
VOLTAGE AND CURRENT RELATIONS 

Rearranging,
a:-= (R +iwL)I = Zl

:- (G +JwO)E = YE

where E "" voltage across line at distance l from receiving end
I = current in line at distance Z from receiving end
l -= distance measured from load end of line

R = resistance per unit length, ohms
L = inductance per unit length, henrys
C = capacitance per unit length, farads
G = conductance per unit length, mhos

83 

{4-la)

(4-lb)

Z = (R + jwL) = line series impedance per unit length, ohms
Y = (G + jwO) = line shunt admittance per unit length, mhos

w/2r = frequency, cycles
Simultaneous solution of Eq. (4-1) gives1 

d1E

dl• = ZYE (4-2a)
d'l 

= ZYI (4-2b)
dll 

Equations (4-2a) and (4-2b) are not independent of each other, since they
are related through Eqs. (4-la) or (4-lb).

Equations (4-2a) and (4-2b) are the standard differential equations of
wave propagation and have solutions of the form

E = E1eVz'fl + E1�1
I = I1evzr1 + 12cvff1

(4-3a)
(4-3b)

where E1, E,, 11, and 11 are constants of integration whose values ,re
determined by the boundary conditions, i.e., by the load impedance and
the magnitude of the voltage applied to the system. Although four
constants appear in Eqs. ( 4-3), actually only two of them are independent
since it can be readily shown that1 

I = � = Ei (4-4a)1 VZ/Y Zo 

I = -E, ... -E, (4-4b)2 
VZ/Y T

l These rPsults are obtained by differentiating Eq. (4-la), and then BUbstituting
Rq. (4-lb) to eliminate the resulting dl /dl. This gives 

dlE - z dl - ZYB
dl1 dl 

l�quation (4-2b) is obtained in an analogous manner.
1 These N')ations are obtained by substitutin1 Eq. (4-311) in Eq. (4-111), and thea

romparins the result with Eq. (4-3b). 
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(4-5) 

The final solution of the differential Eqs. (4-la) and (4-lb) of the trans­

mission line can accordingly be written as

E E,,./ffi + EsE-./ffl = E' + E" (4-&) 
� evffl E2 • -../ffl == I' + I" (4-6b) 
vZ(Y vZ/Y 

In these equations Zo = VZ/Y is termed the charaderiBtic impedance 
of the line. In the case of radio-frequency lines, Zo can nearly always 
be assumed to be a pure resistance, as discussed on page 88. 

The quantity VZf is called the pro-pa.gation constant of the line. It is 
a complex quantity, having a real part a called the attenf.cation constant 
and an imaginary part fl termed the phase constant. That is 

vzr = OI + jfJ (4-7> 

4-2. Interpretation of Transmission-line Equations in Terms of
Traveling Waves. The voltage and current P.xisting on a transmission 
line as given by Eqs. (4-6) can be conveniently expressed as the sum of 
the voltages and currents of two waves. One of these waves can be 
regarded as traveling toward the receiving or load end of the line, and is 
calfod the incident wave because it is incident upon the load. The second 
wave can be thought of as traveling from the load toward the generator 
end of the line; it i11 termed the reflected wave, and is generated at the load
by reflection of the incident wave.· These two waves are identical in 
nature except for consequences arising from their different directions of 
travel. 

The Incident Wa11e. The incident wave consists of the voltage com­
pommt E' of Eq. (4-fia) nssociated with the current component/' of Eq. 
(4-6b). For sul'h a wave it follows that everywhere on the line 

(4-8) 

The magnitude IE'! of the incid�1t wave bMomes larger as the distance 
l from the load it11•r<ilLl!e111 according to the relation

(4-0) 

In this rquatio11 E1 it1 the V<'etor value of the voltage of the incident wave 
at the load end of the line, and er is thr attenuation constant,1 as defined 

1 The unit of a in Eq. (4-0) is tlll' nepcr. In diKl'111111i11K attenuation of linCB, values 
of <> (or of <>ll an•, however, frt!IIU<'ntly dcscribl'd III dc .. ,ibels. The rol11tion betwoon 
nl'pt'l'll and dl'Cibclll i,s 

Attrnuation in dccillt'ls - 8.686a 
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TRAVELING WAVES 85 

by Eq. (4-7). The quantity al, the total attenuation of the line, is com­
monly called simply the line attenuation. 

The phase of the incident wave advances fJ radians per unit distance 
from the load, where fJ is the phase constant as defined by Eq. (4-7). 
Hence the phase position of the incident wave at a distance l from the 
load leads the phase position at the load by fJl radians. 

The incident wave on the transmission line can therefore be described 
as a voltage accompanied by a current that is everywhere in phase with, 

F1ltJM 
fi£NERATDII 

:t t * t t 

E9 £/ c, Ed Ee 
' ' t • 

lol TR ANSMISSION LINE 

Eb 
E'. ,,,,- ..... , 

'd1o-l -��� 
I ' 

I 
\ 

t 
!-'o-f 

Eb Eo c, 

' ' • 

(bl VOLTAGE OF INCIDENT WAVE (Cl VOLTAGE OF REFLECTED WAVI 

/
INCIDENT WAVE REFLECTED WAVE 

- / 
------------

-

..2------==7 1 - J • l - - .I. - - - l I 

9 f • d c b o 
ldl VOLTAGE DISTRIBUTIONS FDR UNln REFLECTION· AT LOAD 

Fm. 4-2. Diagrams illustrating behavior of the voltage of the incident and reflected 
waves on a transmission line. The <'&se shown 888Umes that the reflection coefficient 
at the load is unity, and that the line attenuation is only moderate. The clock dia­
grams show magnitude and phase of the voltage at increasing values of distance 
from the load. 

and proportional to, the voltage, with the voltage and hence current 
decreasing exponentially in magnitude and dropping back uniformly in 
phase as the load is approached. Such a distribution is illustrated in 
Fig. 4-2, and can be represented by the cquatiom1 

E' = E1e<•+fll>I (4-lOa) 
E' E 

I' = - = _! e<..+illl {4-l0b) 
Zo Zo 

The inrident wave is said to travel toward the load because it gets 
smaller as the load is approached and because its phase at a distance from 
the generator corresponds to the phase that existed at the generator at an 
earlier time proportional to distance. 'These are properties of a wave 
propagating away from a source. The velocity of propagation, called 
the phase vel.ocit11, is discussed below in connection with Eq. (4-19b). 
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The Reftecwl Wave. The reflected wave is identical with the incident
ve except that it is traveling toward the generator. The reflected

::ve thus consists of the component voltage E" of Eq. (�) associated
with a current component l" such that everywhere on the line 

E" I" = -Zo (4-11) 

This differs from Eq. (4-8) only by the negative sign, which arises from 
the fact that the current in the reflected wave travels toward the gen­
erator, whereas the current in the incident wave travels toward the load. 

The magnitude jE2 1 of the reflected wave becomes smaller as the "Wave 
travels away from the receiver (i.e., as l increases) according to the 
relation 

(4-12) 

Here E1 is the vector value of the reflected wave at the load. Equation 
(4-12) is similar to Eq. (4-9) except for the negative sign in the exponent; 
this denotes a decrease in magnitude with increasing distance l from the 
receiver. 

The phase of the reflected wave drops back fJ radians for each unit of 
distance that the wave travels toward the generator. Thus the reflected 
wave at a distance l from the load lags the phase position at the load by 
(Jl radians. 

As a result of these properties, the reflected wave on the transmission 
line can be described as a voltage accompanied by a current proportional 
to the voltage and flowing away from the load, with the voltage, and hence 
current, decreasing exponentially in magnitude and dropping back uni­
formly in phase as the distance from the load increCJBeB. Such a dis­
tribution is illustrated in Fig. 4-2, and can be represented by the equations 

E" = E�t...+,ml 
1" = -

E".,. - E1 c<-+mz
Za Za 

(4-13a) 

{4-13b) 

Relation of lnrident and Reflected Wavett-Rejlection CoeJfkient. The 
reflected wave is generated at the load as a result of reflection of the inci­
dent wave by the load impedance. This reflection is of such a character 
as simultaneou-.':, to meet the following conditions: (1) The voltage and 
current of the incident wave at the load must satisfy Eq. (4-8); (2) the 
voltage and current of the reflected wave at the load must satisfy Eq. 
(4-11); (3) the load voltage EL is the sum of the voltages of the incidentand re�ected waves at the load, that is, EL =;= E1 + E1; (4) the load cur­rent I z. 18 the sum of the currents of the incident and reflected waves at theload, that is, h • 11 + 11; and (5) the vector ratio EL/IL must equal theload impedance ZL. 
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The vector ratio E1/E1 of the voltage of the reflected wave to the
voltage of the incident wave at the load is termed the refl,ection coeJ!i,cient
of the load. Simultaneous solution of the above five relations leads to the
result 

R ft . ffi . . E1 (Z,,/Zo) - 1e ect1on coo 1C1ent = p = Ei 
= 

(Z,./Zo) + 1 (4-14) 

The reflection coefficient has both magnitude and phase, and so is a vector
quantity. Although Eq. (4-14) is expressed in terms of the situation at
the load, the ratio E" /E' of the voltages of the reflected and incident
waves at a distance l from the load r.an be termed the reflection coefficient
at the point l. It will be noted that when a = 0 (i.e., zero losses on the
line), the reflection coefficient everywhere has the same magnitude, and
equals the reflection coefficient of the load. However, when a p!i 0, then
the refleuted wave becomes smaller and the inr.ident wave larger with
increasing distanue from the load, causing IPI to decrease correspondingly.
The quantitative relation is 

1116 1 = IPa lE-2«(!,-I■) 
(4-15)

where !Pa l and IP6I are the magnitudes of the reflec:tion coefficients at dis­
tances l. and l,,, respectively, from the load. 

The relation between the load voltage and current and the voltages of
the incident and reflected waves at the load can be deduced from the 
above five required conditions. It is 

Ei =
Er.

= 
(EL + ]1,Zo)1 + p 2 

E2 = pEi = 1 �P
E,, 

= (E,. -
2
hZo)

The corresponding currents are given by Eqs. (4-8) and (4-11).

(-l-16a)

(4.-16b) 

l..ine Voltage and Current. The artual voltage and current existing on
a transmission line are the sum of the volta�<'s and currents, respectively,
of the incident and rdlcet.cd waves, as given by Eqs. (4-6), with the
values for E1 and E2 defirmd as in Eqs. (4-16). 1 A:lthough the equations
of the transmission line appear complicated, the c:haracter of the voltage
and <'urrent distributions that they lead to under different conditions can
be readily understood with the aid of the typical examples considered in
Aec. 4-4. 

4:-3. Transmission-line Constants. The electrical properties' of a
transmission line are determined by the inductance L, capacitance C,

1 This result can also be written in an equivalent form in terms of hyperbolic
functions: 

E - E£ cosh (a + j/l)Z + hZo ainh (a + j/l)Z 

I - I 1, coah (a + j/1)! + �: ainh {a + j/l)Z 

(4-17a) 

(4-17b) 
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series resistance R, and shunt conductance G, per unit length of line.

Th · ductance and capacitance can be calculated by the usual formulasem 
· · h I' 'bl f t ansmission lines except that at radio frequencies t ere are neg 1gi eor r ' 

I f k' ff h" netic-flux linkages inside the conductor as a resu t o s me ect; t 18 mag 
' hi f 'd me�ns that one should omit the small term m t e ow- requency m uet-

ance formulas that does not involve the dimensions. The series resist­
ance of radio-frequency lines is controlled by skin effect, and so is propor­
tional to the square root of the frequency. The shunt conductance is
determined by the dielectric loss. With air insulation the shun� con­
ductance is therefore negligible, but with solid dielectric such as used in 
twisted-pair and coaxial cables, the shunt conductance will be propor­
tional to the product of frequency, power factor, and dielectric constant. 

The electrical properties of the transmission line enter into the equa­
tions of the line through the characteristic impedance Zo and the propaga­
tion constant VZY as defined by Eqs. (4-5) and (4-7). At radio fre­
quencies it is nearly always permissible to assume that wL > > R, and 
"'C > > G. To the extent that this is true, one can rewrite Eqs. (4-5) and 
(4-7) as follows. 

J 
a=.!!._+ GZo

2Zo 2 
fJ = "'VLC 

(4-18a) 

(4-18b) 

(4-18c) 

The characteristic impedance Z0 is the ratio of voltage to current in an 
individual wave [s<'e Eqs. (4-8) and•(4-I l)]; it is also the impedance of a 
line that is inliuitely long or the impedance of a finite length of line when 
ZL = Zo. It will be noted that at radio frequencies the characteristic 
impedance is a resistance that i<J independent of frequency. Typical 
value11 for the rharactcristic impedance are of the order of 200 to 800 
ohms for two-wire lines with air insulation, and 20 to 100 ohms for 
coaxial cables. 

The attenuation constant of radio-frnquen<•y lines as given by Eq. (4-7) 
incrf'ascs with frequency; this follows from Eq. (4-18b), and the fact that 
at high frequencies the series resi�tance and shunt conductance are pro­
portional to the square root and the first power of frequency, respectively.
With air insulati .. ,n the conductance G is negligible, and the attenuation is
due almost entircfy t.o the skin-effect resistance of the conductors. How­
ever,. in lines posses1,1ing solid dielectric, such as twisted-pair and many
coaxial cables, the situation is more involved. Conductor resistance loss
is the.u msp_onsible. for mo.'it of the attenuation at low frequencies, while
the d1e)e('tr1e loss 1s the cause of most of the attenuation when the fre­quency is sufficiently high. 

The phllSE' constant fJ of a radio-frequency line is seen from Eq. (4-18c)
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to be proportional to frequency, and to the aqua.re root of the product LC 
of the line inductance and capacitance, but is independent of line reaiat­
anoe or conductance. The uae of dielectric insulation, 118 is common in 
couia.l cables, increases the capacitance of the line, and thereby makes 
fJ larger in proportion to yk where A: is the dielectric conatant of the 
insulation. 

W � and PhaM, Velocity. The distance>. that a wave must travel 
along the line in order for the total phase shift to be 2r ra.dia.ns is defined 
118 the 10tJMffl(/tA >. of the line. Thus, since fJA. - 2r, 

2r>. -=-
/J (4-19a) 

In the cue of radio-frequency lines with air dielectric, >. approximates the 
free-apace wavelength of a radio wave of the same frequency. In the 
cue of cables with solid dielectric having a dielectric constant A:, the 
wavelength is very closely the free-space wavelength divided by yk. 

A wavelength A. at a frequency f corresponds to a velocity "• - f)... 
This is termed the pha.Be velocity of the line, i.e., 

Phase velocity = f).. = 2Tf (4-19b) fJ

In radio-frequency lines having air dielectric, the phase velocity approxi­
mates very closely the velocity of light. In lines with solid-dielectric 
insulation, the phase velocity is the velocity of light divided by the square 
root of the dielectric comitant of the insulation. 

4.4. E:umples of Voltqe and Current Distributions on Transmiaslon 
Lines. The various ways in which the voltage and cutrent may be dis­
tributed along a transmission line can be understood by considering in 
detail a number of special cases. In the discuaaion of these examples to 
follow, it is assumed that the attenuation constant a is small; this is done 
in order to simplify the phenome114 involved. The modifications intro­
duced when the attenuation constant is not small are discuased in Sec. 4-5. 

Traumiaaion Line with (),pen-circuited Load.. When the load imped­
ance is infinite, Eq. (4-14) shows that the coefficient of reflection will be 
1/0. Under these condition& the incident and reflected waves will have 
equal magnitudes at the load, and the reflection will be such that the 
voltages of the incident and reflected waves have the same phase. As a 
result, the voltages of the two waves add arithmetically so that at tke load 
B1 = B1 ... B,./2. Under these conditions it follows from Eqs. (4-8) 
and (4-11) that the cun-ents of the two waves a.re equal in magnitude but 
opposite in phase; they thus add up to zero load current, 118 must be the 
case if the load is open-circuited. 

Consider now how these two waves behave 118 the distance Z from the 
load increasea. The incident wave advances in phase fJ radians per unit 
length, while the reftected wave lap correspondingly; at the same time 
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magnitudes do not change greatly when the attenuatio_n constant a is
small. The vector sum of the voltages �f the two waves 18

/ 
then

Thi
l� tha

d
n

the arithmetic sum, as illnstrated in Fig. 4-3a, for l = A 8. s ten -
ency continues until the distance !o th� I� becomes exactly a quarter
wavelength, i.e., until-�l = 'lf/2. rhe mrudent wave has then advanced
90" from its phase position at the load, while the reflected wave has
dropped back a similar amount. The line voltage a t  this point is t�us t�e 
arithmetic dijf erence of the voltages of the two waves, as shown m Fig. 
4-3a, for l = >./4, and it will be quite small if the attenuation is small. 
The re,mltant voltage will not be zero, however, because some attenuation 
will always be present, and this causes the incident wave to be larger and 
the reflected wave smaller at the quarter-wave length point than at the 
load, where the amplitudes are exactly the same. 

As the distance to the load increases to a value greater than a quarter 
wavelength, the phase of the incident wave continues to advance, while 
that of the reflected wave continues to lag. As a consequence, the volt­
agN; of the two waves depart increasingly from the condition of phase 
opposition existing at the quarter-wavelength point, and give a resultant 
value that, bP1:omes larger with increasing distance. This tendency con­
tinues until the dL�tance from the load is a half wavelength (that is, 
(jl = 'If); at this point the phases of the two waves have respectively 
advanced, and retarded, by 180°. The result is that the voltages now 
have the same relative phase relation with respect to each other as 
existed at the load, and so add arithmetically as at the load to give a large 
resultant line voltage. At greater distances than a half wavelength the 
cycle starts to repeat, as illustrated -in Figs. 4-3a and 4-4a. 

The voltage distribution on the open-circuited transmission line that 
results from this process is shown in Figs. 4-3a and 4-4a. It is charac­
terized by voltage maxima at points that are even multiples of a quarter 
wavelength distant from the load, and by deep voltage minima at points 
that are odd multiples of a quarter wavelength from the load. 

The current distribution associated with t,his voltage is also illustrated 
in Fig. 4-4a. The current distributiun has minima where the voltage 
has maxima, and vice versa. This arises from the fact that the current 
of the reflected wave has t.he opposit,e phase from the reflected voltage 
[sec Eq. {4-11)]. As a result, the currents in the two waves add where 
the voltages sub1 ract, and subtract to give a minimum where the voltages 
add. 

It will be noted that the variations in both the voltage and current dis­
tributions repeat their general character each half wavelength. This is 
characteristic of all distributions on transmission lines. 

1'ransm.iasion Line with Short-circuited Load. When the load end of 
the line is short-circuited, that is, Z£ == O, reference to Eq. (4-14) shows 
that the reflection coefficient has the value -1.0/0° = 1.0/180". As in 
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Fm. 4-3. Vector diagrams showing manner in which the incident and reflected waves 
combined to produce a voltage distribution on the transmiuion line. The caaes 
shown correspond to a reflection in which the phue of the voltage is unchanged by 
reflection; it ill also assumed that the attenuation of the line ill quite small. 
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· 'ted ca"" the reflected wave has an amplitude equal to thethe open-c1rcu1 ...,.,, , tak lace amplitude of the incident wave. However, �e reflection n_ow es P 
'th ersal in phase of the voltage, and without change m phase of. the

Wl 7 The result is that the current in each individual wave at the curren · 
load is half of the load current, while 

1 E "'T.! the voltages in the two waves add up 
', 1 / 1 at the load to a resultant of zero volt-

1a1 OPEN-CIRCUITED LOAD age, as obviously is required across a 
E r short circuit. 

