input tap on each was adjusted so that
By was the same in all three cases, approximately 1000 ..

A. Tor receiving conditions, calculations give:

Zp Z
W Tank 670,000 —. 670,000 —
N2 Shunt Gap Tanic 370,000 370,000
A/2 Series Gap Tank 260,000 1,040,000

Experimentally determired values of these quantities are not
available,

B. If we assume that the discharge tubes, when ]
fired, drop to a value By, = 1002, the data for transmitting conditions !
are (transformer length aﬁjusted to the proper value in each case):

1. Without receiver connected:
Voltage Ratio in Trans-

Z¢ By, former ][Tig‘

s %
XY Tank 5+ 52355 1750 12.3
M2 Shunt Gap Tank 3.1 4 j 17.5 920 1:2
M2 Series Gap Tank 0,8 4 j 15 30 15.1
2. With receiver connected (50 1oad): |
Zy B vgﬁffe v.'% ;
A% Tank 3.8+ 5 10,31 690 . 7.9 ,'
: A2 Shunt Gep Tank 2.9 4 j 17.6 970 7.4 |
A2 Beries Cap Tank 0,88 4 § 15 3110 .4




Wote that while it is primarily the value of Ry which getggﬁ,
mines B, and the equivalent transformer ratic, it is [Z4) = /Bg™ + Iy
which determines the voltage developed across the tani: input tap, for
Z¢ is the complete impedance between this peoint and ground.

For use as a protective device, the /I tank is not as ef-
ficient ag either of the }J? affairs. The voltage reduction by the
transformer for the /4 style will be slightly better than that in
the case of the 13/2 shunt gap tank, but this is overshadowed by the
existence of a large additional voltage drop in the fja tank itselfl,
which has no counterpart in the »/U style.

B s b e el
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A choice between the half-wave styles, if one of them is %o
be used, will be dictated to some extent by consideratioms of the
radio system with which the duplexing equipment is tc be used. If the
tronsmitter power is relatively low, the half-wave series gap style
would probably be desirable since it will produce highest impedance
- acrose the sparik gap snd thus cause breakdown of the gap al transmitter
k powvers vhich would not operate the holf-wave shunt gap style. TFor
i higher powers, as regards protection, the wave shape of the voltage
i pulse reaching the receiver as & result of the tranenitted pulse should
be considered. It will be made up of an initial "spike" of voltage
existing during the time taken to ionize the spark gep, and a Uplatean”
during the remainder (and most) of the pulse after the gap ionizes,
which is lower in amplitude because the sustaining voltage across the
gap is lower than the firing voltage. 7ith either holf-wave tank, the
spike voltage reaching the receiver will remain constent regardless of
the transmitter power, but it will De higher with the shunt gep than
B with the series gap tank, for, because of the greater impedance across
: the gap (greater step-up ratio) in the latter case, breakdown voltage
- across the gap (which is the same in either case) will be reached at a
§ lower value of voltage in the wave-front of the trensmitter pulse than
! it will in the case of the shunt gep tank. The plateau voltage, on

the other hand, will be more or less constent with transmitter power

g vhen a shunt gap tank is used, since the gap when ionized is spproximately
’ a constant voltage device; it will rise as transmitter power ig increassed
' vhen a series gap btank is used. Vith values of transmitter power in
- use at present, measurements have shown that both tanks of the half-wave
’ style limit the receiver voltage during the plateau to a safe value of
4 a few volts, zlthough this voltage is higher at the higher powers with
' the series gap than with the shunt gap tank. However, for very high
powers, the shunt gap design might be preferable. Present knowledge
of the relative danger to the receiver due to high spike voltage and %o
B high plateau voltage is limited, so that no definite statement can be
made as to the desirsbility of one half-wave tank rather than the other.
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f Power absorbed from the main transmission line will be less
in the case of the )12 affairs, particularly the series gap style,
than in the case of the x/4 tank.