�---�� If one now examines the situation 
lbl LOAD 1MPEDANCE• Jlo LOAO as the distance from the load in-

ICI LOAD IMPEDANCE• Zo 

ldl LOAD lMPfOANCE • lo/J LO, 

creases, the incident wave advances 
in phase while the reflected wave lags 
correspondingly, exactly as in the 
case of the open-circuited load. 
However, since it is now the currents 
that add at the load end of the line 
and the voltages that subtract, one 
obtains the distribution of voltage 
and current illustrated in Fig. 4-4e. 
This differs from the corresponding 
distributions of the open-circuited 
load case only in that voltage and 
current are interchanged. That is, 
with the short-circuited load the 
yoltage on the line goes through 
minima at distances from the load 
that are even multiples of a quarter 

LoAo wavelength, and through maxima at 
rv1 LOAD 1MPEOANCf A CAPAc1r1vE REACTANCE distances that are odd multiples of a 
Fw. 4-4. Types of voltage and current quarter wavelength. As before, the distributions produced on a transrnis- positions of the current maxima cor­sion line by different load impedances. 
It ia 1188U111t-d that the transmi81iion line respond t.o the voltage minima, and 
has low attenuation, and a charaoteris- vice versa. tic impedanc.e that is resistive. Characf.eristic Impedance Load. 
When the load impedance is equai to the characteristic impedance, the 
reflection coefficiel:!t is zero; i.e., there is no reflected wave. Under these 
conditions the voltage and current both increase exponentially with 
increasing distance from the load, as illustrated in Fig. 4-4c. 

The physical significance of the situation where the reflection coefficient
is zero (i.e., when ZL = Zo) is that the vector ratio of the voltage to cur­
rent required by the load is exactly the same as that present in the inci­
dent wave. The load is therefore able to absorb completely the incident
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wave. With any other value of load impedanoe this• not pomble, and a 
reflected wave is then produced. 

Intmn«lm Value, of Loatl Im,-,,,,,.. When the load impedance is 
a resistance greater than the characteristic. impedanoe, the reflected 
wave produced at the load is amaller than the incident wave, but has the 
same phaae angle as in the open-circuited caae. 1 As a reault, the voltage 
and current distri.butiODS go through mcceaaive maxima and minima at 
exactly the same places 88 for the open-circuited load. However, since 
the reflected wave is mnaller than the incident wave, the minima are not 
88 deep in proportion to the load voltage; this is illustrated in Fig. 4-4b. 
Vector diagrams showing how the voltages of the incident and reflected 
waves add to give the line voltage in this case are shown in Fig. 4-3b; a 
comparison with the corresponding diagrams of Fig. 4-3a shows in detail 
why and how the situation is modified when the reflected wave is smaller 
than the incident wave. 

When the load impedance is a resistance that is smaller in magnitude 
than the characteristic impedance of the line, then the reflected wave is 
smaller than the incident wave, and has the same phase relation with 
respect to the incident wave 88 in the short--circuited load case. Under 
these conditions, the voltage and current distributions p088ell8 maxima 
and minima at exactly the same point.s 88 for the shorkircuited load, but 
the maxima are not as large and the minima are less deep. This is 
illustrated in Fig. 4-4d. 

Reactive Load,, Next consider the case where the load impedance ia a 
pure reactance. Study of Eq. (4-14) shows that if the characteristic 
impedance can be assumed to be a resistance, the reflection coefficient for 
ZL reactive jg unity irrespective of the magnitude of. the load reactance; 
however the phase angle of. the reflection coefficient will depend upon the 
ratio of. the load reactance to characteristic impedance. The conse-­
quences of this situation are illustrated in Fig. 4-4/ and g. With a reac­
tive load impedance, the voltage and current distributions vary in the 
same way, and to the B&JDe extent, 88 with the open-circuited (or short-­
circuited) load case. However, a reactive load impedance caUB8B the 
minima of these curves to be diaplaced with respect to the position of the 
minima for an open-circuited line. 

li one takes the open-circuit distribution BB a reference, then a-capaci­
tive load cauaee the first minimum in the voltage distribution to occur 
closer to the receiver than a quarter wavelength, BB illustrated in Fig. 4;'g.
Thia comes about becauae for capacitive loads the phase angle m the 

I J'or the reflection coefficient t,o have & phue aagie of euctly O 01' 180°, it ii Delll9-
IIU'J that the load impedaaoe have the dme phue angle u the aharaoterilt.ic imped­
ance. In the eue of radio-frequency van■rnieeicm 1iDe■, tbi■ m.eu■ a load that for all 
J)l'IC&iaa1 pmiic- i■ re■i■tmt. 
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reflection coefficient is negative, i.e., the reflected wave at the load lap
behind the incident wave. ThUB with a capacitive load the distance from
the load at which the reflected wave lags 180° behind the incident wave is
Jess than a quarter wavelength. In contr�t, an inductive load caWM:'
the first voltage minimum to occur at • distance from the load that 18 

greater than a quarter wavelength, as illustrated in Fig. 4,.4/. This 
results from the fact that the phase 

-�--1 PHASE angle of the reflection coefficient is 

A. .V2 

DISTANCE FROM LOAD 
(01 PHA,SE OF LINE VOLTAGE 

360" 

LOAD 

positive in this case. With both in­
ductive and capacitive loads, the dis­
placement of the minima from their 
open-circuited position is greater the 
lower the load reactance. It is also 
to be noted that the effect of a reac-
tive load is merely to displace the 

PHASE position of the minima; the distance 
............ .-----,-,.----...---1 between the adjacent minima still

360" 

A.12 LOAD 

(bl PHAS[ OF LINE CURRENT 

1,1 POWER FACTOR ANGLE LOAD 

Fm. -i-5. Ph11.11c r1•h,tions 011 11 transmis­
sion line for two typical conditionH. In 
these l' 1rves, the voltage of the im·idrnt 
wave at thl' Joa.rl is usrd as thr rt'frrc1U'c 
phllBP, and thr line attrnuation is 
1188umed to he small. 

remains a half wavelength, just as in 
the open- and short-circuited cases. 

Load impedances that have both 
resistive and reactive components 
will result in voltage and currer,t dis­
tributions in which the variation in 
amplitude along the line is leBB than 
in the open- and short-circuited cases 
because the reflection coefficient is 
less than unity, as in Fig. 4-4b and d. 
However, at the same time the 
maxima and minima are shifted along 
the line in the same direction as 
when the load is purely reactive. 

Phase Re'lati<ma in VoUage and 
Current Diatributiona. The phase of 
the voltage and current in an indi-
vidual wave drops back fl radians per 

unit lengt,h in the direct.ion in whirh the wave travels. Thus, when the 
load imped.a.nee equals the charru:teristic impedance so that only the inci­
dent wave is prea,•11t, the line voltage and current advance in phase at the 
uniform rate of fl radians per unit length as one goes from the load to the 
generator. The total phase shift is 2r radians per wavelength under 
these conditions. 

When the load impedaD<•e does not equal the characteristic impedance, 
the phase relations are complicat.cd by the presence of the reflected wave. 
The phase of the re11ulting line voltage (or current) then oscillates about 
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the phase of the voltage (or current) of the incident wave, as illustrated in 
Fig. 4-5. The phase shift under these conditions tends to be concen­
trated in regions where the voltage (or current) goes through a minimum; 
this is increasingly the case as the reflected wave approaches equality 
with the incident wave. However, irrespective of the relative amplitudes 
of the incident and reflected waves, the phase of both voltage and current 
will advance exactly r radians (180°) when the distance toward the gen­
erator decreases by a half wavelength. Although in the absence of a 
reflected wave the variation in phase is at a uniform rate within this dis­
tance, this is not the case when a refter.ted wave is present. 

4.-1. The Effect of Attenuation on Voltage and Current Distribution­
Lossless Lines. The voltage and current distributions illustrated in 

- DISTANCE FROM LOAD 

Fm. 4-6. Variation or voltage amplitude and phBBA with dilltanne along a tranamimion 
line having sul'h high attenuation that toward the generator end the reflected wave 
is attenuated at a very small size. 

Fig. 4-4 assume that the total attenuation al of the line is small compared 
with unity. Under these conditions the amplitude of the inrident, and 
also of the reflected wave, changes only slightly in traveling the entire 
length of the line. 

When the attenuation of the line is relatively large the incident wave 
then increases rapidly in amplitude as one goes toward the generator. 
Similarly the reflected wave decreases rapidly in size as it recedes from the 
load. The resulting behavior is as illustrated in 1'"ig. 4-6; at a consider­
able distance from the load the reflected wave becomes so small that the 
voltage and current begin to approximate the values that would exist 
for the case Z.r. = Zo, irrespective of the actual value of the load imped­
ance. The progressive change in the ratio of reflected to incident waves 
that is caused by attenuation produces corresponding effects on the phase 
behavior. These are also illustrated in Fig. 4-6, which shows that the 
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actual phase departs less and less from the phase of the incident wave as
+he reflected wave becomes smaller. 
' Tranamisaion Linu with Zero Losses. The behavior of an idealized
transmission line with zero 108888 is important because under many 
circumstances and for many purposes, it is permissible to neglect the' 

losses associated with practical 
I E 

• f • • Ji � radio, requency transmisaion n88. 

..,.DISTANCE FROM I.OAO 

IOI MAGNITUDI 

r-r-------------------------··
11---+----,--------------------- 360 

L----+- I-,---
C 

---------
- , ------ 180' 

-----J----- o• 

(ill PHASI 
LOAD 

UJ .... '--□� 
It' I POWER FACTOR 

LOAD 

(di MAGNITUDE AND PHASE SHOWN 
SIMULTANEOUSLY 

Fro. 4-7. Voltage, current, and phase 
relationa on an open-circuited transmilt­
aion line having .11ero l088ell. 

When the resistance and con­
ductance of a transmission line are 
zero, the attenuation constant a is 
likewise zero, and the incident and 
reflected waves on the transmission 
line suffer no change in amplitude 
as they travel from one end of the 
line to the other. The voltage and 
current distributions that result are 
then similar to those of Fig. 4-4, 
except that all the maxima (and 
minima) are of the same height. 

When the reflection coefficient of 
the load is unity, corresponding to 
an open- or short-circuited or reac­
tive load, the curves giving the dis­
tribution of voltage and current on 
the loss-free line a.re sections of half 
sine waves that go to zero at the 
ininima, as shown in Fig. 4-7a. In 
this case the phase of the voltage 
(or current) jumps 180° at each 
minimum, as indicated in Fig. 4-7b. 
The distribution curves of the 1088-
less line a.re hence commonly drawn 
as shown in Fig. 4-7d, which simul­
taneously indicates both magnitude 
and phase by using negative ampli­

tudes to indicate the polarity reversal associated with a 180° phase shift. 
Since the waves on a lossless line do not change in amplitude as they 

travel along the line, the reflection coefficient in such a system is every­
where constant and equal to the reflection coefficient at the load, as given 
by Eq. (4-14). Similarly, the standing-wave ratio (see below) is every­
where the same on a lossless line. 

,-e. Standing-wave Ratio. The character of the voltage ( or current) 
distribution on a transmiSBion line can be conveniently described in terms 
of the ratio of the maximum amplitude to minimum amplitude posseaed 
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by the distribution. Thia quantity ia termed the alanding-v,GH ralio 
(often abbreviated SWR); thus iu Fig. 4-8, 1 

Standing-wave ratio ... 8 � �= (4-20) 

Altematively, the standing-wave ratio may be defined in terms of 
maximum and minimum current; for any particular line the standing­
wave ratio at a given region on the line will be the same whether defined 
in terms of the voltage or current distribution. 

IIELATIY! 
AMPLITIIDI: 

POSITION ALONG LINE LOAD 

Fla. 4-8. Diagram illUBtrating nomenclature 1188d in defining the Btanding-wave ratio. 

In terms of the amplitudes IE1I and IE1I of the incident and reflected 
waves respectively, the standing-wave ratio can be written 

8 (4-21) 

The standing-wave ratio ia seen from Eq. (4-21) to be a meaaure of the 
amplitude ratio of the reflected to incident waves. Thua a standing-wave 
ratio of unity denotes the absence of a reflected wave, while a very high 
standing-wave ratio indicates that the reftected wave ia almost u large 
as the incident wave. Theoretically, for the ca,e of aero attenuation, the 
standing-wave ratio will be infinite when the load iB either open- or Bhort­
circuited, or ia a lOBBlesa reactance. 

The standing-wave ratio 8 iB one means of expreasing the magnitude 
of the reflection coefficient; the exact relation between the two ia 

8 

or 
8-1

B+l

This relationship iB illustrated graphically in Fig. 4-9. 

(4-22a) 

(4-221>) 

The importance of the standing-wave ratio arises frpm the fact that it 
can be very euily meaaured experimentally. Moreover, the Btanding-

J Thia definition of Btanding-wave ratio ii aometimel called voltage 1tandin1-wave 
ratio (VSWR) to diatinguiah it from the atanding-wave ratio expruaed &1 • power 
ratio, wbloh • (B-/B.,J•. 
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ti l'nd"i.,ates directly the extent to which reflected wavea exist on
wave ra o --

'd 
· 

st In addition standing-wave measurements prov1 e an 1mpor-
a sy em. , 

. ___ ..1 • Se 4-9 
tant means of meuuring impedance, as d1BCU111MN m c. 

1.0 
- ,__
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�---
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_,,,.,,. 

.____ .... 
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...!:. 02 
I/ 

/ 

I/ 
0

, z 5 10 20 

$• STANDING•WAVE RATIO I VOLTAGE OR CURRENT I 

Jo'm. 4-9. The r!'latio1111hip l>t>tween standing-wave ratio and magnitude lol of reflection 
coefficient. 

,_.,_ Impedance and Power-factor Relations in Transmission Lines. 
The expression "transmission-line impedance" applied to a point on a 
transmission line signifies the vector ratio of line voltage to line current at 
that particular point. This is the impedance that would be obtained if 
the transmission line were cut at the point in question, and the impedance 
looking toward the load were measured on a bridge. 

When the load impedance equals the 1:haracteristic impedance, only the 
incident wave is present, and the line impedance is everywhere equal to 
the characteristic impedanre. The line impedance is also equal to the 
characteristic impedance under condition11 where the total attenuation 
al to the load is so great that the refle1•ted wave is of negligible amplitude 
compared with the incident wave. Under these conditions the impedance 
of the transmission line is independent of conditions at the load. 

When a reflected wave is present, the impedance will be alternately 
greater and lower than the characteristic impedance, as illustrated in 
Fig. 4-10. Since the line current is always a minimum when the voltage 
is maximum, and vice versa, the impedance maxima and minima coincide 
with the voltage maxima and minima, respectively. The magnitude of 
the line impedance therefore vari('8 cycliually with a periodicity of a half 
wavelength. If the line losses are low and the reflection coefficient of the 
load is not too close to unity, the line impedance repeats almost exactly 
in successive hali-wave intervals, as illustrated in Fig. 4-lOa. However, 
when the reflection coefficient at the load approaches unity (large stand­
ing-wave ratio), then the line attenuation, even if small, will cause the 
peaks of impedance to diminish in amplitude at progressively larger dis­
tances to the load, as in Fig. 4-lOb. 

The power factor of the line impedance varies according to the stand­
ing-wave situation. When the load impedance equals the characteristic 
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impedance, there is no reflected wave and the power-factor angle of the 
line is zero, corresponding to� resistive impedance. However, when a 
reflected wave is present, the power-factor angle is zero only at the points 
on the line where the voltage goes through a maximum or a minimum. 
At other points the power-factor angle will alternate between leading and 
lagging at inte"als of a quarter wavelength, ae shown in Figs. 4-10 and 
4-5c. When the line is short-circuited at the receiver (Fig. 4-l0b), or if

INCIDCNT WAVE' 

:S.l/4 A.12 A/4 
DISTANCE FROM LOAD 
VOLTAGE DISTRIBUTION 

VOLTS 

� 

VOLTS 

A. :SA/4 Al2 �4 LOAD 
DISTANCE FROM LOAD 
VOLTAGE DISTRIBUTION 

AAJ-M-
A. 3.\/4 A.12 A.14 LOAD a, 3A/4 U2 U4 LOAD 

LINE IMPEDANCE LINE IMPEDANCE 

60° 

POWER·FACTQR ANGLE OF LINE IMPEDANCE LEAD 

bjw 

r\ LAG 

' � 
�Al4 

LEAD 

POWER·FACTOR ANGLE =- 9
� 

lO) MODERATE STANDING-WAVE RAT IO lbl LARGE STANDING·WAYE RATIO (LOAD SHORT 
CIRCUITED) 

Fro. 4-10. Magnitude and power factor of line impedance with incNlBlling distance 
from the load, for load impedances that are, respectively, a resistance leu than the 
characteristic impedance, and a short circuit. These diagrams auume that the attenu­
ation of the line is small. 

the load is a resistance less than the characteristic impedance so that the 
voltage distribution is of the short-circuit type (Fig. 4-lOa), the power 
factor is inductive (lagging) for lengths corresponding to less than the dis­
tance to the first voltage maximum, and thereafter alternates between 
capacitive and inductive at inte"als of a quarter wavelength. Similarly, 
with an open-circuited receiver, or with a resistance load greater than the 
characteristic impedance so that the voltage distribution is of the dpen­
circuit type (Fig. 4-5), the power factor is capacitive for lengths Jess than 
the distance to the first voltage minimum. Thereafter, the power factor 
alternates between capacitive and inductive at intervals of a quarter 
wavelength, exactly as in the short-circuited case. 

If one considers the impedance at the generator end of a transmission 
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line of. fixed length under conditions where !he freq?ency � �ment
· -.,alvely increased the impedance will vary in magnitude with fre-
18 prog,.,.,... 

' · ,, · length Th "thquency in much the same manner as with mcre�ng . us, � 
a shortr-circuited load, the line impeda�ce will go through suecetl8lve

maxima at frequencies that make the line length correspond to. one­

quarter, three-quarters, five-quarten.a, etc., of a wa�length, and will go

through minima at frequencies that correspond to line lengths meas�
in wavelengths that are an even number of quarter wavelengths. This 18 

illustrated in Fig. 4-11. 
The extent to which the power factor of the line impedance varies with

changes in length, or changes in frequency, depends upon t�e standing­
wave ratio at the point on the line where the power factor JS observed. 

II/ZERO 1r LOSSES 

M(J(JEIIA TC 
LOSSES 

FREQUENCY 

(O') 

MODEIIATE 
LOSSES ... 

�1---+--+--+--+---t----

ILEADI 90" L---

lbl 

FIG. 4-11. Effect of variation in frequency on the magnitude and phase of the 11ending­
end impedance of a Bhort-eircuited transmission line of fixed length. 

If the standing-wave ratio is large, and the line losses low (solid curve in 
Fig. 4-11), the power-factor angle will approach 90° except in the immedi­
ate vicinity of the voltage maxima and minima. Then the power-factor 
angle suddenly shifts between nearly +90° and nearly -90°, as illus­
trated in Fig. 4-llb and Fig. 4-5c. In fact, in the case of a short-circuited 
or open-circuited ideal line of zero losses, the power-factor angle is exactly 
90° everywhere except at the voltage maxima and minima, as illustrated 
in Fig. 4-7c, and by the dotted line' in Fig. 4-lla. On the other hand, if 
the standing-wave ratio is small or moderate, the maximum range over 
which the power-factor angle varies about unity power factor will be cor­
respondingly less than 90° (see Figs. 4-6c and 4-lOa}. 

4-8. Transmission-line Charts-the Smith Chart. The various prop­
erties of a transmission line can be presented graphically in an almost end­
less variety of charts. The most useful graphical representations, how­
ever, are those which give the impedance relations that exist along a loss­
.less line for different load conditions. 
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The Smith chart shown in Fig. 4-12 is the moet widely ueed trana­
misaion-line chart of. this class.1 Thia diagram is baaed on two eet.a of. 
orthogonal circles. One set represents the ratio R/Zo, where R is the 
resistance component of. the line impedance, and Zo is the characteristic 
impedance (which for a 1088lesa line is a resistance). The eecond set m 
circles represents the ratio jX/Zo, where X is the :reactive component m 
the line impedance. These coordinates are so chosen by means of. a con­
formal transformation that conditions on the 10881esa line corresponding 
to a given standing-wave ratio (or what is the same thing, a given magni­
tude of. the load reflection coefficient) lie on a circle having its origin at the 
center of the chart. 

The standing-wave ratio 8 corresponding to any particular circle is 
equal to the value of R/Zo at which the circle crosses the horizontal axis 
on the right-hand side of. the chart center (see Prob. 4-25). This same 
circle intersects the horizontal axis to the left of. the center at a value of. 
R/Zo such that 1/8 • R/Zo- Intersections with the horizontal a.xis that 
are on the left of. the chart center represent voltage minima; intersections 
with the horizontal axis on the right of. the center correspond to voltage 
maxima. 