For decoupling, the }/u-style is very good, for in this
application no loading circuit such as the receiver input is added and
the transformer will show guite high input impedance when the gap

. ax




firess The /2 series gap style is better yet, TFigure 5 illustrates
the employment of a N2 shunt gap protective tank and a _\/4~decoupling
tank in a complete duplexing system.

B. TFrequency Selectivity of the Duplexing Network.

The duplexing network, if it is to be employed in a
pulse transmission system, must have sufficiently low frequency select-
ivity during reception to preserve the pulse shape. e may arbitrarily
define the band-width of the duplexing system as that frequency band
about the fundsmental operating frequency within which the receiver is
supplied one-half or more of the meximum possible power which would be
delivered to it in the absence of a duplexing system with its attendant
insertion loss. The band-width of the duplexing tank itself, as an
anti-resonant circuit, will determine the band-width of the systen,
but the latter will be much greater than the band-width of the tank
alone, because, taking the quarter-wave tank as an exanple, the tank
is (in the ideal) connected at the tap point merely as o shunt across
the receiver load, as shown in Figure 16, and the impedance of this
shunt at resonance is very high relative to the receiver input impedance.
The effect of inductances of the leads into the tank will modify the
actual circuit slightly, as showm later. The actual band-width will
not be computed here, but enough dats will be given to show the truth
of the statement just made.

The antenna and transmission line system are equivalent %o a
generator of generated voltage I and internal impedance z, ohms. The
receiver input impedance will be equal to Zoe Let Z, be the value of
tank tap point impedance, a function of frequency. Then the voltage
appearing at the receiver input will be

Zg &y
2o * In Zn
z, + _EE_:%L. _ 5o Wiy
Zo * I

and the power delivered to the receiver is

VR = E

1
=

12 2 {2
B
PR = IVR! i : s ;:
Zy Zg J-zm &+ EZm{

With Zy = QD, the Baximum power that could be delivered to the receiver
would be PR = _HE__
Zo

Hence the power loss due to the shunting effect of the tuned tank is
given by

2
PRo o2 + 22|
Pp ' 4!zm!c
If the tap point impedance for the resonant condition of the
tank has been adjusted to be, say, 20.25 (1000 ~»for a 50 .asystem),
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then PRo at resonance will be 1.0506 and the db loss will be 0.214,
Uhen the frequency has changed from the resonant value far enousgh to
i make the magnitude of the tap impedance 70.7% of its peak value, its
L resistive and reactive components each equal to 10 Zg, Which condition
& specifies the frequency selectivity of the tank itself according to the
b usual convention, the wvalue of PRo has increased only to 1.0513 and

| % |
3 the db loss to 0.217. . |

In the appendix is derived an expression for the frequency
selectivity of the duplexing tank itself, which is the sgme for each
3 of the three types of tanks discussed, being AT 4 2. B i
g £ 5 2 ;‘

. where r, = static resistance per unit length of tank
: Z, = surge impedance of line used for tank
g = 27/

In this expression, A £ is defined as the difference between the two :

frequencies at which the tank impedance is down to TO.T% of its resonant

value,
|
|
|

As an exemple, take the 515 mc. tanks discussed as an illus- y

tration above. These were built with 2-7/16" i.d. silver plated brass 1

[£ shells and 3/6" silver plated inner conductors. Z, is then 108 .43, and }
j r, at the frequency specified is 21.05 x 1 ohms?cm. Thig gives i
5 for the band-width of such a tank itself !

Af = ___I:QE_ - 9301 kca

g 2,
. In using the tank in a duplexing system as described such that the tap |
3 point impedance at resonance is 1000+, the insertion loss at each edge ;
2 of the 93 kc. band in the ideal will be merely 0.217 db as noted above, [
I so that the effective band=width of the system is much greater than 93 l

ko,

The overall selectivity of duplexing systems employing dif- :
ferent styles of resonant tanks will differ somewhat due to the different :
values of series reactance through the tank itself when it is detuned ;
¥ (vhich comes into the picture of the half-wave tanks in addition to the - 1
b shunting effeect) but it will still be much more favorable than the |
1 selectivily of the tank taken by itself. Also, the decoupling systenm
_ selectivity tends to sharpen the overall value for the duplexing system,

3 but the latter will be sufficiently wide in spite of this factor also.
s The tanks may then be designed on the basis of maximum impedance, and
4 band~width will be found to be adequate.