Moving around a given standing-wave circle is equivalent to traveling 
along a IOBBless transmi88ion line on which the standing-wave ratio cor­
responds to the circle involved; thus the successive values of. impedance 
indicated by a given circle correspond to the line impedances at successive 
points along the lOl!Sless line. Distance on the actual transmission line is 
directly proportional to the angle of rotation around the standing-wave 
circle, with one complete rev,,lution corresponding to exactly a half wave­
length on the transmission line. Thus in Fig. 4-12 the distance between 
points on the line where the impedance conditions are represented by 
P and Q on the chart is 0.05 wavelength, because P and Q lie on the same 
circle, and radial lines OP A and OQB drawn from the center of the chart 
are displaced by 0.05A on the outer scale; this corresponds to 36° angular 
displacement, or 36/720 = 0.05 wavelength. 2 Travel around the circle 
in a clockwise direction is toward the generator, whereas travel in a 
counterclockwise direction is toward the load; this fact is marked on the 
periphery of. the chart. 

The impedance at any point on a transmission line for a given load 

1 P. H. Smith, TraDIDliuion Line Calculator, Electronu:a, vol. 12, p. 29, January, 
1939; P. H. Smith, An Improved Tr&DBmiBeion Line Calculator, El«l.ronu:a, '1101. 17, 
p. 130, January, 1944. Graph paper and a plastic calculator are commercially avail­
able. A paper covering the theoretical fo111&dations of the Smith chart, and its rela­
tion to the ao-called rectangular chart, ia H. L. Krauu, Transmiasion Line Charts,
Blee. ling., vol. 68, p. 767, September, 1949.

1 Diatancea greater than a half wavelength are handled by going around the ■tand­
ing-wave circle u many time■ as required. Thu■ the diatance OA t.o OB actually 
represents 0.05). + n)./2, where n can be any interger, including l910. 
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. . . d' the load impedance, is represented by a point
condition, m

: i�h Smith cha.rt. Thus p in Fig. 4-12 corresponds to
pro�rl

peda

y ]oca 
Z

o
(
n
O 98

e 
+ ,·o 7) and lies on the circle centered at O that

the1m nceo, ·• h 'Ith h
nds to a standing-wave ratio of 2 (because t e CU'C e roug 

;:::eta the R/Z o axis on the righ� of the _chart at R/Zo • 2). �f the
• te · ted with a load having an impedance corresponding to

Ime were rDUna 

/db SrEPS 

}'10. 4-12. i'bc Smith chart. 

P, then the standing-wave ratio that would exist on the line would be 
2.0; the impedance at other points along the line could be obtained by 
traveling clockwise around the circle passing through P by an amount 
indicated by the calibration on the periphery of the chart. For example, 
at a distance 0.05A toward the generator from P, the line impedance is 
Zo(l.56 + j0.7), eorrlll!ponding to point Q, while 0.27>.. distant from P,
the impedane.e corl'tlllponds to Q' and is Z0 (0.6 - j0.38). Again, if the 
load impedance corresponded to the value Q, the standing-wave ratio 
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would still be 2, but the impedance at Q' would now be the line impedance 
at a distance 0.22>. from the receiver, since Q' is 0.22A around the circle 
in a clockwise direction from Q.

The Smith chart thua ahowa very simply and directly the standing-wave 
ratio corresponding to a given load impedance. It also shows the line 
impedance at any desired point, given the standing-wave ratio and the 
impedance at any other point on the line, for example, the load imped­
ance. From the standing-wave ratio, one can obtain the magnitude of 

1..::;;,__..1....._..1.,__...1.. _ _,.1.., _ _,.1.., _ _.__....1-_....1,_....1,_--1 

I 2 3 4 5 6 

STANDING- WAVE RATIO AT LOAD END 

Fm. 4-13. Relationship between standing-wave ratios at two pointB on a trans­
mission line, for different values of line attenuation between these pointB. 

·, 

the reflection coefficient from Eq. (4-22b} or Fig. 4-9. The phase angle 
of the reflection coefficient is given on the chart periphery. Thus for 
point P one has p = 0.33/72°. The Smith chart can also be used to 
determine impedance from data obtained from standing-wave measure­
ments; this is discuBSed in Sec. 4-9. 

Effect of Line Attenuation. The Smith chart &BSUmes that the line 
attenuation is zero. Under these conditions the standing-wave ratio is 
everywhere constant, and the chart implie11 that this is the case. When 
attenuation is present it is, however, 11till possible to use the Smith chart 
by using Fig. 4-13 to correct for the change in standing-wave ratio with 
poeition. 1 The method of doing this is made clear by the following 
example. ., 

E:rample. Assume that the couditions exis�ing at some point on the line correspond 
to Pin Fig. 4-12; this may be the generator end of the line although it is not so limited. 
lt is then desired to know the line impedance at a point 0.23X closer to the load when 

1 The curve& in Fig. 4-13 are obtained by combining Eqs. (4-15), (4-2211), (4-22b}, 
and (4-9a). 
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the total attenuation for the line length ?f 0.23>. is �own to be 3,0 db rather t� 
zero. The first step is to ignore the line a�t.enuation and �vel � 
around the circle passing through P for a dis�ce �rresponding to 0.23>.. 

. Thia
 

bring& one to point Q', which corresponds to the line 11Dped�ee that would exJ11t
_ at

 

the desired point if the line had no attenuation. HowevertFig. 4-13 shows that a line 

att.enuation of 3 db oauaes a standing-wave ratio of 2.0 at the generator end of tl?,e 

aection of Jine to correspond to a standing-wave ratio of 5.0 at the load end. A circle, 

shown ddtted in Fig. 4-12, is then drawn corresponding to this standing-wave ratio. 
The intersection of this circle with the radial line OQ' then defines a point Q'' on the 
chart that corresponds to the desired impedance, taking into account the line att.enua­
tion; 1 this impedance is Zo (0.26 -j0.52). 

,-9. Impedance Measurements Using Standing-wave Ratios. 1 The 
impedance at very high frequencies is commonly determined with the aid 
of standing waves. This is done by using the unknown impedance as the 
load impedance of a line having low losses. The resulting standing-wave 
ratio is then observed experimentally and, in addition, the distance from 
the receiver to the first voltage minimum is observed. From this 
information one can, with the aid of a Smith chart, readily determine the 
unknown impedance. 

E:rample 1. Suppose that a standing-wave ratio of 2.0 is observed and that the 
first voltage minimum is 0.08>. from the load. One would then enter the Smith 
chart at the point P', which corresponds to a voltage minimum for a standing-wave 
ratio that is 2.0, and would then travel along this circle of constant standing-wave ratio 
toward the load a distance 0.08>. thus arriving at point Q'. The eoordinat.es of this 
point are 0.6 - j0.38, and multiplying these numbers by the value of Zo for the 
transmission line gives the impedance of the terminating load, which is the impedance 
to be determined. 

E:rample 2. Assume that once again the standing-wave ratio is observed to be 2.0, 
but that it is now inconvenient to measure the actual distance from the load to the 
first voltage minimum. The procedure then consists in first connecting the unknown 
impedance across the end of the line and observing the position of some convenient 
voltage minimum. Next, the unknown impedance is replaced by a short circuit, and 
the position of the first voltage minimum on the load Bide of the original minimum is 
observed. Assume that this minimum is 0.35>. toward the load from the original 
minimum. It is then permissible to regard this new minimum as the equivalent posi­
tion of the load. This follows from the fact that on a lossless line impedances repeat 
exactly each half wavelength. Therefore Qne enters the Smith chart at point P',

which corresponds to the voltage minimum with the load connected, and travels 0.35'­
toward tM load along the circle for 8 "' 2.0. This leads to point P, which has the 
coordinates 0.98 + j0. 7; these numbers multiplied by Zo then give the unknown 

1 Smith charts are sometimes provided with an auxiliary decibel scale that can be 
used to determine t·)l.e effect of the attenuation on the radius of the standing-wave 
circle. Such a scale is 8hown in Fig. 4-12 and is calibrated so that each unit on the 
auxiliary scale represents the change in cir�le radh1s associated with 1 db attenuation. 
Thus starting with a standing-wave circle of radius OQ' in Fig. 4-12, the circle passing 
through Q" is drawn with a radius that is 3.0 units different on the decibel scale than 
OQ' as shown, because the line attenuation is 3,0 db, 1 An extensive summarizing discussion of this subject is given by F. E. Terman and 
J. M. Pettit, "Electronic Measurements," pp. 135-152, McGraw-Hill Book Com­
pany, Inc., New York, 1952. 
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impedance. An altemative procedure would be to note that if the reference point ii 
taken u the minimum with the unknown connected at the load, then when the line ie 
short circuited, the firllt minimum on the generator Bide of this reference point ii 
O.li - 0.31i • O.lli). toward Uae geM!'Gtar, Entering the chart at P' as before, one 
could therefore proceed q.lli). toward the generator (i.e., a distance -0.lli). toward 
the load). Thie ahio brinp one to point P. 

Equipment f <W Ezperimental Determination of Standing-11JQ,ve Ratio j<W 
Impedance Meaaurementa. The standing-wave ratio on a tranamiaaion 

$CAL£ SHOWING 
/IOSITION OF PROB£, r

TRAVELING PROB£ 
AND INDICATOR 

�hummh11111t11hmnml111111111I 

'SLOTTED SECTION OF' NEGLIGIBLE ATTENUATOR /iM,,£DANC£ IIND£RINV£STIGATTON 
(Cl SYSTEM FOR MAKING STANOING•WAVE•RATIO MEASUREMENTS 

(bl SLOTTEO LINE AND CARRIAGE 

CRYSTAL• 
VL,�--DIELECTRIC 

SIJPPDRT 

IC') SECTION OF LINE 

V
PROBE TUNINGADJUSTMENT 

V
/JIDVABLE SHORT• CIRCUIT 

ro AMPLIF'IER 
--:t.. AND INDICATOR 

-1-;-===== 
PROS£ OIJTP/JT LIN£ 

THROUGH CARRIAGE Ill) PROBE ANO DETECTOR CONNECTIONS 

Fm. 4-14. Details of a slotted-line type of standing-wave detector for a coaxial line. 

line can be observed by exploring along the length of the line with a pickup 
arrangement that will indicate the strength of either the electric field (line 
voltage) or the magnetic field (line current), in the vicinity of the line. A 
typic·al example of such a standing-wave detecUJT that is suitable for coaxial 
systems is illustrated in Fig. 4-14. This arrangement consists of a section 
of coaxial line having air insulation and a longitudinal slot in the outer 
conductor, as shown. Mount.ed on this slotted section is a traveling 
carriage carrying a probe that projects through the slot toward the center 
conductor, as shown. To this probe there is connected some form of 
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power- or voltage-indicating device, often a simple detector. An oscil­
lator is connected to one end of the slotted line, while the other end is con­
ne1:ted to the uuknown impedance or, alternatively, to the input of the
transmission line that is to have its standing-wave ratio observed. The
standing-wave pattern is then obtained by moving the carriage (and
hence the probe position) and observing the resulting variations in the 
probe output. 

,-10. Transmission Lines as Resonant Circuits and as Circuit Ele­
ments.1 A transmission line can be used to perform the functions of a 
resonant circuit. Thus, if the line is short-circuited at the load, then at 
frequencies in the vicinity of a frequency for which the line length is an 
odd number of quarter wavelengths long, the impedance will be high and 
will vary with frequency in the vicinity of resonance (i.e., frequency cor­
responding to quarter wavelength) in exactly the same manner as does the 
impedance of an ordinary parallel resonant circuit. It is the.-efore possi­
ble to describe resonance on a transmission line in terms of the impedance 
at resonance and the equivalent Q of the resonance curve. 2 

At very high frequencies, the parallel impedance at resonance and the 
obtainable C'ircuit Q are far higher than can be realized with lumped 
circuits. In high-frequency lines having air insulation the losses all arise 
from skin effect in the conductors, and one has with copper conductors 

For roncrntric Vinl'11:1 

Q = O.OS:l9 -,/j l,H 
z. = 11.11 v']bfl

For two-wirr lint's (neglecting radiation losses): 

Q = 0.0887 v'J bJ

z, 
= 

�..:_�5 v]_ bG

(4-23a) 

(4-23b) 

(4-24a) 

(4-24b) 

1 For further inforrnRtion, including partir.ularly a derivation of the basic relationa,see F. Ji;. Terman, ltC110nant Linl!II in Radio Circuits, Elec. Eng., vol. 53, p. 1046,July, 1934. In this paper it was demonstrated for the fint time that the l"8110naneecurve of a tra11Hmi1111ion line hM the aalhe shape as the resonance curve of a circuitwith coil and rapadtor, and 111> can he d�rihed by specifying a Q. • The Q in such a Hi.tuation can be defined in terms of the detuning required to reducethe response to i0.7 ;ier cent of the responee at resonance in aeeordanee with Rule 1on p. 49; alternatively, one may employ Eq. (3-1). '_Examina�ion of Fi�. 4-15 ■hows that in an air-insulated coaxial line of given outerradiue b, Q _will be maximum when the inner conductor has a 1i1e 8Ueh that b/o • 3.6,eo'":'ponding to Zo • 77 oh11111. These are also the proportion■ for minimum powerIOIIII •� a transmiuio_n line ��ated with Z£ • Zo. However, tho maximum powerthat can he tranem1tted without exceeding a 1iven voltage gradient oocun whenb/o • 1.66, giving Zo • 30 ohme.
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where Q - circuit Q defined from the resonance curve so that Q • 
Jo/2A/, where Jo is the resonant frequency and A/ ia •the 
number of cycles off resonance at which the response is 
70.7 per cent of the response at resonance 

z. -= sending end or input impedance
J - frequency, cycles
b • inner radiUB of outer conductor of a concentric line, or spac­

ing of wire centers in two-wire line, cm 
a = outer radiUB of inner conductor in concentric line, or wire 

radiUB in two-wire line, cm 
n -= number of quarter wavelengths in the line 

F, G, H, J • constants determined by b/a and given in Fig. 4-15 
Substitution of re&BOnable values in these equations leads to surprising 

results. Thus, at a wavelength of 150 cm (200 Mc), a concentric line 
with copper conductors and air 1.0 

insulation in which b/a. = 3.6 and Q9 

with a diameter of outer conductor 08 

of 5 cm (2 in.) pOBBCBBeB a Q of ap- 07 

06 
proximately 3000; when the line 

05 

. . 
: 

. 

•
I 

-

·-
·�� �����i 

��-.. � '� 

�� 
':.: •-t-

� ... �"\I.: 
....... 

--

length is a quarter wavelength long 04 

(approximately 15 . in.), the re- Q3 

sonant impedance is over 250,000 02 

ohms. Because of favorable prop- Qi 

erties such as these, together with �o 20 !IO io zo 50 ,o 
the fact that the physical size of a ¼ 
resonant line is relatively large in Fro. 4-15. Factors F, G, H, and J for use 
proportion to wavelength as com- in Eq11. (4-23) and (4-24). 

pared with a coil-and-capacitor combination, resonant transmission lines 
find extensive use as resonant circuits at the higher radio frequencies, 
particularly at frequencies of the order of 100 Mc and greater. 

A behavior corresponding to that of a series resonant circuit can be 
obtained from a transmiBSion line that is an odd number of quarter wave­
lengths long and open-circuited at the receiver. Under these conditions, 
the voltage at the load is much higher than the applied voltage, as is 
apparent from Fig. 4-4. Furthermore, at frequencies near resonance the 
voltage step-up varies with frequency in exactly the same manner as does 
a resonance curve, and has an equivalent JJ given by Eq. (4-23a) or 
(4-244) as the case may be. The voltage step-up ratio is, however, 
Q X 4/rn, instead of Q as in the case of the ordinary series resoll&Jlt 
circuit. 

Transmission lines can be used to provide low-loss inductances or 
capacitances by employing the proper combination of length, frequency, 
and termination. ThUB a line short-circuited at the load will offer an 
inductive reactance when leas t,han a quarter wavelength long, and a 
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'tive reactance when between a quarter and a half wavelength long.
capac1 • • f ' d cti d 'ti 
With an open-circuited load, conditions or ID u ve an cap&CJ. ve

reactances are interchanged. 

,-11. Impeclance Matching in Transmission Llnea.1 Energy is trans­

mitted most efficiently by a transmission line when no reflected wave. is

present I However only under exceptional eases will the load impedance
• 

' ___ 1 _ 
be a resistance that is exactly equal 

,---,, to the characteristic impedance ol 

(CJ I STUB LIN£ 

LOAD 

the line. Thus, to obtain trans­
mission of energy with maximum 
efficiency, it is neceaary to provide 
means for matching the actual load 
impedance to the characteristic im­
pedance of the line. Again, it is 
often desired that the line im­
pedance be independent of the dis­
tance to the load. Likewise in 

lbl VOLTAGE DISTRIBUTION WITH STUD DISCONNECTED making many types ol measure­

-----� 
I LOAD 

ICI VOLTAGE DISTRIBUTION WITH STUB �ROPEALY 

ADJUSTED 

Fm. 4-16. Implldancc matching by 
mPBns of a short-circuited stub line. 
Although the arrangement shown is a 
two-wire system, coaxial lines may be 
employed. 

ments in systems involving trans­
miBBion lines, it is frequently de­
sirable, and in some eases very
necessary, that there be no reflected 
wave present.' 

At the lower radio frequencies a 
load can be matched to the charac­
teristic impedance of a line by as­
BOCiating with the load a network 
of reactances that tunes out the 
load reactance and simultaneously 

transforms the resulting resistance to a value equal to the characteristic 
impedance of the line. This is discuBBed further in Sec. 4-12. 

At very high and microwave frequencies, impedance matching is 
normally achieved with the aid of transmission-line techniques. The 
atub line arrangement of Fig. 4-16 is a common example. Here a short . 

1 For additional information of a design charaeter see T. E. Moreno, "Microwave
Traumiasion Data," pp. 103-110, McGraw-Hill Book Company, Inc •• New York,
1948. 

1 When the characteristic impedance is a reeiatance, aa ill alwa:ya the cue at high 
frequenciee, one can consider that the incident wave delivera energy to the load and 
that the reflected wave carries energy from the load ba&,k toward the generator. If 
the load impedance doea not equal the characteristic impedance, i.e., if the load ill not 
matched to the line, then aome of the incident enera:r ill reflected by the load and 
travela a round trip over the line, dillllipating power in the line without delivering 
energy to the load. Thu■ the ratio of energy lost in the line to power diaeipated in 
the load ii increaeed by reflection. 
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section of. abort-circuited tramm,iuinn line is connected in shunt with the 
trall8Dlilllion line. The distance Z1 from the load, and the length a of. the 
stub, are 10 chosen that the reflected· wave produced by the shunting 
impedance of. the shunt line is equal 
in magnitude and oppoeite in phase 
to the reflected wave existing on 
the line at this point u a result of. 
the reflection from the load imped­
ance Z £• Thus, although a re­
flected wave is present in the length 
l1 because of. reflection from Z£, 
there is no reflected wave on the 
generator aide of the stub line as a 
result of the cancellation of. the two 
reflected waves. 1 

The practical design of. a stub­
line system of this type can be 
readily carried out with the aid of. 
Fig. 4-17, which gives the length a 
of. the stub1 and its position b with 

G.14 

� 

...... 
! 
z o.oe 

� 0.04 

tl•lfl•t.ENflrN Of' $HORTF:D sru, 

,.... ll•PO•F'NINDFsru• 

r\. 
IIEASIIIIED l'l:IIMJfO LOAD 
ntollAM!trAIEMNIIIIII 

, 1
...... -.t... '-r-,,.

r-,. !',, �--

2 5 IO 20 

STANDING •WAVE RATIO 
FIG. 4-17. Deaign information giving the 
length and poaition required for a short­
circuited stub in order to obtain imped­
ance matching. If desired, the stub line 
may be made any convenient multiple 
of a half wavelength greater than a. 

N>.spect to a voltage minimum of. the standing-wave pattern existing in the 
absence of the stub. A stub line used in this way will enable any load im­
pedance to be matched to the characteristic impedance of. a tranamission 
line provided only that the load is not an open-circuit, abort-circuit, or 
pure reactance. 

ADJUSTABLE 
t 1 SHORTING 

• • PLUNGE/IS 
.; 

"" [a 

vsruss--.... 

-

z, 
ATOii 

D ,, 
Flo. 4-18. Doubl-tub impedance-matching syatem. 

Another arrangement often used to match a load to a tranamission line 
is the two-etub ayatem of Fig. 4-18. Here two spaced stubs whose lel)Ktha 
are individually controllable are shunted acr088 the line near the load u 

1 Another way of exprmaing this situation ill tb ny that the stub poaition and length 
are ao aelected that the input impedance of line l, shunted by the input impedance of 
stub line a will equal the characteriatic impedance z .. 

1 The stub leqth OLD actually be made any convenient number of half wavelen,the 
plue the value a given by Fig. 4-17. 
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shown. This arrangement has the advantage that trial-�nd-error adjuat-

f th · pedance-matching system can be made without the necea-
ment o c 1m . · · li · f "d" g a connection that can be shd along the transml88lon ne.
81ty o prov1 m 

· l · · 
Th gement is thus particularly suitable for coax1a traI181ll11!8lon

e arran . ed" · th · 
r as it avoids the mechanical problems mvolv m movmg e posl•

tt�\r a shunting stub along a coaxial line. The disadvantage of the 

t:o-stub system is that the range of load im�dances t?at can be matched 
to the transmission line is limited. Thus, m the typical case.where the
spacing between stubs is made an eighth wavelength, an impedance 

IOI DIELECTRIC SLUGS 

(bl METAL SLEEVE SLUGS 

Fm. 4-19. Douhl<'-slug system for impedance matching in a concentric-line system. 

match can he obtained only if the conductance component of the imped­
ance at the stub nearest the load and looking toward the load is less than 
2/Zo,* 

The impedance-matching systems of Fig. 4-19 are termed two-slug 
tuners, and make use of two spaced clements that can be either dielectrics, 
as at a, or metal sleeves that reduce the clearance between inner and 
outer conductors, as at b. These arrangements operate by introducing a 
reflected wave that is adjusted to produce a reflection equal in magnitude 
and opposite in phase to the refle(,lted wave produced by the load imped­
ance. The phase of the reflection ·introduced in this way is controlled by 
moving the slugs along the line while maintaining the spadng lz between 
them constant. !'he magnitude of the reflected wave can be controlled 
with little effect on the phase by moving the two slugs equal amounts in 
opposite directions (i.e., by changing l2 while keeping the slugs sym­
metrical with respect to reference line b). Like the two-stub arrange-

• When this requirement is not satisfied, an impedance match can still be obtained 
by increasing the distance 1, from the double-stub tuner to the load by a quarter 
wavelength. This is because of the impedance-transforming action of a quarter­
wave line, as discuBsed in connection with Eq. (4-31). 
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ment, slug tuners are limited in the range of load impedances that can be 
matched to a given line. 

When the load impedance is resistive, or when it can easily be made 
resistive by tuning, the impedance-matching problem is considerably 
simplified. It is then merely necesaary to transform the reeiatance actu­
ally preaent to a reeiatanee that is equal to the characteristic impedance of 
the line. Transmission-line techniques that can be used to achieve this 
result, in addition to those diacll88ed above, include the use of a quarter­
wave transformer and a tapered section, as diacll88ed in connection with 
Figs. 4-27 and 4-28, respectively. 

Nonrejl,uting Termination.a for Ultra-high-frequency and Microwave 
Tranamiaaion Linea. 1

•
1 In some circumstances, particularly in measure­

ment work, it is necessary to terminate a transmission line so that the 
reflected wave is as small as p088ible. In many eases this condition must 
be realized for a substantial band of frequencies. The problem of 
achieving a nonreftecting load contrasts with the ease where one starts 
with an asaigned load impedance that is to absorb the power and desires 
to match this load as well as possible to the transmission line. 

A simple snd effective means of obtaining a nonreflecting load imped­
e.nee is to connect the end of the transmission line involved to a length of 
transmission line having high 1088 but the same characteristic impedance 
as the line being terminated. This arrangement is illustrated in Fig. 
4-20a. An incident wave reaching such a termination will proceed into
the lossy line and will be completely absorbed if the attenuation of the
lossy line is sufficient. For example, if the attenuation of this line is
20 db, tl,ien even if the reflection coefficient at the end of the lossy line is
unity, the reflected wave emerging from the junction of the_ two lines
will he 40 db weaker than the incident wave, corresponding to a reflection
roefficient of 0.01, or a standing-wave ratio of 1.02.

L088y lines must be especially designed so that the total attenuation 
required can be achieved in a reasonable length. Flexible cable is com­
mercially available for these applications in which the attenuation has 
been intentionally made very high by the use of insulation having high 
radio-frequency IOBBCS, and by employing resistance wire for the center 
conductor of the cable. In lines having air insulation, high attenuation 
can be obtained in coaxial systems by plating a high-resistivity coating on 
t,hc center conductor of the coaxial line to give high akin-effect lOBBea; in 
the case of two-wire open-air lines it is customary to obtaio a high 
attenuation by using resistance wire or iron wire for the conductOl'B. 

1 For further information on this subject see F. E. Terman and J. M. Pettit, "Elec­
tronic Measurements," aec, 14-7, McGraw-Hill Book Company, Inc., New York, 
1952, 

1 Emphuia is placed here on the higher frequencies. At ■hort-wave and lower 
frequencie■ lumped reaietance termination■ are entirely ■ati■ractory. 
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An alternative type of nonreflecting termination that is particularly

suitable for coaxial systems with air ins�lation �• �ae of a tapered

section of lossy dielectric arranged as illustrated in Fig. 4-20b. The

taper provides a gradual transition �tw�n the nona�ten�ting and the

attenuating regions, so that no reflection 18 produced in spite of the fact

that the dielectric changes the characteristics of the line. The lossy
dielectric can be some type of plastic loaded with conducting material.
N onreftcc·ting terminations of this type have the advantage that the total
length of the termination is relatively small compared with the length of

!!!I' . '81ll 
•♦:-.:: •••••• :.; •. --..:♦::♦:-••• ,: 

:::::::::::::::::::::::::::::::::::::::•:::•, 
LOSSY f:ABLC 

TERMINATING RESISTAIC, 

(al TERMINATION BY LOSSY CABLE , 

TAPERED TD MINIMIZE 
REFLECTIONS 

1111 TERMINATION BY TAPEREO LOSSY SECTION 

(Ol'TIONALI 

Fro. 4-20. Nonreflectinp; terminations for coaxial transmiaeion lines, suitable for use 
at very high fn'<1uencies. 

a lossy cahle required to achieve a similar l't'sult. This difference arises 
from the fact that the taper makes it possible to work up to a very much 
higher attenuation per unit length without reflection than can be obtained 
in a uniform structure such as a lossy cable. 

&-11. Artificial Lines. An artificial line is a four-terminal netwol'k 
composed of resistance, inductance, and capacitance elements. In so far 
as the terminals are concerned, such a network can be considered as being 
the equivalent of some transmission line when symmetrical about the 
mid-point, or a combination of a transmission line and a transformer when 
unsymmetrical.' 

It can be demonstrated that any four-terminal network can have its 
properties at any Nle frequency represented, in so far as the terminals are 
concerned, by three independent constants. From this it follows that the 
moet general artificial lines possible can be represented at any one fre­
quency by three independent impedances. These can be arranged either 
in the form of a T or a 1r, as in Figs. 4-21a and 4-21b.1 The L network 

1 The unsymmetrical cw is also equivalent t.o a tapered transmillfill line. 
1 It will be not.eel that the T and.- CUl be drawn u Y and A arranpmen.ts of imped· 

DOIi, reapeolively. 
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shown in Fig. 4-22 is a special case of the more generaJ three-element 
network in wluch one of the impedance arms has become either sero or 
infinity. 

The characteristics of a four-terminal artificial line can be expressed, 
from the transmission-line point of view, in terms of a propagation 

-

,,, 

z, z, Zc 

(DI T SECTION lbl 11' SECTION 

FIG. 4-21. General T and,.. networks. 

constant a + ifl that has exactly the same significance as in ordinary 
transmiBBion-line theory (see Secs. 4-1 and 4-2), together with two1iharac­
teristic impedances (or resistances), one associated with one pair of 
terminals and the other with the other set of 
terminals. When the network is symmetrical 
about its mid-point, i.e., when Z,a = Zs for the 
r network, or Z 1 = Zr for the T network, these 'i; Z3 

two characteristic impedances are identical. 1 

However, when the network is unsymmetrical, 
the two characteristic impedances differ, and Fm. 4-22. General L net-

work.the transmission line, in addition to introduc-
ing a certain attenuation and phase shift, also introduces a transformation 
of the characteristic impedance. The artificial line is then equivalent 
to a line plus a transformer or, what is the same thing, to a tapered line. 
as discussed below in connection with Fig. 4-27. 

Artificial lines find extensive use in radio work fo1· impedance matching 
1 The relations between the impedances of such a symmetrical artificial line and the 

constants Zo and er + ifl of the equivalent transmission line are: 
For aymmetrical T aection of Fig. 4-2Ja (Z, - Za): 

Zo - .../z,• + 2Z,Z1

cosh (er + j{J) - 1 + � 

For aymtndrical,.. aection of Fig. 4-21b (ZA - Zs): 

,,, -

cosh (er +ifl) - 1 + t 

(4-26aJ 

(4-25b) 

(._26a) 

(4-26b) 

Col'l'ellponding formulas for unsymmetrical artificial lines (that is, Z1 ,A Z1 and 
ZA -;,& Zs) are given by F. E. Terman, "Radio Engineel'II' Handbook," p. 208, 
McGraw-Hill Book Company, Inc., New York, 1943. 
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d f · troducinrr phase shifts. Networks for these purposes are com-an or m • .,. 
'bl . t d 1 f reactive clements having the smallest poss1 e res1s ance an post1< 0 , 

• • · 'll J'ttl . d •tance in order that the art1fic1al !me w1 consume 1 e or nocon uc ' · 'fl · I I' h"ch h Y In this way it is possible to reahze an arti c1a me w 1 a.senerg . . . . . 
almost zero attenuation and wluch simultaneously has reS1Stive values for 
the characteristic impedances. Thti only effed that the presence of such 
an artificial line has on a traveling wave, other than the transformation in 
impedance level that may be present, is the introduction of a phase shift 
of f:J radians in the wave involved.' 

J)esign of T and 11' Reactive Networks. 2 The design of an ideal network 
composed of reactive impedances with zero losses to give assigned values 
R, and H2 of characteristic impedanre and to introduce a desired phase 
shift fl ran be rarried out with the aid of the following relations: 

For T �eclior,: 

For 11' section: 
. R1R2 sin f:J ZA = J ----- ---- _--:c-,:_ 

R, cos fl - VRilt2 

Zs = 3 
___ R1R2 sin fJ_ 
Ri cos.fl - ,VR,R2 

Zc = j -vll1R2 sin fl 

(4-27) 

(4-28) 

The reactances obtained from these equations are inductive or capacitive 
according to whether thdr sign is + or -, respectively. R1 and R2 arc 
the two values of characteristic impedance associated with the network. 
The angle /3 in Eqs. {4-27) and (4-28) is the angle by which the phase of
the wave reaching the output terminals of the network lags behind the
phase that the <•orresponding wave had at the input terminals; a negative
value of {J is possible and indicat�t! that passage of the wave through the
network advances the phase. It is to he noted that this phase shift is the
same irrespective of the direction in which the wave travels through the
n<'twork. A single reactive T or 'II' section is capable of transforming the
impedance level from any assigned resistance R, to any other resistance

1 It is customary to discuss the behavior of an artificial line in terms of the incident and reflected waves that would exist on thl' equivalent transmission line. Although 
these wave trains cannot exist physically on the artificial line, the behavior, in so far 
as the terminals art> concerned, is exa1•tly 11.11 though they were present. 1 For further information 011 design details see F. E. Terman, "Radio Engineers' Handbook," pp. 210-215, McGraw-Hill Book Company, Inc., New York, 1943. 

InductEV, Inc. 
Exhibit 1020 

Page 117



DIRECTIONAL COUPLERS 115 

R2, without restriction on the values of these resistances, and is capable 
of introducing phase shifts of any desired value between O and ± 180°. 

In case the load (or for that matter the generator) has a reactive 
impedance component, this reactance can be used to supply part of the 
reactance required by the network. For example, if a load impedance 
RL + jXL is connected to the right-hand terminals of the T network of 
Fig. 4-21a, then one would consider XL to be part of the impedance Z2 

of the impedance-matching network. In the same way, if the load is 
regarded as a resistance shunted by a rea.ctance, then the shunting 
reactance can be used to supply part of the shunt impedance Zs of the r 
section of Fig. 4-21b. 

L Reactive Networks. An L network composed of reactive impedances 
is able to transform from one arbitrarily assigned characteristic impedance 
to a second arbitrarily assigned characteristic impedance. However, 
since the L network contains only two circuit elements, the phase irllift {3 
introduced by the L section is determined by the ratio of these two imped­
ances. The design equations of a reactive L network in terms of the 
('haracteristic impedances R1 and R2 at the two pairs of terminals are, 
assuming the configuration of Fig. 4-22, and that R1 > R2, 

Z2 = ±j '\IR2(R1 -
R2)

Z3 = +jR1 C"Jfs=
'\} Ji;-:=- R2 

(4-29) 

< >ne may employ either the two top signs, or the two bottom signs. The
phase shift /3 corresponding to the characteristic impedances 

0

R1 and R2 is

(4-30) 

4-13. Directional Couplers. 1 A directional coupler is a device that
couples a secondary 1.1ystem only to a wave traveling in a particular direc­
tion on a primary line, and ignores entirely the wave traveling in the 
opposite direction. 

Loop-type Directional Coupler. A number of types of directional 
couplers have been devised. One example is illustrated in Fig. 4-23a. 
This is a coaxial arrangement in which the secondary system consists of 
lines A and B interconnected by coupling loop D that projects into the 
primary line in such a manner as to be subjected to the simultaneous 
influence of the electric and magnetic fields produced by the waves 
traveling on the primary line. 

The operation of this arrangement will now be explained. Assume 
that a wave is traveling on the primary line toward the right. The 

1 For a further diacuuian, together with an extensive list of referencea on the subject, 
see Terman and Pettit, op. cit., p. 57. 
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electric field of this wave induces a charge on the loop D th&� produces

a wave in part A of the secondary system, an�� 
�l 

wave i:, �a;:8·

The eiiuivalent circuit that descrih� this _action JS i_ ustra m ig.
4-23b; it l'onsists of a voltage E1 that is applied to c�ial systems A_ a�
B in parallel through series capacitance C 1, producmg currents as indi­
cated by the arrows. At the same time loop D links with the magnetic
flux from the wave in the primary line, and therefore has a voltage E1
induced in series with it, as illustrated by the equivalent circuit of Fig. 

T() Zo 
T'ERMINATION 

A I 

8 

4-23b. This series voltage gives 
rise to an additional wave in A and 
likewise a second wave in part B. 
These magnetically induced waves 
are characterized by currents that 
flow in the directions indicated by 
the arrows. 

The two waves in section A pro­
duced by magnetic and electro­
static coupling, respectively, are of 
the same polarity and so add, while 
the two waves produced in section 
B are of opposite polarity and so 
tend to cancel each other. It is 

ELECTRIC MAGNETIC 
co11PL1NG co11PL1NG accordingly apparent that if the 

lbl Eau1vALENT c1Rcu1Ts electric and magnetic couplings are
Fm. 4-23. Loop type of directional so proportioned that the waves in­coupll!r for coaxial line, together with 
equivalrnt t•ircuits that takt> into ac- duced by the magnetic effect have 
r.ount the eliP<·ts produced hy the elet>tric the same amplitudes as the waves
and magnrtic fit>lds on the primary line. induced by the eleiitric coupling, 
then complete cancellation takes place in section B. When this is the 
case, then a wave traveling to the right in the primary line will induce 
only one resultant wave in the secondary system, namely, a wave that 
travels in the dirertion of A. No wave is induced that t,ravels in 
direction B.

The relative magnitude of elel'tric and magnetic couplings in Fig. 2-23a 
can be readily 1iontrolled by the design of the coupling loop D. The elec­
tric coupling depends on the amount of electric field that terminates on 
the loop, and so is determined by the length of the loop and by the width 
{or diameter) 01 its condu1·tor. Similarly, the magnetic coupling is 
determined by the amount of magnetic flux that links with the loop, and 
so is determined by the area enclosed between the loop and the outer con­
ductor and by the orientation of the plane of the loop with respect to the 
axis of the line. 

Assuming that the coupling arrangement in Fig. 4-23 has been designed 
10 that a wave traveling to the right on the primary system produces no 
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induced wave in part B, then colllider the effect of a wave traveling to 
the left in the primary system. The component waves induced in A and 
B by the electric and magnetic fields in the primary coaxial line will again 
be equal to each other, since their relative magnitudes are not affected 
by the direction of travel of the primary wave. However, the polarity of 
the waves produced by magnetic coupling will now be reversed with 
respect to the polarity of the induced waves resulting from electric 
coupling. Accordingly, the two waves induced in A now cancel each 
other, while the two waves induced in B add. Consequently, a wave 
traveling to the left in the primary line produces no effect in section A, 

hut does produce an induced wave traveling to the right in section B. 
Uy terminating B of the secondary system in its characteristic impedance, 
this induced wave is absorbed. The final result is that any wave travel­
ing to the left in section A is determined only by the wave traveling to 
the right in the primary system, and is independent of the presence or 
absence of a wave traveling to the left in the primary system. Thus one 
has achieved a directional coupling 
system. 

It is to be noted that to obtain 
the directional action it is abso-
lutely necessary that B be ter­
minated in its characteristic 
impedance. If the impedance ter­
minating B produces a reflection, 
the resulting reflected wave will 
return along line B, pass through 

' " 

I 

.] 'cOUPL1NG s,ors 1 

MIMARY LINC 
(LONG ANO NA/1/fOWJ 

' 

F10. 4-24. Example of two-hole direc­
tional coupler for coaxial line. 

the coupling loop, and enter A. The actual wave traveling to the left in 
.4 will then be the resultant of the desired effect produced by the wave 
traveling to the right in the primary line and an undesired effect propor­
tional to the product of the amplitude of the wave traveling to the left in 
the primary system and the reflection coefficient at the termination of B. 

Two-hole Coupler. A quite different type of directional coupling sys­
tem is shown in Fig. 4-24. This is known as a two-hole coupler, and 
consists of primary and secondary systems which are eoupled either elec­
trically or magnetically at two points separated by an odd multiple of a 
quarter wavelength. It is essential that the coupling at each of these 
two points be either primarily electric or primarily magnetic. This 
result can be achieved by using probes (for electric coupling), loops (for 
magnetic coupling), or suitably shaped and oriented slots that Javor 
either one or the other type of coupling. 1 In the two-hole coupler a wave 
traveling to the right in the primary system gives rise to a wave that also 

1 Detaill relating to the uee of alote u a means of coupling are diacull8d on p. 133.
The namnr uially oriented Biota in Fig. 4-24 provide ooupling that ii predominately 
electroet.atio. 

InductEV, Inc. 
Exhibit 1020 

Page 120



ll8 TRANSMISSION I.INES

travels to the right in the secondary system, but not to a wave traveling

to the left; similarly, a wave traveling to the left in the primary system

gives rise to a wave traveling to the left in the secondary system, but not

to a wave traveling to the right. This result comes about because
although each hole induces waves that travel in the secondary system in
both dirertions away from the coupling point, the induced waves traveling
in the favored direction away from the two holes add in phase, while
those in the reverse direction cancel exactly if they are of equal amplitude,
provided the holes are an odd multiple of a quarter wavelength apart.

Directivity and Coupling in Directional Couplers. In an ideal direc­
tional coupler, the secondary system will respond only to a wave traveling
in the favored direction on the primary line. In actual directional
couplers, mechanical imperfections, frequency differing from the design 
value, second-order effects, etc., will ordinarily result in a small output 
being produced by a wave traveling in the backward direction. The ratio 
of the responses to waves traveling in the two directions on the primary 
is called the directi11ity of the coupling system, and is commonly expressed 
in decibels. Thus a directivity of 30 db means that the undesired induced 
wave is 30 db weaker (representing only one-thousandth as much power) 
than the desired induced wave when equal waves travel in opposite direc­
tions on the primary line. 