F., Design of Duplexing Tank.

Having picked a certain style of tank for use in 2
duplexing system, it should be made as effective as possible. It

- -




have a high anti-resonant impedance, enabling the %ep to be placed low
for a given value of Ry. Also, consistent with maintenance of sufficient
impedance step-up to the gap, the tank should be as heavily capacity
loaded as possible, for it has been shown (see individual discussion

of the three styles of tank) that, keepjng the connection tap a fixed
electrical distance above ground, Ry will be inversely proporticnal to
the electrical length of the'tank, and hende, for heavier loading capa=-
city, the tap can again be placed lower to give the same Ry. For a ,
lower tap, the tap-point impedance will drop to a lower value when the {
gap ionizes. | B

should have low losses, so that, other factors being the same, 1% will \
|
4
|

1. TFor a given value of lozding capacity to be used, the
tank should be designed for o certain % if it is to show greatest i
anti~resonant impedance. This is true because of the form of the ex- j
pression for the resistive component of the input impedance of a shori-
circuited section of line, which resistance determines the dynamic
impedance for a given reactance. This resistive compenent is given byl

R - Yo (2 ,Béi sin 2 24) ,
kP cos® gL :

The trigonometric factor is en increasing function of iz, Now,

Z, = k3 log(h}
i

ro & ko J?@ 4%)___ p Vi (::: 41)

b
’G,é:: tan™1 3{_‘_;",

Zq it
ghere b = inner dismeter of outer conductor, a = outer diemeter of inner '
conduetor, f = frequency. With X,, b, and the frequency fixed, a change
in Z, will produce changes of opposite directions in the magnitudes of _

Iw &8 -é h i i = J?_
o and £ {and hence in the magnitude of 2.?’ 4 sin 2 £ y sng thers #

0052 7L I

w7ill exist a value of Zo giving a minimum for the product ef r, and

the trigonometric factor. The curve of Figure 21 shows the surge ,

;mpedance to be used for =z concentric tank for various values of load= J
i ing capacity. This curve has been obtained by minimizing R in terms H
£ of Z,. (The final solution of the conditional equation must be ob- '
b tained graphically). Individual curves of R vs. 2, have fairly broad
i peaks at minima, so it is necessary to adhere to a value of %, only |
wvithin about 5 percent of the optimum for a given Xge . |

2 Uith Z, kept constant, the outer conductor of the tank
sho?ld be of the largest permissible diameter te cbtain the greatest
anti-resonant impedance. This may be seen from the equation just given
for ry. This parameter is inversely proportional tc¢ b, if b/as is con-
i stant. Reference is alsc made to the article by F.E. Terman, "Resonant
Lines in Radio Circuits". 3

DT TR - O
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: 3« The tank should be made of the best obtainable radio-
Quency conducting material. Brass, silver-plated on the conducting
aces, has been much used.

4, 1In the case of the half-wave tank with series gap, the
Agth of the tank has an optimum value,as has been pointed out. This
should be in the neighborhood of a quarter—-wave length at the opexrating
aﬁhqpancy. The length will be determined by the choice of X, ond Zg.

A concentric duplexing teniz of sny style may be designed ac-
cording to the following steps:

1. Choose the tuning espacity, including that of the spark
gap, if apprecisble (as it is in the cese of gaseous discharge tubes).

2. Calculate the tank length from tan pl= X/Z%,. If X, is
the tuning cepacity, then for the quarter-wave tank X = X,; for the
half-wave shunt gap, X = 2X,; for the half-wave series gap, X = X,/2.

Having found 24, £ = BL .-
’ 157 i% inches,.

5 5+ Determine Z, for optimum impedance from the curve of Fig.
1.