The ratio of power induced in the secondary system by a wave traveling 
in the desired dire\)tion on the primary line to the power of this wave on 

the primary line is called the cou­

pling of the directional coupler. The 
coupling is ordinarily expressed in 

,nncG�LAnirr 
· decibels, and represents the attenua-

1 tion introduced by the coupling 
I ......... ,.,--....._..._:,' --1 system. 

'-......,,/ , . 4-14. Miscellaneous Aspects of
voLTs 

Transmission Lines. Transmission-

-------------' line Irregularities-Discontinuity 
,._ POSITION ALONG LINE LOAD 

Capacitance. When a wave travel­J<'ro. 4-25. Diagram illustrating standing 
waves produced on the generator side ing along a transmission line en� 
of an irregularity in the casP. of a trans- counters an isolated discontinuity, it 
mission line terminated with a load" is partially reflected; i.e., while a impedance equal to the charactcrii!tic ·
of the line. portion of the wave continues to 

. t.ravel down the line, another portion
of_ the wa�e 1s reflected backwards. Thus, in a transmission line ter­
mmated with a load equal to the characteristic impedance an irregularity
at so1:11e point on the line as shown in Fig. 4-25 �ill cause

1

standing waves 
to exist on _t?e generator side of the irregularity, as indicated.

Irregular1tie� may _be introduced in many ways. Typical causes are
sharp bends, msulatmg supports, joints possessing resistance, coupled
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MISCELLANEOUS ASPECTS OF LINES 119 

circuits, and extraneoUB objecta that affect the electric or magnetic field, 
such as probes, dielectric or metal bodies, etc. 

A type of irregularity that is particularly important at very high fre­
quencies results from the distortion of the electric and magnetic fields 
associated with a �hange in line geometry. Consider, for example, a 
coaxial line in which the characteristic impedance changes abruptly as a 
result of a change in diameter of the outer conductor, as illustrated in 
Fig. 4-2&. It can be shown 1 that the distortion of the electric and mag­

III/M;;:;�1,;;:;:;111:;::1 
==:::;:z,

lll\�=f"�111�
1 ===

I 
la) ACTUAL SITUATION, SHOWING ELECTRIC 

FIELD IN REGION OF DISCONTINUITY 

netic fields in the vicinity of the 
junction is equivalent to shunting a 
capacitance acr088 the junction, as 
shown in Fig. 4-26b, in addition to z0 

whatever effects are caused by the 
change in characteristic impedance. 
This "discontinuity capacitance" is 
ordinarily only a few tenths of a i----zo------z,--lmicromicrofarad; however, at ultra- 1 

hirrh frequencies and higher fr&- l,_o,sc�NTINuirr 
.. 

T
CAPACITANCE 

quencies its rea<:tance becomes low -
lb) EQUIVALENT ELECTRICAL SITUATION, 

SHOWING DISCONTINUITY CAPACITANCE 
TH AT TAKES INTO ACCOUNT DISTORTION 

OF ELECTRIC FIELD 

enough to affect the behavior 
Hignificantly. 

A discontinuity capacitance is 
ordinarily present whenever a geo­
metrical change occurs. Thus, in 
Figs. 4-16 and 4-18, the change in 
geometry at the points where the 
stubs are, connected to the lines has 
an effect equivalent to a small 

FIG. 4-26. Tranamiaaion line with dis­
continuity in the characteristie imped­
ance, ahowin,; distortion of the elel'tric 
field that results, and how this is taken 
into account by po11t11lating a discou­
tinuity capacitance at the point of 
irregularity in addition to the diacon­
tinuity in characteristic impedance, 

capacitance conne,·tcd in shunt acr08I! the coaxial line at the junction 
point. This shunting capacitam:e is in addition to the shunting action 
of the stub. 

Tapered TranB1ni11ion I.inea. 2 A length of transmiesion line in which 
the characteristic impedance va1ies gradually and continuously from one 
value to another is said to be tapered. A traveling wave passing through 
such a section will have its ratio of voltage to current transformed in 
accordance with the ratio of the characteristic impedances involved. 

The requirement for a satisfactory taper is that the change in charac­
teristic impedance per wavelength must not be too large; otherwise the 

1 See J. R. Whinnery, H. W. Jamieson, and T. E. Robbins, Coaxial Line Di,oon­
tinuities, Proc. IRE, vol. 32, p. 695, November, 1944. 

1 For further information see Wilbur N. Christensen, The Exponential Transmission 
Line Employing Straight Conductors, Proc. IRE, vol. 36, p. 576, June, 1947; Charles 
E. Burrows, Exponential Transmiaaion Line, Bell Bgate,n Tech. J., vol. 17, p. 555,
1><,toher, 1938; Harold A. Wheeler, Transmission Line with Exponential Taper,
Proc. IRE, vol. 'J:1, p. 65, January, 1939; Moreno, op. cit., pp. 53-56.
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ta red section will introduce a reflection. Tnat is, if the change in

ch!:'racteristic impedance per wavel�ngth is exceuive, the� the tapered

section acts as a· lumped irregulanty rather than productng merely a
gradual transformation. 

From these considerations it follows that a tapered section of trans­
mission line acts as a perfect impedance transformer at the higher fre­
quencies. However, as the frequency is lowered, such a section finally
fails to be satisfactory as an impedance transformer, because the distance
represented by a wavelength, and hence the change in characteristic
impedance per wavelength, becomes greater. Thus as the frequency is

IOI COAXIAL TAPERED SECTION 

: >, 
I I 
l4-TAPER.f1) SECTltW--f 

reduced the taper introduces an in­
creasingly large reflection. The prac­
tical lower-frequency limit of useful­
ness of a tapered section that thereby
results corresponds to the frequency
for which the characteristic imped­
ance changes by a factor between
about 1.3 and 4.0 per wavelength,
with the exact value depending upon
the standing-wave ratio that can be
tolerated. 

A line can be tapered by varying
1111 TWO-WIRE TAPERED SECTION 

F10. 4-27. Tapered line. 
the spacing of the conductors in the

case of a two-wire line, or by varying the diameter of the inner (or outer)
conductor in the case of a concentric line. 'fhe ideal type of taper is one
in which the characteristic impedance changes uniformly with length, so
that the higher derivatives of the rate of change of characteristic imped­
ance with length are minimized. However, nearly as &&tisfactory
results are obtained by the much more practical arrangement shown in
Fig. 4-27, in which the spacing varies linearly with distance. Such
straight-line tapers are accordingly used in ordinary practice. 

Quarter- and Half-wave Tramformera. Sections of transmission lines
that are exactly a quarter wavelength or a half wavelength long have
unique impedance-transforming properties that are frequently made Ufl8
of in radio work. Thus consider the situation illustrated in Fig. 4-28.
When the length l of the line is e,cactly an odd number of quarter wave­
lengths, then to the extent that the l088es in l can be neglected, the imped­
ance looking in1,1 the system is

Zo1 

z. -= ,r

where Zo is the characteristic impedance of the line z. When the load
impedance z,. is. a resistance, the effect of the line is thua to transform 
this resiatance into another resistance z, that is inversely proportional to
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the reai8tanoe Zz.. Again, when Zz. is a capacitive reactanoe,then the 
impedance-transforming action of the line caUllell Z, to be an inductive 
reactance having a magnitude inversely proportional to the capacitive 
reactance of. Z z.. 

In an arrangement such as illustrated in Fig. 4-28, the ratio of imped­
ance transformation obtained can be varied by adjusting the character­
istic impedance Zo of the connecting transmission line l. In the case of a 
two-wire line, this is readily accomplished by varying the spacing between 
the conductors that form the line. 
With coaxial lines, one can change ,..,. ___ _ 
the diameter of the inner condue- r�-'-----------� 
tor, or can move the inner condue- '-LINE w,rHCHARACTERisnc 

w 
tor so that it is eccentric with re- 111PEDANC£ ,ro 
spect to the outer conductor. FIG. 4-28. Tr&ll8D1iuion line aa an imped-

When the t1ansmiesion line .of ance t,ranafonner. 

Fig. 4-28 is exactly a whole number of half wavelengths long, then 
z. = z£ (4-32) 

This relation holds irrespective of the characteristic impedance of the line 
provided only that the line l01!8e8 can be neglected. The half-wave line is 
thus a one-to-one impedance transformer. A typical practical applica­
tion of such an arrangement is to provide a short circuit across an inacces­
sible pair of terminfls. This can be achieved by connecting a transmis­

sion line to these terminals and then placing 
a short circuit across the line at an accessible 

IIIMNETJC point that is exactly a whole number of half 
,._...,,_.�-t.H� LINES wavelengths away from the terminals across

which it is desired that a short circuit exist. 
Higher-order Mod.ea. When the spacing be­

tween the two wires of a transmission line 
FIG. 4-29. First higher mode exceeds a half wavelength, or when the cir­
in a couial tranamiaaionline. cumference of a coaxial line exceeds a wave-

length, it is possible for energy to propagate 
down the transmission line by using configurations of electric and mag­
netic fields that differ from the field arrangements ordinarily associated 
with transrniBBinn lines. These special configurations are termed high.sr­
order mode,, The first such higher-order mode that can exist on a coaxial 
transmission line is illustrated in Fig. 4-29. Fields of this particular type 
will propagate freely provided that the arithmetic mean circumferpnce 
exceeds the wavelength >.' in the cable, i.e., when 

>.' < 2r � + (I 

(4-33) 

where a and bare the radii of the inner and outer conductors, respectively. 
Modes of still higher order are also possible on two-wire lines. 
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f h high mode (or modes) compared with the
The amplitude O t 

l
e 

odee� determined by th� extent to which the
amplitude of the norma m ' 

fi ld figu ti I · ltage to the cable produces a e con ra on method of a.pp ymg v? od ( od ) However even if a higher corresponding to the higher m e or m es . . . . , 
od will od . od ced at the terminals of a transm11!8lon line, the m e m e 18 pr 

�� -' the line unleBB the wavelength is leSB than the cutoffnot propagaw, n,iong 
• b · rdi value given by relations such as Eq. (4-33). This can ap�n mo -

hies and lines only at the higher microwave frequencies.naryca 
· · 1· t hih Loaded Lines. A loaded line is an ordinary transm11!8lon me o w c 

lumped elements, usually capacitances or inductances, are added at 

� �r-fr-lE--

� �E---IE---IE--
1111 SERIES INDUCTANCE L.OADING 

(� I SHUNT INDUCTANCE LOADING 

lbl SERIES CAPACITANCE LOADING 

I 
I 

I 
I 

I 
I 

ldl SHUNT CAPACITANCE LOADING 

It) UNDERCUT BEADS 

Fro. 4-30. Examples of loaded transmission lines. 

regular intnva.ls, as illustrated in Fig. -1-30. When these lumped loading 
impedances are spaced uniformly at distances that do not appreciably 
exceed a quarter wavelength, they act almost ·exactly as though their 
impedances were uniformly distributed. However, if the frequency is so 
high that the spacing appreciably exceeds a quarter wavelength, then the
loading impedances a.ct, as irregularities that tend to prevent transmission. 

The most common use of loading is in connection with telephone cables 
where inductance coils are commonly added at regular intervals, as in 
Fig. 4-30a. Such inductance loading makes the equivalent inductance
per unit length of the transmission line greater than the actual inductance
of the unloaded line, thereby increasing the characteristic impedance andlowering the velocity of propagation. Also, 

0

i.f most of the line lOllllellresult frore the series resistance of the line, the attenuation constant isreduced by inductive loading, Loading by means of series capacitances, as in Fig. 4-3()1,, reduces the cha.1·acteristic impedance and increases the phase velocity to a value greater than that of light, while shunt induct­ances as in Fig. 4-30c increase both characteristic impedance and thep� velocity._ 1:hese r�sults follow from Eqs. (4-18a) and (4-18c), by noting that senes mductive loading increases the equivalent line induct-
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a.nee, and aeries capacitive loading reducee it, while shunt loading similarly 
increaaet1 the equivalent line capacitance if capacitive, and reducea it if 
inductive. 

An important oue m loading is provided by the beads �ea used 
to BUpport the center conductor of a concentric cable having air insulatJ.on. 
These beads introduce localised additions to the line capacitance and 10 
represent shunt capacitive loading, as illustrated in Fig. 4-30d. This has 
the effect of increasing the effective line capacitance and thereby lowering 
the characteristic impedance and the velocity of phue propagation, 88 
well as fixing an upper frequency beyond which the line does not behave 
properly. In order to overcome these effects, the beads a.re sometimes 
undercut, 88 in Fig. 4-30.. Here the reduct;jon in diameter of the center 
conductor is so chosen 88 to make up for the increased dielectric constant 
of the space occupied by the bead, as well 88 the discontinuity capacitance 
introduced by the bead. In this way the characteristic impedance of the 
section containing the bead can be ma.de the same 88 that of the portion 
of the line having only air insulation. 

PaOBLBJIS ARD DBllCISBS 

'-L Alaume that Fig. 4-1 ill modified IO that the length l ill meaaured from the 
generator or aending end of the line illltead of from the load end aa in Fig. 4-1. Set 
up the differential equations of the line in terms of this notation, and obtain a solution 
to the tranemiaaion line analogous to Eqa. (4-6), but in terms of the amplitudell Ka, Ka, 
/i, and t. of the individual wavea at the generator end of the line. 

6-1. Redraw Fig. 4-211, e, and ti for (a) an a,tenuation that ill coDBi.derab]y greater 
than in Fig. 4-2, and (b) RIO attenuation. 

.-a. In a �on line 100 ft loq terminated 10 that only the incident wave ill 
pnlll8Dt,·the power at the load end of the line ill 1.2 db 1- than at the pnerator end. 
What ill the value of G1 per foot? 

Mi. Derive Eq. (4-14). 
6-1. In a tr&nernwion line in whioh Z, • liO ohms, calculate and plot the reflection 

coelicient u a function of load reutance for load reaiatancee ranging from O to 
2liO ohma. 
,-e. In a v•merni-ion line in whioh .z, • liO ohms and which hu a reactive load, 

calculate and plot the mapitude and phue angle of the re!ectiDD ooelicient u a 
fUDCtion of load reaotanoe in the range from -jlOO ohms to +;100 ohma. 

'-'• Derive Eq. (4-16). In doing this, atart by aauming th&t the incident wave at 
point a is B., and then aprea the mapitudea of the various wavea at a and b in 
terms of •• and ,,,.,. 

6-1. Derive Eq. (4-18a) • 
...._ a. The line oonduotance wm be negligl'ble in a tranmiwon line with air 

dielectric. Under these conditiona the attenuation conatant GI of a radio-frequenoy 
line ill proportional to the 11quare root of the frequaoy. Explain. 

b. In a coaxial f.N-Derni-ion line with IDlicl dielectric, the dielectric Joaee•t 
extremely high fNQUenciel will be w,ey muoh peat.er than the IOl88I reaultiDg from 
the line reaietanoe. Under these aonditiou, how does the attenuation ooutaat GI 

vary with frequeuy? 
InductEV, Inc. 
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.6-10. A transmilaion line with air dielectric ii 20 m long. What ia the line l9Dgth, 

--� • _, __ ..,1,. and wh&t ii the value of fJ at frequencies of 10 and 100 Mc? 
meaaun,u in wav-,,5-, 

d' 'b · th • 'th ,.11. Show vector diagrams and curves for the curren� 11tn utiona a. 80 w1 

the voltage distributions in Fig. 4-3a and b. On the resulting ourves ahow the voltage 

diatributioDB of Fig. 4-3 by dotted lines. . . . 
6-11. Draw curves ud vector diagrams SIJDilar to thoee of Fig. 4-3b, except for 

the cue p • 0.li/180°. 
6-11. Caleula� exact distance from the load in wavelengths at which the lint 

voltage maximum occurs in Fig. 4-4/ when Z£1/Zo - ;o.s. . . . .
6-16. Sketch the voltage distribution on a low-loss tranaml88l0n line m the manner 

shown in Fig. 4-4, but for the case where ZL/Zo • 2.0/45". 
6-16, Sketch curves of voltage and current distribution on a low-1088 t ..... n•mi11ion 

line analogous to the curves of Fig. 4-4, but for the following load impedance oondi­
tione. (Note: In each case calculate location and relative amplitude of minima and 
maxima accurately, and show these minima and maxima in correct po■itione and in 
correct magnitudes in the sketch, carrying the curves for a distance of qht.ly more 
than one wavelength from the load end of the line.) 

a, Reflection coefficient at load • 0,21!!'.', 
b. Reflection coefficient at load • 0.8/0°. 
c. Reflection coefficient at load • 0.Sf!r. 
d. Reflection coefficient at load - 1.0/ -45". 
6-19. Derive a formula giving the distance from the load to the first minimum of 

voltage in terms of the phase shift fJ per unit length of line and the phase angle a of the 
coefficient of reflection of the load. 

6-lT. Sketch curves analogous to those of Fig. 4-6, except applying to a •hort­
circuited load. 

6-18. Sketch curves analogous to those of Fig. 4-6, except auume that the attenua­
tion of the line ie approximately twice u great u in Fig. 4-6. For purp8888 of com­
parison, aketch the solid curves from Fig. 4-6 on the same axes. 

6-19. Derive Eq. (4-22q) starting with Eq. (4-21). 
,-IO. Calculate and plot the standing-wave ratio ae a function of Z1./Zo for resistive 

loads, for values of this ratio ranging from 0.1 to 10.0. 
6-11. Prove that resistive load& of R, and R1 will produce the same standing-wave 

ratio provided R,R1 • Zo1• 
6-11. Sketch curves similar to thoee of Fig. 4-lOa and b, except applying to C&llllll 

where the load ie (q) a reeistanoe greater than the characteri■tic impedance, and (b) an 
open circuit, respectively . 

. 6-11. In a transmission line having negligible lOllllell, derive formulas giving, respec­
tively, the maximum impedance and the minimum impedance that can occur any­
where on the transmie■ion line in terms of magnitude of the reflection ooefficient of the 
load and the ch!U'acteristic impedance of the line . 
. 6-U. _Sketch �urves similar to those of Fig. 4-lOb except applying to a tr&DBmission 

line baVJng considerably greater attenuation. • 
'•IL When the load impedanc� of a tranamiesion line ie a resistance R1., prove that 

8 • RL!Z, when R£ > z., and likewise that 8 • Z0/ RL when RL < Zo, 
. Note that tkia _'P'"ouf 11h

"!"
11 � th,- 11tanding-wa11e ratio correaponding to Gnll particular circk on the Smith chtirt ia gwen b11 1M inler8t!Ction of thia circk with IM horizontal aN 1H alat«l in tM Hcond paragroph on � 101. 

' 
,'•It. In a particular transmission line the load impedance is BUch that. 

Z1, • (0.8 - j0.6)Zo 
With the _aid of the Smith chart, determine the standing-wave ratio on the line, and the magnitude and phase angle of the reflection coefticient. 
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6-11'. Mmfn1tuttheline� Prob. 4-lllhuneslilibJe--, ,WthemapHude 
ud phue � the lille impedaaoe u a function of diatanee from the load up to a clfa. 
tanae llipt.ly peat.er th&n cme wavelength. Make uae of the Smith chut to deter­
mine the r9liltive &lld nutive oom.ponenta of the impedance . 

..._ An impedaaoe of 36 + j76 ohma ii CIOIUUICted &Croll the load end of a true­
million line havfna a ohancteriatio impeduoe of 80 ohms. 

a. With � aid of the Smith chut, and IIIBUIDing that the line hu negligi'ble loael, 
determine the llt&nding-wave ratio produced on the line, and alao the input impedaaoe 
of the line when the line length ill I.SA. 

6. If the total attenuation of the line ill 1.4 db, determine the atandiq-wave ratio 
ud the line impedance at the generator end of the line. 

o. Tabulat.e the reaulta from (11) and {I)} aide by aide, and explain in phyaical term■ 
how attenuation aeoounta for the cillferenoea obaerved. 

Mt. With the aid of the Smith chart det.ermine the magnitude and the phaN 
angle of an bnpedance which, when plaoecl at the receiving end of a tP&DarnilliOll line 
having the oharaoteriatio impedance R, • 76 ohm■, would aooount for an ot.rved 
atanding-wave ratio of 1.116 with • voltage dilltribution 111ch that the voltage minima 
with a ahort-eircuited load are 0.2>. oloaer to the load than the voltage minima pro­
duced by the impedance to be me&lllred. 

� Bame u Prob. 4-29, except that 8 • 2.10, and the minima with a ahort­
oircuited load are 0.10>. ololer to the (/fJflfJfWOI' than the minima produced by the 
impedance to be det.ermined. 

,-11. A oonoentrio tran1milli1>n line having copper oonduoton and air inaul&tion 
ill ahort-oircuited at the receiving end and ill to be in quarter-wavelength reaonanee 
at• frequency of 100 Mc. Determine (11) the amalleat diameter of the outer oonoentric 
line for which• O of 6000 nan be obtained, and (b) the ■ending-end impedance of the 
line in a. 

6-11. A reaonant quarter-wave oouial trantmillion line 26 om Imig hu I, • 1 om
and 6/a. • 3.6. Determine the reaonant frequency, O, and at&nding-end impedance. 

4-11. A load impedance ill connected to a tranarnilllion line and, ill found to produce 
a atanding-wave ratio of 2.0. The &rat voltage minimum oooun at a diatance of 
0.4. wavelength from the load. Design • ■tub-line impedance-matching ayatem for
tbill aituation. ,, 

,..._ A load impedance of 70@:' ia connected to • concentric tranamilllion line 
having • char&oteriatio impeduce of 60 ohm■• Caloul&t.e the reaulting atanding-wave 
ratio and the location of the voltage minima. From tbill information apecify the 
length and poaition of a ■tub line that will match the load to the tr&nmlillion tine. 
,-11. Aaaume that the doublHlug tuner of Fig. 4-1911 ia adjuated to give an imped­

ance match. Will tbill impedance match be deatroyed if the right-hand alug ia then 
diaplaoecl • half wavelength to the right, while leaving the poaition of the other alug 
unchanged? Eitplain. 

4-11. A ahort-clrouited Joaay line ia uaed to t.erminat.e • tranarnilllion line. Bow 
much total attenuation muat the )cay line have if the atancling-wave ratio on the 
terminated line ia not to uceecl B • 1.10!' Alaume the IOIIY line ill open-circuited. 

fo-17. Design• reactive T network that at 1000 kc will match a load impedance of 
100 ohma to • line having • cbar&oteriatio impedance of 60 ohm■, and introduce • 
phaae ahift of 30° 1.eading in the load current. 

4-18. Design a reactive T network that will match a load impedance of 100 + ,10 
ohm■ to • 60-ohm line, and introduce• phaae ahift of 30• Jeading in the load current. 

,....._ Explain bow the directional coupler of Fig. 4-23 can be arranged ao that Dae 
wave in the aeoondary aeotion B ia proportional to the wave traveling to the left on 
the primary line and ia not &tfected by the primary wave traveling to the right. 

6-60. Eq,l&in bow one oould meuure the mapitude of the refteotion ooelioient 
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on a line by apparatus including (a) a directional coupler of the type Wuatrated in

Fig. 4-23, and (Ii) two instrument.a suitable for meuuring voltage on t"ll,Damillion

linee. 
641. In the directional coupler system of Fig. 4-23, U1Ume that the left-hand

aide of the secondary system (i.e., line A) is terminated by a load equal to the oharaa­

"teriatic impedance but that the right-hand is not. Under theee conditions prove

that the intensity of the secondary wave traveling to the right in B is proportional

to the strength of the primary wave traveling to the left, irreepective of the preaence

or abaence of a primary wave traveling toward the right, but that the l9COlldary

wave traveling to the left in A ia dependent on liatA the primary wave traveling to the 

left and the primary wave traveling to the right. 
,-a. Give a detailed explanation of why the two-hole directional coupler of Fig. 

4-24 theoretically can give ideal directional coupler action only when the hole llp80ing 
is exactly n'A/4, where n is odd. Inolude a justification for the fact that increasing the 
1pacing by a half wavP.length makea no difference. 

,-a. A two-hole coupler such as illustrated in Fig. 4-24 is operated at a frequency 
5 per cent higher than the value that makes the hole ■pacing exactly >-/4. What ill 
the directivity in decibels caused by this incorrect operating frequency? 

6-6&. Sketch a curve Bimilar to that of Fig. 4-25, except for an irregularity that is a 
aeries resistance equal in magnitude to the characteristic impedance. Be careful to 
show the correct standing-wave ratio on the generator side of the irregularity, u 
well aa the correct location of the minima with respect to the irregularity, and alllO 
show the voltage drop in the series resistance. 

6-f,I. In Fig. 4-25, the irregularity consist.a of a shunt discontinuity capacitance of 
0.2 ,.,,J. Determine the standing-wave ratio on the generator aide of the irregularity 
at 100 and 10,000 Mo, BB1uming that the characteristic impedance of the line ill 
60ohms. 

ML Two coaxial lines having characteristic impedances of 60 and 100 ohms, 
respectively, are to be joined by a tapered section. If it is deeired that the reflection■ 
introduc-,ed by the tapered lll'Ction be kept very small in the frequency range 2000 to 
11,000 Mc, determine the minimum length of tapered aection that can be used. 

6-f,T, A load resistance of 300 ohms is to be matoMd to a two-wire tr111111Di■■ion 
line having a characteristic impedance of 600 ohms by means of a qu&rtel'-wave 
matching line, What characteristic impedance must the matching line have? 

6-48. From the behavior of incident and reflected wave■, demonstrate the oom,ct­
nes■ of Eq. (4-32). 

Mt. In a particular coaxial traD11Dission line, Ii/a • 3.6 and b • l cm. What 
is the shortest wavelength that can be transmitted on the line without danger of a 
higher-order mode being generated T 

6-IO. Explain with the aid of Eq. (4.18c) why the different typee of loadiDg Wua­
trated in Fig. 4-30a. to d have the effects on phase velocity l1UIUD&Jiled on page 122. 
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CHAPTER 5 

WAVEGUIDES AND CAVITY RESONATORS 

6-1. Waveguides-General Conslderatlons, 1
•

1 A hollow conducting
tube used to transmit electromagnetic waves is termed a waveguide. At 
ultra-high and microwave frequencies, waveguides provide a practical 
alternative to transmission lines for the transmission of electrical energy. 

Any configuration of electric and magnetic fields that exists instde a 
waveguide must be a solution of Maxwell's equations. In addition, these 
fields must satisfy the boundary conditions imposed by the walls of the 
guide. To the extent that the walls are perfect conductors there can 
therefore be no tangential component of electric field at the walls. Many 
different field configurations can be found that meet these requirements. 
Each such configuration is termed a mode. 

A critical examination of the variOUB p088ible field configurations or 
modes that can exist in a waveguide reveals that they all belong to one 
or the other of two fundamental types. In one type, the electric field is
everywhere transverse to the axis of the guide, and has no component 

1 The practical posbilitiea of waveguidea u trau11Diaion 8ptema for very high­
frequency waves W'8 dhicovered independently and almoet aimultaneoualy by W. L. 
Barrow and G. C. Southworth. Fundamental papers on the BUbject include: W. L. 
Barrow, Trarmniaiol\ of Electromagnetic Waves in Hollow Tubes of Metal, Proc.
IRE, vol. 24, p. 1298, October, 1936; 0. C. Southworth, Hyper-frequency Wave 
Guides-General Considerations and Experimental Results, Bell 8111111m Td. J.,
vol. 15, p. 284, April, 1936; L. J. Chu and W. L. Barrow, Electromagnetic Waves of 
Hollow Metal Tubes of Rectangular 01'088 Section, Proc. I RB, vol. 26, p, 1520, 
December, 1938. 

1 The diacul!Bion given here of waveguides ia intended to provide a description of 
their more important characteriatica, together with formulas for calculating quantita­
tively their principal characteristics. The rigorous derivation of the quantitative 
relations existing in waveguides ia a apecialiled BUbject that would take more apace 
than ia available in a book of this type. The reader who wishes to study the tech­
niques by which waveguide equations are derived ia referred to Ramo and Whinnery, 
"Field and Waves of Modern Radio," John Wiley & Bona, Inc., New York, 1944; 
H. H. Skilling, "Fundamentals of Electric Wuea," John Wiley & Sona, Inc., New 
York, 11KB. An ezcellent diacuaion of the physical phenomena involved in wave­
guides is given by H. G. Booker, The Elements of Wave Propagation Using U, 
Impedance Concept, J. Illll, vol. 94, part III, p. 171, May, 1947. Useful summary 
information on waveguide t.eohniques ii given by M. H. L. Prece, Waveguides, J. Illll,
vol. 93, part IllA, no. 1, p. 33, 1946; T. E. Moreno, "Microwave Tranllmiaaion Data," 
McGraw-Hill Book Company, Inc., New York, 1948. 

127 
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128 WAVEGUIDES AND CAVITY RESONATORS [Clu.P. S

anywhere in the direction of the guide axis; the associated magnetic field

does, however, have a component in the direction of.
(-�!1_e am.a:��

this type are tenned transverae ,lectric or TE modu - some ea UAU""1 

H modes). In the other type of distribution, the situation with respect
to the fields is reversed the magnetic field being everywhere tr&nBVerse
to the guide a.xis while �t some pla.ces the electric field baa components in
the axial direction. Modes of this type are termed traRBtlflf'Be magnetic or
TM mode, (also sometimes called E modes) . 1 The different modes of each 
class are designated by double subscripts, such 88 TE10, 88 explained below. 

The behavior of a waveguide is similar in many respects to the behavior 
of. a transmission line. Thus waves traveling along a guide have a phase 
velocity, and are attenuated. When a wave reaches the end of a guide it 
is reflected unless the load impedance is carefully adjusted to absorb the 
wave; also an irregularity in a waveguide produces reflection just as does 
an irregularity in a transmission line. Again, reflected waves can be 
eliminated by the use of. an impedance-matching system, exactly 88 with a 
transmiBBion line. Finally, when both incident and reflected waves are 
simultaneously present in a waveguide, the result is a standing-wave pat­
tern, such 88 illustrated in Fig. 4-4, that can be characterised by defining 
a standing-wave ratio. 

In some other respects waveguides and transmiBBion lines are unlike 
in their behavior. The most striking difference is that a particular mode 
will propagate down a waveguide with low attenuation only if the wave­
length of the waves is lees than some critical value determined by the 
dimensions and the geometry of the guide. If the wavelength is greater 
than this critical tui.off value, the waves in the waveguide die out very 
rapidly in amplitude even when the walls of. ,the guide are of material 
having infinite conductivity. Different modes have different values of 
cutoff wavelength; the particular mode for which the cutoff wavelength is 
greatest is termed the dominant mode. 

6-2. Rectangular Waveguides. The most frequently used type of
waveguide has a rectangular croBS section, 88 illustrated in Fig. 5-1. In 
such a guide, the preferred mode of. operation is the dominant mode. 

Field Configuration of the Dominant Mode in a Rectangular Waveguide. 
At wavelengths leBB than the cutoff value, the electric and magnetic fields 
representing the dominant mode in a rec�gular waveguide have the 
character illustrated in Fig. 5-2. Here the electric field is transverse to 
�e guide axis, and extends between the two walls that are closest together, 
1.e., between the top and bottom of. Fig. 5-1. The intensity of. this elec-

1 Following this ayatem of deeignation, the field configuration normally UIOOiatedwith a couial line is aometimes C&lled the TEM mode becauae both the electric and
!°apetio � _are t�ene to the axis of the line. The higher-order coaxial mode1Uuatrat.ed m Fig. 4-29 18 a TE mode, lince the electric field ill -here �---­to the line. •• _,, - .. _ ... ......,
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trio fielcUa maximum at the center of. the guide, and drops off sinusoidally 
to en>'mtienaity at the edges, ae shown. The mapetic field u in ,the 
form of. loops which lie in planes that ,
are at right angles to the electric field, 
i.e., planes parallel to the top and bot­
tom of the guide in Fig. 5-1. The
magnetic field is the same in all of these
planes, irrespective of the position of.
the plane along the y axis.

Thie field configuration travels along 
the waveguide axis (in the • direction in 
Fig. 5-1).1 As it travels a distance l 
down the guide, the amplitude will be 
reduced by the factor r-

1 aa a result of 
energy l0811e8 in the walls of the guide, 

I 

Fla. 5-1. Rectangular waveguide, 
illuatra.ting notation.

and the wave will drop back in phase {Jl radians, just aa in the analogous 
tnmemiHBion-line case, where a and /j are termed the attmuation ccmatant 
and pl&aaB conBt.ant respectively . 

f 
l 

.__A,gtz-

J ., 
• 

SIDE VIEW 

'IOP VIEW 

---

! ---

--- - ,., -,- --
-- - --

l-

(I .., 
END VIEW 

-- £L£CrRICFIBJI 

----- 11A(INEr1,: FIEU> 

Fla, 6-2. Field confiluration of the dominant or TE1, mode in a rectanpJar waveguide. 

The field configuration repreaenting the dominant mode illustrated in 
Fig. 5-2 is seen to be a transverse electric mode and is designated aa the 

1 Thua Fig. 1-2 can be reprded aa repreMllting a amapehot of the ialda u they 
amt at 111>111e particular moment. As this field aonfiguration travela down the guide, 
the 8eldl at any given point vary linUIOidally in amplitude. Thu, althoup the 
lie1dl u poeition 10 in Fig. 1-2 have aero inteuitJ, a quarter cyo1d later the lelde will 
have moved a diatanoe >../4, and the amplitude at III will then be the MID8 u the 
amplitude mown for pollition ., in Fig. 1-2. 
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130 WAVEGUIDES AND CAVITY RESONATORS (Ca.w. I

TEso mode. The subscript 1 means t�t the _fiel� d�rib?tion in the
direction of the long side of the waveguide(��� In Fig. 5-1) co�
tai. e-half cycle of variation. The subscnpt O 1ndicates that there 18ns on . ld _...," . the .:a, __ no variation in either the electric or magnetic fie stre.'6.,.. 1n WRU-
tion of the short side (y axis) of the guide. 

The equations giving the fields at f�quenc1es _abo� cutoff for the
dominant mode in a rectangular wavegmde filled with m are as follows: 

E. = E. = B. = 0
E. = A er,a sin rz sin ( 111t - fJz)

r a 

B = -A cos� cos (lllt - flz)
• 

a 

where E = electric field intensity, abvolts por cm
B = magnetic field intensity, gaUSII 

111/'lw- = frequency 
t == time 

A = an arbitrary constant of amplitude

(5-1)

The quantities a, :c, y, and z have meanings indicated in 'Fig. 5-1. Sub­
scripts z, y, and z indicate components in these respective directio1111.
Finally fJ, the phase constant, has the value given by Eq. (5-4) below.

Cutoff W a11elmgth in a Rectangular W a11eguide. Field configurations
sur.h as those illustrated in Fig. 5-2 can exist and propagate down a guide
only when the frequency is such that the free-space wavelength is greater
than a certain critical value termed the cutoff wa11elength, commonly'
denoted as >... For the dominant mode in rectangular waveguide, the
cutoff wavelength is exactly twice the width a of the guide. That is 

Cutoff wavelength based} _ >. 2 on free-space conditions - • "'" a (5-2)

If the frequency is lest1 than the cutoff value, so that the free-space wave­
length is greater than >.., then the waves attenuate rapidly with distance
down the guide, as discussed in Sec. 5-8, instead of propagating freely.

The fact that a waveguide must have a dim,,nsion approaching a wave­
length in order for the fields to propagate limits the practical use of
waveguioo1 to extremely high frequencies. For example to transmit
300 Mc the guide width m\lllt exceed 20 in. 

' 

Each mode that can exist in a waveguide has its own cutoff wavelength
The dominant mode is by definition the particular mode having the
largest J)Olllible cutoff wavelength (lowest cutoff frequency). Accord­
ingly, there is usually a frequency range between the dominant and ihe
next higher mode in which only the dominant mode will propagate
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freely. By 80 proportioning a waveguide that the frequeney to be trau­
mitted Jiea hi. this range, all higher modes are suppremed after traveling a 
short distance down the guide; thereafter the only fields present in the 
guide will be those of a single pure mode, the dominant mode. In the cue 
of a rectangular guide so proportioned that a = 2b, such single-mode 
operation occurs for free-space wavelengths lying between 2a and 11. 
This matter is discussed further on page 138. 

4.0 

1.0 

I 

' 

I 
I 

-� ....

� 04 � �· ·� 

ACTUAL WAVELENGTH A. 
WAVELENGTH AT CUT·Of'F • A.

,: 

Fro. 5-3. Variation of phase velocity and wavelength in waveguides u a function of 
ratio of actual wavelength to the cutoff wavelength. 

Guide Wavelength, Phaae Constant, Group and Phaae Velocity. The axial 
length >., correBp(?nding to one cycle of variation of the field configuration 
in the axial direction (see Fig. 5-2) is termed the guide wavelength. It is 
related to the free-space wavelength >. and the cutoff wavelength A. 
according to the equation 

Guide wavelength .. >., = 

V 
>. (5-3) 

1 - (>./>._)1 

Results calculated from Eq. (5-3) are plotted in Fig. 5-3. It will be noted 
that the guide wavelength exceeds the wavelength in free space, with the 
ratio of the two becoming increasingly large as the cutoff wavelength is 
approached. 

The guide wavelength >., also represents the distance that a wave 
travels down the guide when undergoing a phase shift of 21r radians. 
Accordingly, the phase constant {J, representing the phase shift per unit 
distance traveled by the wave, has the value 
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where c is the velocity of light. It will be no� that �e _ph� conat&nt
fl haa the same significance in waveguides as m trana�n lines. 

Th ti·ty v = I\ is the distance the wave travels 1n J cycles {1.e.,e quan ., , ,., . T ed th J.---

one second) and 80 has the dimension �f a veloc1t{. e7 e p,-

velocity, 1 it is related to the velocity of light c by t e equa ion 

Phase velocity v., A, 1 
Velocity of light 'c = 1: - v'-1---(A-/A-.-)1 

This relation is plotted in Fig. 5-3. It is seen from E�. (5-5). that the
velocity of phase propagation always exceeds the velocity of bght. In 

MAGNET«: FLIJX 

T-,, ,, ... -------------... ,, ,,- -----------," r'·
o• 11 I I I\ 1\ I\ , ,

!_ _, ... ______ - - _____ , .... _____________ , .... 
Fro. 5-4. Top view of TE10 field in a rectangular waveguide, showing the effect upon 

the guide wavelength >-. of reducing the guide dimension a. 

particular, as the frequency is lowered so tliat it approaches the cutoff 
value, the phase velocity increases and becomes indefinite at cutoff. 
Similarly, as the guide width is reduced so that the cutoff wavelength is 
made to approach the free-space wavelength, the phase velocity and A, 
increase and fl decreases. This behavior arises from the fact that, as the 
width of the guide is reduced while keeping the frequency constant, the 
field configuration required to satisfy Maxwell's equations is affected in 
the manner shown in Fig. 5-4; specifically, compressing the flux sidewise 
by narrowing the guide is compensated for by an axial expansion that 
increases the guide wavelength and hence the phase velocity. 

Current& in Waveguide Walla. The fields inside a waveguide induce 
currents that fl.ow on the inner surface of the walls and that can be con­
sidered to be associated with the magnetic flux adjacent to the wall. The 

1 The phase velocity ill an apparent velocity deduced from the rate of phue ohanp 
with poeition along the uis. The actual velocity with which a pulse of energy travela 
ia termed the group velocity""' and ia related to llp and c by the equation"'.,. • cl. 
Thua the group velocity ill le11 than the velocity of light to the utent that the phue 
velocity ia greater. This matter ill diacuaaed further on p. 142. 
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re]ationahip between flux density at the aurface of the wall and the om­
rent flowing in the wan ia given by Eq. (2-18). The direction in whia1a 
the outrent flows at any point in the wall ia at right angles to the direct.ion 
of the adjacent magnetic flux. The resulting linea of instaataneou ow­
rent flow in the walls of a rectangular guide for the dominant mode are 
illuatrated in Fig. 5-5. In the sidee of the guide the current everywhere 
flows yertically, since the magnetic flux in contact with the side walls liee 
in planes parallel to the top and bottom sides of the guide. In the top 
and bottom of the guide there are a transverse component of current pro­
portionaJ to the uiaJ component B. of magnetic field, and an uiaJJy 
flowing current component proportionaJ at any point to the tranavene 
magnetic field B •• 

FIG, 6-6. Paths of current flow in the walls of a rectangular waveguide when propapt­
ing the dominant mode, showing slot.a traneverae and parallel to the lines of current 
flow. 