Y, Make the outer shell diameter as large as permissible =
compromise between greater tank impedance and a saving of material and
space. Determmine the inner conductor diameter from Zy and the dismeter
of the outer shell,

5. Set the required resistance locking inte the top points
for connecting lines according to the allowable total losses in the
duplexing system during reception (the loss in protective tank plus
that into the transmitter branch) - a2gain this is a2 compromise vetween
low losses in receiving, and sufficient protection plus sufficiently low
transmitted power loss and low power dissipation in the spark gaps,
especially if they are gaseous discharge tubes. Debtermine the physical
position of the connecting tap (see notes following).

6. The critical dimensions of the tank are now determined. It
remains to complete the mechanical design details, such as those of the
tuning condenser, connecting attachments, etc.

The tanks have been customarily constructed of brass tubing,
the outer shells varying in dismeter from 2" to 4", Inner conductors
have been brass tubing with inserts where necessary, or brass rod, and
the end plates have been machined disks, held in place by machine
screws through the shell., ZFor external connection to the input line,
split fittings plugging into the inner conductor of the line and sleeves
for the outer conductcr, sometimes split and howving a locking screw, oOr
more elaborate and positive clamps made up as varts of gas barrier
couplings, have been attached to the fanis. It is important that this
connection be positive =— of very low loss = if best efficiency is to be
obtained. Comnections for the receiver line hawve, as a rule, been

e =
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commercial trensmission line cable connectors. For production of
the units in large quantity, methods of construction snd assembly
involving less mechine work would be desirable. 1

It has been found most convenient to use variable sprecing i
condensers as tuning elements. In the ceses of the quarter-wave and '
half-wave shunt gep ecircuits, the condenser plates are circular disks,
one fixed in position on the inner conductor, the other mounted on 2 .
threaded shaft which extends through a tapped collar on the outer !
shell. A locking nut or similer means such as a split collar with a 4
clamping screw, is provided for fixings the capacity. The gplit collar
is preferable. For the half-wave series gep affair, one plate again
has been fixed (or semi~fixed using a collar with set screw) $c one
section of the inner conducter, end the cther has been arrsnged to slide
concentrically along the opposite inner conductor section by means of a
screw adjustment contrelled at the end of the tank, on the ocutside, by !
a knob. This arrangement cen be used only when the spark gap is as 4
siall in diameter as the tank inner conductor, to allow the condenser :
plate to move over it. It has been used at this Laboratory, actually, i
only with an open style of gap, using tungsten points sparking in air,
There a glass enclosed gaseocus discharge gap has been used in this style
of tank, which heppens to have been at rather high frequencies vhere
additional lcading capacitiy was undesirable, the tank has been arronged
tc hove ne tuning condenser, but an adjustable leangth, controlled also |
by a2 screw attachment at one or both ends. 4

Vhen using this series gap style of tank, it is very undesir-
able to have any lumped capacity between the ends of the inner conductors
and the shell, i.e. shunt capacity across the tank, for a mede of i
resonence is then possible in which each helf of the tank is anti- g
resonant at the frequency of operation, and the two are in phase, the
series condenser acting as a coupling instead of a tuning capacity” (See
Figure 15). This mode has been observed in addition to the desired one
in experimental tanks. If it exists, the gap will have very litile
exciting voltage, and even if it does fire, the circuits will be detuned
only slightly, allowing no protection for the receiver. Hence, it is
recommended that this type of circuit be tuned only by a series capaci-
tance. It would, of course, be quite all right if the undesired mode
of resonance existed within the tuning range of the tank, provided the
operator always picked the correct mode; the danger is that in practice
the two will be indistinguishable when lining up the equipment on the
basis of strongest received signal.