The current in the guide walls penetrates in accordance with the· laws 
of skin effect, as''given in Eq. (2-9). The depth of penetration ia accord­
ingly inversely proportionaJ to the square root of the frequency. At the 
very high frequencies at which waveguides are used, this penetration is 
very small, and the walls provide practically perfect shielding. 

Coupling and Leakage through Slota and Holes in Waveguide Walls. A 
hole or joint or slot in the waveguide wall introduces the poesibility that 
energy will leak. from the guide to outer space. When this happens, the 
fields inside the guide are affected, thereby introducing an irregularity 
with resulting reflection. The coupling thus introduced by a hole in the 
guide wall may be either to the electric or magnetic fields inside the guide. 
Electric coupling occurs when electrostatic flux lines that would normally 
terminate on the guide wall are able to pasa through the bole into outside 
apace. Magnetic coupling results when the bole or slot interferes with 
the current flowing in the guide wall. With either type of coupling, both 
electric and magnetic fields will be present outside the guide. Thus elec­
tric flux leaking through the hole will induce currents on the outer awf ace 
of the guide that produce a magnetic field. Again, when magnetic flux 
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leaka throogh a hole the 88IOCiated interference with the flow of cumm.ta
· the wall produces'a voltage acr018 the hole that gives riae to an.electric m 

th "d field that will extend outside of e gw e. . . 
The nature and magnitude of th! cou�lmg in any �Jar cue

depend upon the size, shape, and onentation of the c�upling hole, and
upon the thickness pf the guide wall. The factors involved can be
understood by considering the effects produced by long narrow slot.a 
oriented in various ways, as illustrated in Fig. 5-5. Thus slot 1, which is 
transverse to the magnetic field inside the guide and so produces a mini­
mum of interference with currents in the guide wall, introduces little or
no magnetic coupling. It will, however, permit electric coupling if the 
slot width is great enough in proportion to the wall thickness to permit a 
reasonable number of electric flux lines to pass through the slot. How­
ever if the slot is in the nature of a joint representing two surfaces fitted 
together, or is very narrow, then the electric coupling will be negligible. 
Similarly, long, narrow slot 4 produces little magnetic coupling because 
it is transverse to the magnetic flux and therefore interferes only negligibly 
with the flow of current in the guide wall; neither does it produce electric 
coupling because there. is no electric field terminating on the side wall. 
Such a slot will therefore have negligible effect even if it is quite long. 
In contrast, slot 5, while causing no electric coupling, introduces a sub­
stantial amount of magnetic coupling to outside space through the fact 
that its long dimension is parallel to the magnetic field in the guide; this 
slot is hence oriented in such a manner as to permit eaay escape of mag­
netic flux lines and ·to interfere to a maximum extent with the wall cur­
rents. This coupling is fully effective even if the slot is quite narrow, 
since it is necessary only that the slot interri1pt the flow of current in the 
wall. Slots 2 and 3 in Fig. 5-5 also give rise to'magnetic coupling, because 
they interfere with the flow of current in the guide wall. In the caae of 
slot 2, the amount of magnetic coupling will be greater the farther the 
slot is to the side of the center line of the guide. Slots 3 and 2 will also 
simultaneously introduce electric coupling to the extent that the slot is 
wide enough in relation to the wall thickness to permit the passage of 
electric flux. In the case of slot 2, the electric coupling becomes less the 
farther the slot is from the center line, because lihe intensity of the elec­
tric field terminating on the top and bottom sides of the guide becomes 
less BB the side walls are approached. •. 

A_tterw.atitni. 1:he propagation of energy down a waveguide is accom­
pamed by a certam amouu·1- of attenuation aa a result of the energy dis­aipa� by the current i�du�ed in the walls of the guide. Tbe magnitudeof. this c_urrent at any pomt 11 determined by the intensity of the magnetic
�el� adjacent to the wall at that point, aa explained above. The reu­tivity that the indu�d cur�nts encounter is determined by the skineffect of. the wall as discussed m Sec. 2-4, and is proportional to the square
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root of the frequency and the square root of the resistivity of the material 
of which the wall' is composed. 

· · 

Th&"total energy lou in a waveguide can be calculated by suJtJ.ming up 
the J1R 1088 in the top, bottom, and two sides of the guide for c,aeh unit 
area over a, length corresponding to a half wavelength. This is done fo� 
the magnetic field distribution actually present, as calculated by Eqs. 
(5-1), assuming the field at any one point varies sinusoidally with time; 
under these circumstances the rms value of the field (and current) deter­
mines the time average of the power
loss occurring at the point.1 

The energy loss is conveniently ex- i!
pressed in decibels attenuation per �
unit length. With rectangular guides 
the loss has the general behavior illus­
trated in Fig. 5-6. It will be noted 
that for each mode there is a particu-

• 0005 lar frequency for which the attenua-
§
,__

_§ ___ __._§_ .... § _ __.§ _ _,§ tion is a minimum. This is a result .; .; 2 2 g 8 
of two opposing tendencies. Thus as 
the frequency is lowered the skin 
depth becomes greater, causing the 
effective resistivitr of the walls to 
decrease. At the same time, as the 

FAEOUENCY,MEGACYCLES 

Fio. 5-6. Attenuation of different 
modes in a particular rectangular 
copper waveguide as a function of 
frequency. 

frequency approaches the cutoff value for the mode in question, the group 
velocity decreases. This causes the magnetic fields adjacent to the walls 
to become rapidly stronger for a given rate of energy flow down the guide. 

G-3. Higher Modes in Rectangular Waveguides. The dominant mode
is only one of an, infinite series of field configurations that can exist in a 
waveguide. Fields for several of the higher-order modes that are possible 
in a rectangular waveguide are illustrated in Fig. 5-7. 2 In addition to 
TE modes, these include TM types, in which the magnetic flux lines lie in 
planes that are at right angles to the axis of the guide. 

These various modes are designated by double subscripts, such as 
TE10, TE20, TEn, TE,,.,., TM11, TMu, and TM .. ,.. In this system of 
nomenclature the first subscript denotes the number.of half-period varia­
tions of the electric ( or magnetic) field in the transverse plane in the direc­
tion of the long side of the rectangle (along the x axis in Fig. 5-1); the 
second subscript denotes the number of half-period variations of the same 
field in the direction of the short side of the rectangle (along they axis in 
Fig. 5-1). • 

1 Formulas for the attenuation of different modes in rectangular waveguides are 
ginn by Moreno, op. cit., chap. 8; they are also to be found in most handbooks. 

1 Equations for the fielda of the various higher modes are to be found in many
reference boob; for example, see Moreno, op. cit., p. 116. 
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• 

Each mode baa its own 0UtotJ wavelength, guide w:,velength, phaee

onstant a.nd phase and group velocities. Equations (5--3) to (5-5) giving

c lations' between these quantities apply to the higher-order modes as well

: to the dominant mode [except for the right-hand form of Eq. (5-4)}.

lalTEto 

- CLECTRIC FICLO 

•·••• MAGN£TIC FICLD 

lblTE11 

ldlTM11 

F10. 5-7. Field r,0nfigurations in the transverse plane for the first four higher modes in a
rectangular waveguide. 

The cutoff wavelength in the general case is given by the relation 
2a 

>.. = v(m2) + (na/b)2 (5-5) 

Htire a and b have the significance shown in Fig. 5-1, and m and n are, 
rMpectivcly, the first and second subscripts describing the mode. Equa­
tion (5-1), giving the cutoff wavelength of the dominant mode, is a special 
case of Eq. (5-5), in which m 

= 

I and n = O. Results from Eq. (5-6) are 
tabulated in Table 5-1 for a few of the lowest-order modes for rectangular 

TABLE 5-1 
CUTOFF WAVELENGTHS IN WAVI.;GUIDES 

Rectangular guide Square guide Cirrular guide 
a• 2b a = b radius = r 

-- · ----"T-- ----
Mode 

Cutoff Mode Cutoff" Cutoff 
wavelength wavelength Mode wavelength 

- --- ------
TE,. 2a TE,. 2a TEu 3.'2r 
TEo, a TE01 2a TM01 2.6lr 
TEto a TEn 1.4a TE11 2.06r 
TEu 0.89a TMu 1.4a TEo, l.64r
TMn 0.89a TEto a TM11 l.64r
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HIGHER MODES 111 

guidee that a.re square (o/b - 1), and for the ahape a/b • 2 that ia cu­
tomarily UNd. 

Gemralion of Di.l,nnt, W G11epide JI odu. Any actual configuration of 
electric and magnetic fields existing in a waveguide can be regarded u 
being the result of a aeries of modes that a.re superimpoaed upon one 
another. If the magnitude, phase, and position along the axis of each 
individual mode is properly chosen, then the sum of the fields of the 
individual modes can be made to equal any actual electric and magnetic 
fields that can be present. Modes in waveguides are thus analogous to 
the harmonica of a periodic wave, since a periodic wave of arbitrary shape 

IOI SIDE VIEW ,SHOWING ELECTRIC ,i£LD 

IC"I TOP VIEW, SHOWING MAGNETIC FIELD 

1111 END VIEW, SHOWI• 
ELECTRIC 'IELD 

Fro. 6-8. Lau�ching of TE10 wave in a waveguide, excitP.cl by a ooaxial line. 

can always be considered as being represented by the sum of a seriP.s 'of 
properly chosen harmonic components. 

The magnitude of each component mode associated with a given con­
figuration of fields is determined by the character of the field distribution 
involved. For example, consider the arrangement illustrated in Fig. 5-8, 
where a concentric line delivers energy to a waveguide as a result of the 
electric and magnetic fields produced in the waveguide by the extension 
ef of the center coaxial conductor that extends from the bottom to the 
top of the guide. Current in e/ generates a magnetic field in the guide, 
which lies in planes parallel to the top and bottom sides of the guide. At 
the same time, the voltage drop along ef, and the consequent difference in 
voltage thereby produced between the top and bottom of the guide, result 
in electric fields being produced as shown. This configuration suggests 
the TE10 mode, in that the magnetic field lies in planes parallel to the top 
and bottom of the guide, while the electric field is vertical and is maximum 
midway between the sides of the guide. Thus the TEie is the largest 
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138 WAVEGUIDES AND CAVITY RESONATORS (Clw>.S

single component in the field configuration of Fig. 5-8. The diffe�
b t . the field confiaurat.ion of this mode and the actual field present•" ween ., . f h" h d _,1 __ 

then a<:,(t•tmtcd for by the presence of a success10n o 1g er-or er m\XWII,

e.arh of which is of smaller amplitude !han the �E10 comp?ne�t. �
higher-order modes will he primarily 'IE types, smce exammat1on of Fig.

5-8 indir.ates that exr.ept to a very minor extent, the electric field is

�verywhere almost exactly transve�sc to the guide axi�. Again, since
the roupling element ef is located midway between 

_
the �ud

_
es, the system

is 11ymmet.rical with rcRpect to the center of the guide; 
_
this means t�at,

fort.his particular sit,uat.ion, no mode can be present that is unsymmetncal 
about t.he guide center; i.e., modes such as the TE20 or TE•o cannot exist. 

-

X 

SIDE VIF.W SECTION THROUGH XX 

J<'m. 5-9. llri,fangulr,r wavl'guide with Vl'rtical stub posts extending into the guide 
from t.lw top and bottom sidns. 

While the modcR initially present in a waveguide are determined by the 
fip}d configuration used to excite the guide, new modes are generated 
whPncver the field is distorted. For example, com,ider the situation in 
Fig. 5-0, wh1•re an obstacle in the form of a pair of metal posts is present 
in the guide, and assume that a TE10 mode is traveling down the guide. 
The post:s distort both the electric and ma,gnctic fields, which, therefore, 
in the vicinity of the posts ean no longer J\ave the configuration cor­
respouding t,o a pure TE10 mcxfo. The resulting distorted configuration 
c•1m. howevPr, he reprefmnt�,d by a TE10 mooe of different amplitude from 
t.lmt, which would he present in the absence of the posts, plus super­
imposPd higher-order modes. 

It. is thus seen that an irregularity transforms a portion of an original 
mod,• into new modes. This iR true irrespective of the exact nature of the 
irre�ularity, which, for example, can he a bend. a twist, a constructional 
irrPp;ularity, et.c., instrnd of a pORt. Also any arrangement for absorbing 
cnrrgy from th<� wawguide (i.e., a load te.rmination) can in general be 
expected to distort the field and generate riew modes unless special care 
is taken to avoid this result. 

Suppre.,sion of Unwanied Modes. An attempt is usually made to 
operate waveguides so that only a single pure mode is present. In this 
way coupling systems and terminations can be designed on the basis of a 
dPfinitely known type of field pattern. In most cases the dominant mode 
is preferred be_cause the guide then has the smallest �ossible dimensions,
and the unde,Slred modes can be very simply eliminated. 
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BIGRBR MODES 119 

A dominant mode, free of higher-order modes, can be obtained by 
taking advantage of the fact that the dominant mode has the lowest cut­
off frequency of all possible modes. Thus, by proportioning the guide so 
that it ia large enough to transmit the dominant mode while too small to 
permit propagation of any other mode, the higher-order modes do not 
travel down the guide, but rather are confined to the region where they 
are generated. 

In rectangular guides, mode suppreSBion of this character is most effec­
tive when the guide is so proportioned that a/b = 2 in Fig. 5-1. With 
these proportions, there is a two-to-one frequency range over which only 
the dominant mode propagates (aee Table 5-1, page 136). In contrast, if 
the guide were made square, the TE01 mode would have the same cutoff 
wavelength as the TE10 mode, and there would be no frequency range 
over which only a single mode could propagate. Because of considera­
tions such as this, rectangular guides are practically always proportioned 
so that a/b = 2, as this ratio gives the best mode separation of all possible 
proportions. 

Modes which are beyond cutoff, and so cannot propagate, are some­
times termed evanescent modes. They represent localized field distribu­
tions, i.e., induction fields, that introduce reactive effects but do not 
carry energy away from the point of origin as does the dominant mode. 
For example, if the waveguide in Fig. 5-9 is so proportioned that only the 
dominant mode can propagate, the end result of the field distortion intro­
duced by the post will be equivalent to introducing an irregularity in the 
waveguide that causes a portion of the dominant wave to be reflected as 
though from a reactive load. In addition, there will be induction fields 
in the immedia� vicinity of the irregularity that represent reactive 
energy obtained· from the incident dominant mode. However, if i.u 
Fig. 5-9 the waveguide were made sufficiently large to permit some of the 
higher-order modes produced by the post to propagate in the guide, these 
modes would then travel away from the post, carrying energy with them 
that was derived from the incident dominant mode. The remaining 
modes, of such high order as to be unable to propagate, would still be 
evanescent modes, and would give rise to reactive effects. 

Another method of suppressing undesired modes consists in modifying 
the guide in such a manner that fields of undesired modes are interfered 
with, while fields of the desired mode are not affected. An example of 
such a nUJdejiUer is illustrated in Fig. 5-10. Here the metal vanes do not 
affect the fields of the TE- modes, but do interfere with both the electric 
and magnetic fields of any TM or TE..n mode that might be present. 
Thus such an arrangement is an effective means of suppressing the trans­
verse magnetic mode in a rectangular w�veguide. 

An obvious means of mode suppression is to arrange matters so that as 
far as pOIISible the undesired modes are never generated. This means 
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·tmg the waveguide in �ch a manner that the initial :field configura,-

exti. Cl mbles the desired mode aa much as poaaible, and then avoidins 
on reee 

• trod diatortione • the irregularities, including terminations, that m
ching 

u
th

ce 
. them 'd field ttern For example a means of laun e wavea m gw e 

that :odu� only transvei'..e vertical electric fields that do not vary in 
strength in the vertical direction will not generate any TM mode, or any 

of the TE.. series of modes. Fur­
ther, if the launching system is also 
symmetrical with respect to the 
center of the long aide of the rec­
tangular guide, the only modes 
present will be of the TE.. type, 
where m is odd. 

1-i. Physical Picture of Prop-
McrA, vANES• agation hi Rec:tancwar Wave-

Fm. 5-10. Simple mode filter. guides. It is pOBBible to explain 
many of the properties of waveguide propagation by means of a simple 
physical picture. To do so, start by considering two parallel conducting 
planes; these planes will later define the top and bottom walls of a 
rectangular waveguide. A plane radio wave such as illustrated in Fig. 
1-1 will propagate freely in the space between these surfaces provided
tho electric field is vertical. Such a wave travels with the velocity of 
light, and its electric and magnetic fields are everywhere in time phase. 
Some of the details involved are portrayed in Fig. 5-11. This wave can 

T 
b 

-�W 
.L�1...1-..r.....i..;=&.::J....JL,.;...L...i..:.i;.,::,..._ 

1111 FRONT VIEW, I WAVE APPROACH• 1.61 SIDE VIEW 
ING OBSERVER I 

Fm. 5-11. }�lectric and magnetic fields of a plane radio wave that ill propagati11g hetween two parallel conducting planes. 

also be represented by successive crests spaced a wavelength apart, as 
illustrated in Fig. 5-12a, where 6 is the direction of travel of the wave with 
respect � IIODle reference axis. A second '"milar wave, differing in that 
the direction of travel with respect to the same reference axis i8 -8, is 
illustrated in Fig. 5-12b. 

If now both waves are simu ltancously present in the space between the 
conducting planes, one obtains the situation pictured in Fig. 5-12c. A 
clOBC examination of Fig. 5-12c shows th&t if tile two waves have equal 
amplitudes, then in vertical planes indicated by the heavy dotted lines, 
cc and dd, the electric fields of the t.wo waves are equal and opposite and 
80 cancel. The transverse components of the magnetic fields likewise 
cancel at cc and dd, causing the resultant magnetic field at these planes to 
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Sac.Ml PHYSICAL PICTURE 141 

be parallel to lines cc and dtl. Vertical conducting aheete can accordingly 
be placed along bb and co without affecting either magnetic or electric 
fields m any respect. These vertical 
conducting surfaces, together with 
the conducting horizontal planes, 
define a rectangular waveguide with 
conducting walls. The fields inside RE, 

this guide satisfy the boundary con­
ditions imposed by the walls, and 
also satisfy Maxwell's equations in 
the space inside the guide. The re­
sultant field configuration obtained 
by adding the fields of these two 
plane waves that travel at angles 8 
and -8, respectively, is the TE10 
mode;this is illustrated by the dotted 
lines in Fig. 5-12c, which show the 
resultant magnetic flux and are seen 
to correspond to the magnetic-flux 
distribution given in Fig. 5-2. 

Study of Fig. 5-12c shows that it 
is -now pOl!Sible to consider that the 
fields inside the waveguide are the 
result of a pair of electromagnetic 
waves that travel back and forth 
between the sides of the guide, 
following a zigzag path as illustrated 

14111 FIRST PLANE WAVE 

(bl SECOND PLANE !!AVE 

in Fig. 5-12d. ·•Each time such a 1c1 wAvEs OF,,,, AND,., suPER1MPOSED. 

wave strikes the conducting side :������/;1i�is 
cr:ANDGttOf ZERO RESULTAN1 

wall, it is reflected with reversal of 
the electric field, with an angle of re­
flection equal to the angle of inci­
dence, as illustrated. 