It is difficult to caleulzte the actual position of the con= .
nection taps for s required value of E. The inner conductor of the {
tank has discontinuities, and the stub coming ocut for the connector
introduces a discontinuity in the internal field. A better procedure
is to place the fap at what seems a likely point, then measure the input
impedance with the tank in tune and with no output connection. If, as |
in the neighborhood of 200 me., the tank is around 20 to 25 inches long o |
in the case of the kalf-wave tanks, or around 10 inches in the case of 1R
the quarter-wave tanks, & tap about 3/l inch from the end plate gives 3
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a value on the order of 1000 ohms, and as the tank becomes shorter
going to the higher frequencies, the actual distance of the tap from .
the plate will not vary a great deal for the same impedance because |

|

the impedance of the tank is falling off. Some exper%ence will enable
the taps to be placed on the first trial at points vhich givg measured |
impedances sufficiently close to those desired. The connect?ng gtub |
into the tank has sppreciable inductance, and if its length is mere g
than about 10% of a quarter-wave length, a more accurgte measurenens of

the tap~point impedance is obtained by connecting.a line sectign'to the

tank, tuning it by means of a movable short-circuit to an elecirical :
length of 3/U4 wave length, then, leaving the system set, measuring the ‘
impedance across the line at a point 1/Y wave length toward the tank |
from the plunger, which point will be 1/2 wavelength electrically from

the tenk tap point. See Figure 17. This method introduces a sm?ll _
error since part of the connecting line (the part inside the tanlk) will
be of different surge impedance from the remainder, bub the error W11}
be less than that incurred in measuring the impedance at the stub coming
out from the tank, without the use of the 1/2 wave l?ne. A geasure@ent
of the insertion loss of the tank when connected as in practice to its
intended load will also yield the desired impedance.

- The position of the tap on the tank is of importence, of

3 course, only insofar as it is one of the things which contritute To

the velues of the insertion losses of the duplexing systom. IHeasurements
of the latter are of fundamental importance, and should be made on any
newly cons?ructed system that is quite different in frequency range and
_phyfzcal dimensions from any built before. lieasurements should be made
both under receiving conditions, with the tanks tumed to resonance {
and. under transmitting conditions, with the spark tubes or gaps shuﬁted
by resistances approximately equal to their fired resistances (short-
circuited in the case of air gaps), the signal path being in each case
the one talken in actual operation, and with the system in each case
working into its intended load value. Provided these losses are satis-
factorily low, the necessity for measuring the impedsnces of the tanks
at tha;taps is obviated, of course, but a preliminary knowledge of
these impedances is necessary if the system is to be designed sysieme
atically as ocutlined above, to give specified insertion losses.

The effect of the inductance of the lead into the tank will
increase the losses during reception, as can conveniently be brought
out by a vector diagram. The tank will automatically be tuned off
reésonance when it is adjusted to give maximum received signal, in order
to produce unity power factor conditions for the system as a whole.
Taking a quarter-wave tank as illustration, the equivalent circuit is as
shown in Figure 18. Caepacitance C will be of such magnitude as to bring
E end Iy in phase. RT will not change substantially from its anti- il
regsonant value. Xi will be of the same order of magnitude as the re- |
9eiver input resistance, By. Taking the two equal for purposes of
11%ust?ation. the vector diagram can be drawn by starting with Em, and
adjusting magnitudes and angles of the arbitrary vectors to produce the

r required unity pover factor, Figure 19 shows the diagram for this
condition, ' -
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_Then T uEJngl, sincg IoRy, = IpX;, and the power lost in f
the tank is ( J5p;) L whereas if there were no lead in- '

R By
piil 2
ductance the power lost would be _éi_ « Hence, the effect of a lead

reactance equal to the receiver input impedance is to double the loss
in the protector tank, This fact should be borne in mind when choos-
ing the value of B .

Ge Connecting Line System.

The connecting line lengths for a duplexing system are rather
{? critical and those connecting the tanks to the main line should be

3 determined experimentally. They can be made of variable length and

I adjusted in actual operaticn for best siznal, or in some cases the lines
can be preset for operation over 2 limited frequency romge as follows:

I l. Replace or shunt the spark gap by a resistance gpproxinctely

§ equal to Ree  Actually the use of a "short-cireuit! of metal rod has

i given satisfactory results at the lower frequencies, i.e., 200 mec ond
belows If the gep consists of open air spark electrodes, simply screw
these inte the short circuit position.

2, Connect to the tank input a line section equipped with a !
mevable plunger short—circuit, and having air dielectric only. The il
tank should have two small holes drilled on opposite sides through the i
outer shell at about the level of the connecting tap points. Insert J
through one a loop coupled to an oscillator operating on the system #
frequency, and through the other a loop coupled to a piclmup device,
(Sometimes better results are hed by coupling the pickup through a hole
in the ceonnecting line itself, close to the tank). The Plones of the
loops should be parallel to the length of the tank. Adjust the plunger
on the line section for resonance of the system as indicated on the
Pick-up device. The distance from Plunger to the effective ground
point inside the tank is then 2 multiple of 1/2 wave-length - a single
1/2 wave length for the closest tuning point to the tank, and if we
move in from the plunger toward the tank a true 1/4 wave-length (since
the line is of low loss and contains only sir dielectrie) we are 1/4
vave~length away from the ground point, or effective short-circuit i
produced by the tank on the resonant line section. This gquarter—wave i
point, or high impedance point, can be located in reference to 2 point '
such as the nearest outside edge of the tank, for example, and the con-
necting line should be constructed of such length that the quarter-wave
point just determined falls on the nearer edge of the main transmission i
line imner conductor. |

3e¢ If the tenk having a line fitted is to be a decoupler, it i |
should now tune with its spark gep re~inserted and with a short-circuit
Placed at the high impedance point on the connecting line. This tuning
can be checked as above by the signal source and pickup, The idea is
that the connecting line, adjusted for trensmitting conditions as
specified, will be ghorter than a true quarter-wave length, sc that
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under receiving conditions its input will be reactive if the decoupler
tank itself is tuned to anti-resonance, and thercfore the tank must be
capable of being tuned far encugh off anti-resonsnce to bring the system

as a whole into tune. (Thig detuning, of course, will lower the effect-
iveness of the decoupling system), :

4, mhe center section of the line system, bebtween centor
lines of connection of the protective and decoupler tani lines, should
be made a full quarter-wave long if it contains only air dielectric,
as 1t preferably should, and requires no experimentation.

The linc system can be pormanently assembled as an integral
unit, composed of the main line scction and the two tank ceonnecting=lines
and then is ready for insertion at any point in the antenna line of the
equiphent with which it is to operate,




APPENDIX

I, RADIO FREQUEIICY RESISTANCE OF THE TANKS.

It is not often desired to calculate the effective resistance
of a duplexing tank; the only part of this resistance that can be con-
veniently calculated ig that due to the short-circuited line sections
themselves, ag has been noted in the main body of this paper. However,
for purpeoses of specifying the depth of silver plating on the systems,
it is desirsble to kmow the depth of penetration of the r.f. currents
on the conductor surfaces, and for this reason a brief discussion of
the skin effect is here given, which is carried through to yield the
static resistance per unit length of the transmission line sections
composing the tanks.

In a conductor carrying alternating current, the current
density at a distance x below the surface is

-x {I’Tiﬁ“

r

iy = ige

where ig = current density at surface
f = a.c. frequency

R = permeability of conducting material

’p

=

1]

resistivity of conducting material

base of system of natural logarithms.

The distance into thoe conductor at which the current density has de-
creased to a value 1 .4  is usually called the "depth of penetration”, 4,

e
and is given by ;
Xe=ds= ’xa
T 2

The concept of depth of penetration, while not literally correct, of
course, is useful since the a.c. resistence of a conduchor is equal to
the d.c. resistance of a surface layer having a depth equal f{o d, the
depth of penetration.

For a radio frequency conductor, now, the actual static resist-

ance (assuming skin effect to be the only cause of deviation from the
dece veluc of resistance) will be:

Rz /‘OE’Q where/o: conductor resistivity
Fi

{. = current path length

A = cross scctional arca of surface layer

having a depth da
e .- 22
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If the conductor is & straight wire or rod (See Figure 20) having a cire
cular cross section of radius_r, the actual ares of the surface layer 1
goncerned is 22 - M (r - d)2 & 7(2r ~ d)d, but if r >>d, 8 ouf-
ficiently close expression is 4 = 27 rd.

The static resistance per unit length for such a conductor is then
Tn = ’9. 4 3 .:r-:;;;— = Z'- & ﬁ-%z—t‘ . |
N AT Yy 2~ el i 1 _'|
Silver h%s, at 20° @, the constants u = Uflx 107 henry/meter

8nd ° = 1.63 x 107° ohm meter, and for s linear round silver conductor
of radius r the resisbtance per unit length is

.r—'-—.._
To = o4 /¥ x 1070 ohms/inch,
T

For other nom-magnetic materials, the resistance will be proportional to
the square root of the resistivity, The following table gives data on
the high frequency resistence of linear round conductors of various
metals, The data are for o temperature of 20° C, except in the case of
chromium where the temperature is 0° C,

A Material Resistivitz High Frequency Resistance Per

Unit Length

: —Aluminum 2.83 x 10~€ ohm meter 53,3 f;‘:..___ x 109 ohms/inch |

Brass 7 approximately gl spproximately |

| Cedntm -~ i &7 [

' Chromium 2.6 5l.1

,' Copper 1.724 b6 |

' Gold. 2,44 - ho.5
Rhodium 5e11 71.6 |
Zinc 548 76.4

It is obvious that, to take full adventage of the decressed
losses obtainable by plating a radio freqency conductor with material
of low resistivity, the depth of Plating must be such that almost all
of the current flows in the plated layer. This condition is met by
making the thickness of Plating about three times the computed depth of
Penetration, for if we compute the depth at which the current density
is dowm to 10% of i, we find ,

ez r

§i A '
X104 = 5 logygp e = 2.3026 4.
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As an example, for silver at 200 IMCe
d = 0.179 mil.

X104 = Oel12 mil,

and silver plating to a depth of 0.5 mil is
adequate cven though the current distribution is not quite the same in
the plated conductor and im & solid silver conductor. (One mil is 0,001
inch), In the case of concentric tank duplexers for use at ultra~high
frequencies, the assumptions made above in the derivation of the expression
for ry, are justified, and this expression may be used to compute the
resistence of the line sections composing the tanks. If the conducting
surfaces of the tanks are plated with a material of low resistivity, use
of », for the plating material will yield the spproximate resistance of
the plated conductors, provided the pPlating is sufficiently thick as
specified. The approximation will, of course, be optimistic.

The components of resistance due to the inner and the outer
conductors must be added, giving for example for conductors silver plated
to a sufficient depth as specified above

ro = Lo.4 1’?7-;—'; 3 %)x 1079 = L"—%Ll.i'-;(l e g-) % 1077 ohms/inch

bs 4

vhere a = outer radius of inner conductor in inches.,
D = inner radius of outer conductor in inches.
£ = frequency in cycles/second.

II. SHEARPNESS OF EESONANCE OF DUPLEXING TANKS.

The expression for the sharpness of resonance of a resonant tank
composed of 2 short-circuited line section tuned by a lumped capacitance,

Bl
g Ty

is derived here, The case is that of a parallel resonant circuit, with
inductive reactance supplied by the transmission line.

In the case of the ordinary parallel resonant circuit using
lumped parameters and having a reasonable value of Q, the parallel imped-
ance in the neighborhood of the anti-resonant frequency may be expressed
sufficiently exactly as

X, X Rg X1, X X Ly, - X
% = : T = Rp 3 j Kp - 5 5. A, Sn - = J gxc ( 37 g;
B4 (X - %) B + (X1, =~ %) Re= 4 (X = X,)

where Rg, X1, X., are the parameter values measured around the I~C loop.

Since Ry and XX, = L/C are fixed, vhen on either side of res-
onance the reactance (X3, = X,) has risen to a value equal %o Ry, the
resistive component Bp of parallel impedance has dropped to a value

T NP,




X X
By = -—g—ﬁg—-z oy one half its value at resonance, the magnitude of
5

% is 70.7% of its resonant value, and with a constant current flowing

through the circuit, the power dissipated therein is one-half its peak

{resonance) values. The two frequencies on either side of the resonant

frequency at which the foregoing condition holds, are customarily talken
to define the limits of the frequency "pass band" of the cireuit,

The seme definition will be used for the pass bend of a capacity- ;
tuned tank. The same expression as in the lumped parsmeter case holds |
for the parallel impedance ZP’ and

i
39 % X% " i
de 4+ (X - J’Ic)d

41l of the circuit resistance B will be assumed to be in the shorted
line section. Here, however, Rg is not constant with fregquency, nor is H
the product X1, X, since the two reactances vary according to different b
laws, so that the mnerator of the expression for R. is not fixed, but ;
increases with frequency, However, the effect of tﬁe variation of Rg in i
the denominator is to compensate for this, so that the approximation may i
be made that has been reduced to one-half its peak value when we haove |
gone off the anti-rescnant frequency far enough to incresse XL - X, from
zero (at resonance) to a value equal to R Under this condition Bglwill
be equal to X¥, and the magnitude of Zp will be 70,7% of mazimum. The &
frequencies at which this is true will define the limits of the pass band ;
under the assumptions made. Hence the necessary condition defining these W

limits is !
vhere Ry = _%o 2 L4 sin 2/5]9 1!
Le cos® A5 £ J

is the input resistance of the short-circuited line section. A X is the !
change in reactance measured around the I~C loop, from the value X =0 '
at resonance.

The inductive reactamce supplied by the line section is

X, = 2o tanfl= 2, tan 2TAL |
c
where c is the phase velocity of the wave in the tank, Then ‘

it
2z £ cosE,ﬂ?,@.
Multiplying nmumerator and denominator by tan &£F, this is

2f T f gin 2 FL

s -2




The change in X1, produced by a small change of frequency AL
will be approximately \ 2

T T T
XL-XI' sin 2'[,-7?{’.' 2f

The capacitive reactance used to tune the tank is [ !

Xom 1 |
-j

2 MWz
and, approximately, for a small change of frequency _42_;_‘__ ‘“
‘ i
Now if 4f  is the change in frequency from the parallel resonsnt frequency 5{1 !

2
of the line and condenser combination to the 70% impedance frequency

.&x-:ﬂXL-ﬂ.xcaxL i-%ﬂ%" *é..{:ro- :
sin 24 xc af E; k cos? I,f'ﬂ‘é.

In the vicinity of resonance X1, and X; may be tzken to be equal, so that

i

i
t
|
)
n
i

-

L (2BL 4qi\b _ % / 254+ sin 2 5.7
Lsina._i‘f{ /] 2 g \ cos® F L.

sin 2 £.4. Ty - Ty
- tan £ (=
/‘C} ,('5“ z

Af - o P -
% 2p X cos® 8L B

4 £ is here defined as the difference in the 70% impedance B
freguencies on each side of resonance, i.€., as the total bandwidih. {
The selectivity is not g function of the amount of capacity loading. It el
depends at a given frequency only on the radii of the tank conductors, ¥
will have a meximum value (most narrow pass band)} vhen b/a = 3.6, Zo = 76.5n i
where b is the inner radius of the tankc outer shell, and a is the outer |
radius of the inner conductor, and with Z, fixed, the bandwidth will de- . |
crease with increase of b. ‘

|

|

As @pplied to the concentric duplexing tanks discussed in the }

body of this paper, the derivation must take into account the different i
expressions for the net inductance of the fanks. Thesé expressions are, J
for the quarter-wave tank, X, = Z, tan 42/, for the half-wave shunt gap, ‘[
|

XI: = Z; ten L L » and for the half-wave series gep, X, = 2%, %tan ..f_—',&","

2 ||

X TDeing defined under the discussions of these tanks. The frequency l; ’
discrimination in 21l three cases turns out to be the same, T ; ;
5 e i
. i
|

HEET =




e o
T

s - ek ke T

because the relative resistances also differ.
if formed of line sectio

Same frequency discrimination,
trical lengths,

Hence all three tanksg,
ns of the same radisl dimensions, will have the
end this will not depend on their elec—
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