The guide wavelength >., for the 
situation in Fig. 5-12c is the distance 
along the axis between points in the 
guide where the positive crests 
coincide. It will be noted that the 

ldl ZIG•ZAG WAVE PATHS THAT RIEl'llnt:NT 
IITUAT ION ILLUSTRATED 111 l�I 

F10. 5-12. Btepe involved in building up 
a phyaical picture ol propaption in a
rectangular waveguide.

guide wavelength>., exceeds the free-space wavelength>. of the plane wave 
by an amount that will increase as 8 becomes larger. Various relations 
follow from the geometry of Fig. 4-42c; thus 

(6-70) 

(6-'lb) 
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142 WAVEGUIDES AND CAVITY RESONATORS [C..u,.S

Combining to eliminate 8 gives 

(5-8) 

This is equivalent to Eq. (5-3) when it is noted that A. = 2a.
Examination of th<i geometry of Fig. 5-12c reveals that, if the distance 

between succelll!ive crests is increased (i.e., free-space wavelength A 
increased), then if the electric fields are to cancel along planes cc and dd, it 
is neceRSary that 8 be increased. As the free-space wavelength approaches 
closer and closer to the cutoff wavelength, 8 thus becomes increasingly 
large, and the zigzag path of the waves becomes increasingly transverse, 

as illustrated in Fig. 5-13. _,,�x .... , x-,,,.,.,- -.... .._ f The fa�t t�t the guide wave-
... , .,, ., a length A, m F1g. 5-12c exceeds the

, ',,_,........- / i free-space wavelength causes the 
101 A. MucH LEss THAN cutoFF phase velocity in the rectangular 

lb) A. MODERATELY LESS THAN CUTOFF 

IC') A. CLOSE TO CUTOFF 

FJO. 5-13. Paths followed by a wave 
traveling back and forth between the 
sides of a waveguide for values of free­
Hp&C',e wavelengths differing from the cut­
off wavelength by varioua amounts. 

guide to exceed the velocity of 
light. At the same time, the in­
dividual waves themselves advance 
more slowly down the guide than 
the velocity of light, since the indi­
vidual waves travel by a zigzag 
path. This rate at which the 
waves progress down the guide is 
the group velocity and corresponds 
to the rate at which a pulse of 
energy would travel. As the free­
space wavelength approaches more 
closely the cutoff wavelength of the 
guide (i.e., as A- 2a), the phase 

velocity becomes progressively larger and the group velocity progressively 
less. In the limit, at the cutoff wavelength, the waves travel back and 
forth between the sides of the guide at right angles to the axis (8 = 90°). 
Under these conditions nothing at all travels down the guide, so the group 
velocity is zero, while the phase velocity is infinite. 1 

This picture that has been developed of \fave propagation in a rectan­
gular guide can be readily extended to take into account the higher-order 
modes. For example, in Fig. 5-12c, it is apparent that there are also 
other vertical planes in which the electric fields of the two component 
waves cancel exactly; one such plane is indicated by ee in Fig. 5-14a. If 

1 An excellent discuBBion of the significance of group and phase velocities is given 
by J. A. Stratton, "Electromagnetic Theory," pp. 3.'Jl>-340, McGraw-1111 Book 
Company, lno.t Now York, 1!141; also see H. H. Skilling, "Electric Transmiaeion
Linee," pp. 369-373, McGraw-Hill Book Company, Inc., New York, 1951. 
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now vertical conducting sheets are placed at cc and ee instead of cc and 
dd, one again has formed a rectangular waveguide inside of which are 
fields (illustrated in Fig. 5-14b and c) that satisfy all of the required con­
ditions; this particular configuration is the TE,o mode. 

ti 

IOI COMPONENT WAVES SUPERIMPOSED, SHOWING THREE PLANES WHERE THE 
ELECTRIC FIELDS CANCEL 

V 

(bl RESULTANT MAGNETIC FIELD CORRESPONDING 
TO IOI PLAN VIEW 

w 

w 

SIDE VIEW THROUGH WW END VIEW THROUGH W 

IC I RESULTANT ELECTRIC FIELD CORRESPONDING TO (a),IN VERTICAL PLANES 

Ji'm. 5-14. Phyt1ical pictur1, ahowing how the TE20 mode ariBes in a rectangular 
waveguide. 

6-6. Circular Waveguides. It might be thought that waveguides
with circular cross sections would be preferred to guides with rectangular 
cross sections, just as circular pipes are commonly used for carrying water 
and fluids in preference to rectangular pipes. However; ei.rcula.r wave­
guides have the disadvantage that there is only a very narrow range 
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. ,.,,,---i 

Cal rE,, WAYE 

IC l re 01 WAYE 

A.gt�---

. . 

SECTION THROUGH e-d d ldl,rM,, WAVE 

- LINE$ OF ELEcrRIC FORCE - - - LINES OF MAGNETIC FORCE 

Fm. 6-15. Jtield configuration of the dominant TEu mode, and of the first few higher­
order mode11 in a circular wave,11.;de. 

between the cutoff wavelength of the dominant mode and the cutoff 
wavelength of the next higher mode. Thus the frequency range over 
which pure mode operation is assured is relatively limited. Also, because 
of its circular 1ymmetry, the uircular 111ide possesses no characteristic that 
positively prevents the plane of polarization of the wave from rotating 
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about the guide axie M the wave travela, Aa a l"elUlt, circular waw­
guidea &re used only under apeciaJ circumatancee, for example, where it ill 
necesaary to introduce a rotating joint into a waveguide system. 

Field configurations for the more important circular modes are illua­
trated in Fig. 5-15. As with rectangular guides, these modes may be 
classified as transver&e electric (TE) or transvene magnetic (TM), 
according to whether it is the elec­
tric or magnetic lines of force that 
lie in planes perpendicular to the 
axis of the guide. The different 
modes are designated by a double 
subscript system analogous to that 
for rectangular guides. 1 

The wavelength corresponding to 
cutoff for a particular mode in a 

,_... 
� o.0!5f-Tt""'1--.....!:'--.l'""--t-7 

e

! 0.021--+-ll--+---+-

� 0.01 l---\�----1�""1'--

'0 00!5 t=:::t�;t::;;;2t:'.::::t::::::l circular guide is proportional to the 
diameter of the waveguide, with §. I ! I a
the exact relationship being given N 

"' � 

b h • FREQUENCY, MEGACYCLES Y t e equation F10. 5-16. Attenuation aa a function of 
Cutoff waveiength ... Ac = _2..r_ frequency of the dominant and first 

p. higher-order mode in a particular circu-
(5-9) lar waveguide with copper walls. 

where r is the guide radiUB and ,.,. is a constant that depends on the order 
of the mode. 1 Results of Eq. (5-9) for the first few modes are tabulated 
in Table 5-1. 

The TEn circular mode (see Fig. 5-15) has the longest cutoff wave­
length, and is accordingly the dominant circular mode. The next higher 
circular mode is the TMo1 mode, for whieh the cutoff wavelength is 0.16 
times that of the dominant mode. The corresponding ratio is 0.5 for the 
first two modes in a rectangular guide with a/b =- 2. Thus the ratio of 
frequencies over which only the dominant mode will propagate is over 
50 per cent greater for the rectangular guide than for the circular guide. 

The guide wavelength A, in a circular guide is greater than the wave­
length A in free space, just as in the rectangular guide. In fact, Eq. (5-3) 
applies to circular as well as to rectangular guides. The velocity of phase 
propagation is A,/A times the velocity of light in all cases. 

A wave traveling down a circular guide is attenuated as a result of 
1 For example, in the™- mode, the magnetic field is circular, and mis the number 

of cylindera, including the boundary of the guide, to .vhich the electric vector iii 
normal. Rulee for determining the sub■criptll for the various po■lible Cl&8e8 are given 
in "Standard■ on Radio Wave Propagation-Definition■ of Term■ Related to Guided 
Waves," Institute of Radio Engineera, New York, 1945. 

1 For TE. .. wavee, p iii the mth root of the equation J�(z) • 0, and for TAI- waves, 
it iii the mth root of the relation J.(z) • 0. 
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power dissipated in the walls by the induced wall cu�rents, exactly, as in

the case of 8 rectangular guide. Curves of attenuation as a funct�on of
frequem•y are giv(.'n in Fig. 5-16 for the fir11t two modes 1� a particular
guide. Th,•sc are similar in character to the corresponding curves of
J.<'ig. 5-fi for the rcrtangular guide, in that the attenuation passes through
a minimum at a frequency that is moderately greater than the cutoff
frcqueney. 1 

5-6. Reflected and Incident Waves, Field Distributions, and Stand­
ing-wave Ratio in Waveguides. As indic·ated previously, the field con­
figumtion in the waveguide b(.'}iaves in the same way as a wave on a trans­
mi88ion line. That iH, the el1•ctric and magnetic fields associated with a
particular mod<•, such as the TE10 modu, travel down the guide at the 
phar,e velocity. At the end of the guide, or at an irregularity, a reflection 
is produced that creates a similar field configuration traveling in the 
oppositP dirc,:tion. As in the analogou11 transmission line case, the reflec­
tion cocffident at a point can be defined as the ratio of the reflected to 
incident wave at that point in the guide. 

The 1mperposition of inddcnt and reflected waves in a waveguide gives 
rise to amplitude distributions along the guide that arc of exactly the 
same character as the voltage and current di11tributio11s encountered in 
transmission lines (illustrated in Fig. 4-4) provided one interprets the 
electric and magnetic! fields of the guide as b(.'ing equivalent, respectively, 
to the voltage and current of the tram1mi111,1ion line. Thus a short­
circuited receiver (zero voltage or :i:ero electric field at the receiving end of 
the 11y11tem) gives a distribution in which the resultant elc<"tric field is 
maximum a.t di1,1tanc·cs from the load corresponding to an odd number of 
quart<"r wavelengths bas<.-d on 11

0
, the guide wavelength. At the same 

time, thr resultant magnetic field is maximum at the load, and at distances 
from the receiver corresponding to an even number of quarter wave­
lengths. Rcsi11tive load11 of the incorrec·t vu.lue to a.b11orb the incident 
w:i.ve completuly will give partial rcflcctiom1, but with the maxima. and 
minima in the distribution occurring at the same places as in the cor­
�•spondiug open- and short-circuited eases. On the other hand, load 
1mpudanres that have a reactive component will have the minima dis­
placml, <•xact.ly as in thu ca.1,1e of the transmission line. 

The m,t<"nt to whic·h 11. reflected wave is nrcscnt in a waveguide can be 
c•on\·cniunt.ly cxpre11sed in terms of a standing-wave ratio. As applied 
to a w11,vcguide, tll(.' standing-wave ratio has the same significance and 

1 An exrllption to thiH otlwrw,h!, p;em•ral h<'havior is the TE01 mode somutim<'S called 
the "smoke ring'' mo,l<", in which the att<"miation decreases stea1liiy with increasing 
fn-qu<'nlly an� h•�:omrM iu•ro at infinite frcq11rncy. This result comes about through
the f,u·t �hat m this mode tlw map:rwtic fMd adjacent to the walls of th<' gui<lc becomes
progn•�t\·�ly w�akc-� 1\11 the ratio of free-space to cutoff wavelengths becomes less.
In the lrnnt. at mfimtl• frl'Qlll!n<'y, this magnetic field becomes zero resulting in zero 
curn.-nt induc·cd in the walls. 

' 
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usefulness 88 in the analogous transmission-line situation, provided 
that qne remembers that the magnetic and electric fields in the guide 
correspond respectively to current and voltage in the transmission 
line. 

Any irregularity in a waveguide will give rise to reflections and hence 
will establish standing waves, just 88 does a load impedance that is not 
matched to the waveguide. Thus bends, twists, joints, probes, mechan­
ical imperfections, pieces of dielectric, etc., all give rise to reflections, the 
magnitude of which can be expressed in terms of the resulting standing­
wave ratio. 1 

Tranamiaaion-line EquilJIJlent of a W a11eguide Syaf.em. In dealing with a 
waveguide system possessing an irregularity, it is commonly convenient 
to regard the arrangement 88 though it were a transmission line possessing 
a corresponding irregularity. The characteristic impedance of this equiv­
alent transmission line can be taken as the waveguide impedance defined 
iu whatever manner is most convenient (see below). The impedance of 
the transmission-line irregularity1 (and also the load impedance) is then 
assigned the value such that in relation to the characteristic impedance 
the resulting reflection coefficient associated with the transmission-line 
irregularity will be the same as the reflection coefficient actually produced 
in the waveguide by the irregularity. The standing-wave situation exist­
ing on the equivalent transmission line is then the same in every respect 
as is actually present on the waveguide; an example is given on page 149. 

1-7. Impedance Relations in Waveguides. Waveguide Impedance. In
a transmission line, one can define a characteristic impedance that is 
determined by the geometry of the line and which holds for all frequencies. 
In contrast, there are several different ways in which a "characteristic 
impedance" cari'be defined for a waveguide, and each of these definitions 
gives a different numerical result. In addition, the waveguide impedarice 
for a given guide will be a function of frequency irrespective of how 
defined. 

One commonly used approach is to define the impedance associated 
with a waveguide as the ratio of the transverse components of the electric 
to magnetic field strength. This is termed the wave impedance,· for a 
guide with air dielectric it is given by the formulas 

For TE toavea: 
Wave impedance== 377 � ohms (5-10) 

1 The quantitative effects produced by benda, twiBtB, etc., are summarized by
N. EIBOn, Rectangular Waveguide Systems, W'irekaa EJl,(J., vol 24, p. 44, February, 
1947; also see Moreno, op. cit., pp. 162-169. 

' In many case& an irregularity ia more satisfactorily represented by a simple T or ., 
network, or a simple resonant circuit, than by a Bingle circuit element. Examples of 
such cases are given in Figs. 5-191: and 5-28. 
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[,'or TM ww1es: 
>. 

Wave impedance= 377 A, ohms (5-11) 

Here >, and >. are the free-space and guide wavelengths, respectively.
The wave im;edance has the desirable feature that it is independent of
t,he physical proport.ions or shape of the �uide, or of the transmission 
mode except in so far as these affect the guide wavelength >.,. The con­
cept �f wave impedance is particularly useful in the study of waveguide 
discontinuities and loads. 

Another approach is to define the impedance of a waveguide as the 
ratio of the maximum value of thf' transverse voltage developed across the 
guide to the total longitudinal current flowing in the guide walls for a 
traveling wave when no reflected wave is present. On this basis, the 
waveguide impedance Zo for the TE10 mode in an air-filled rectangular 
guide i11 

(5-12) 

ThiH definition of waveguide impedance is useful in the design of systems 
for coupling waveguides to coaxial lines, such as illustrated in Fig. 5-8. 
It must be used with some caution, however, because in contrast with 
transmission lines, the fields of a guide are not uniformly distributed over 
the cross section. 

lm.pl'dance Mat,ching in Waveguides. Reflected waves are generally to 
he avoid� in waveguides for exactly the same reasons that they are 
avoided in transmission lines. One method of achieving this result in a 
waveguide is to arrange matters so that the load impedance that is used 
will completely absorb the incident fields exactly as they arrive, so that 
th1•re is nothing left over to be reflected; this corresponds to characteristic 
impedance termination in a transmission line. A second approach to the 
prohlern is to create a reflected wave near the load that is equal in magni­
tude hut opposite in phase from the wave reflected by the load; in this 
way the two reflected waves cancel each other. Most commonly both 
methods of impedance matching are used simultaneously. That is, the 
Hystem is initially so arranged that the load provides as good an imped­
ance match as is possible to obtain with rep,aonable effort, and then what 
reflected wave still remains is eliminated ·by the use of an impedance­
matchh1g system that introduces a neutralizing reflection. 

Numerous waveguide arrangements have been devised for introducing 
a. cont�ollable reflection. Some of these are analogous to the impedance­
matclung arrangements employed in transmission lines (described in
Sec. 4-11), while others are unique to waveguides. 

The wa�eg�ide analo�e of_ the stub line of Fig. 4-16 is the stub guide
or T section illustrated m Fig. 5-17. Two possibilities are to be dis-
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tinguished.1 At a the reactance at the input of the stub guide is effec­
tively in aeries with the equivalent transmission line of the guide, while 
with ihe stub as in b, the reaetance introduced by the stub is.in shunt in 
the equivalent transmission line circuit of the guide. Thia is shown 
schematically at c and d, respectively. The magnitude of the reflection 
introduced by such a stub guide is controlled by the position of the short­
circuiting plunger in the stub guide. The phase of the reflected wave 
produced by the stub is determined by the position of the atub in relation 

SHORrtNG 

PUINGER 

(II) SERIES T lbl SHUNT T 

REACTA/IICE OF 

L 
$10£ ARM 

(Cl TRANSMISSION LINE EQUIVALENT Of (II) ldl TRANSMISSION LINE EQUIVALENT OF (bl 

Fm. 5-17. Waveguides provided with tuning stubs in arrangements analogous to that 
of Fig. 4-18, together with equivalent transmission-line circuits. 

to a minimum of the standing-wave pattern existing in the absence of the 
stub. .Thus, to eliminate a reflected wave using a single stub, it is neces­
sary to be able to vary not only the effective length of the stub, but also 
its distance to the load. This latter requirement makes a single stub 
arrangement unsatisfactory in systems that must be adjusted by trial 
and error, since there ia no simple way that the position of the stub can 
be continuously varied. When trial-and-error adjustment is required, 
one can, however, employ two waveguide stubs spaced approximately 
n>.,/8, where n is odd, to give the waveguide equivalent of the two-fltub 
tuner of Fig. 4-18. 

An alternative to the waveguide stub is an adjustable screw or probe 
1 The arrangements at a and b are often referred to as E and H atuba, respectively, 

because the axis of the stub is parallel to the E lines and H plane, respectively, in the 
main guide. 
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that project.a into the waveguide in a direction parallel to the electric
field, as illustrated in Fig. 5-18. Such an arrang�ment haa the .�e
effect as shunting a capacitive load across the equivalent translD188lon
line of the waveguide with the susceptance of this capacitive load increas­
ing with penetration 'into the guide up to the point where the eq?ivalent 
penetration is a quarter of a wavelength. 1 Thus the extent to which such 

a probe (or screw) projects into the 
PR()BE(}II waveguide determines the magni-
sc11rw 

Fm. 5-18. Adjuatahlc sr.rcw (or probe) 
for producing an adjustahlc reflect.ion for 
impL-dance-matching purposes. 

tude of the compensating reflection, 
while the position of the probe with 
respect to the standing-wave pat­
tern that is to be eliminated de­
termines the phaaing of the reflected 
wave. When it is necessary that 
the axial pOl!ition of the probe or 
screw he adjustable experimentally, 
this can be achieved by providing 

the guide with a longitudinal slot located in the middle of the broad side, 
as shown dotted in Fig. 5-18. As pointed out in connection with Fig. 5-5, 
such a slot (labeled 1 in this figure) produces a minimum of interference 
with the fields inside the guidl', and has little tendency to radiate energy. 
Where it is desirable to avoid the use of a slot, one can instead employ 
two spaced probes in an arrangement analogous to that of Fig. 4-18. 

1111 INDUCTIVE WINDOW Cb) CAPACITIVE WINDOW IC') POST I INDUCT IVE I 

Fm. 5-lfl. Examples of ohRtarh'M usr.d in wave,;nides to introduce reflection, togethrr 
with "<111h·alrnt trnnsmis.�ion-linr syMt.rms. 

Another impedance-matching system consists of a thin metallic barrier, 
?r "_window," placed at right angles to t-he axis of the guide, as illustrated
m Fig. 5-19. The arrangements at a and b introduce, respectively, induc­
tive and capacitive shunts in the equivalent transmission-line circuit of 
the waveguide as shown, the magnitudt.'I! of wqirh depend upon the size 

1 When the equivalent l)C.'netration is exactly a quarter wavelength, the probe

becomes resonant. The system thl"n acts as thoup;h a series reaonant circuit of low 
N!lietanre was connected in shunt with the waveguide; thus at exact reaonance the 
probe acte u a 1hunt of very low l"fllistanee. 
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of the opening. A conducting cylindrical post going from top to bottom 
of a re�ngular waveguide, 11.s at c, produces an inductive shunt suscept­
ance 1 having a magnitude determined by the size of the waveguide, the 
diameter of the post, and the post position in the transverse plane. Still 
another type of obstacle is illustrated in Fig. 5-9. Reflections introduced 
by obstacles such as illustrated in Fig. 5-19 cannot be conveniently 
adjusted experimentally. These arrangements are of practical use, how­
ever, in systems where a reflected 
wave of known and unvarying 
character is to be neutralized. 2 

Impedance Matching with Resist-

• CASc b 

CASc o • 

ive Loads. There is the theoretical 
possibility of matching a resistance TOP viEw 

load directly to the waveguide in 
such a manner as to avoid a re-
flected wave; this eliminates the 
need of introducing a compensating 
reflection. Thus consider the situ­
ation illustrated in Fig. 5-20, case a, 
where the load consists of a resist­
ance RL connected between the top 

SIDE VIEW (n-odd) 

FIG. 5-20. Resistance load connected 
between top and bottom sides of wave­
guide. 

and bottom planes bf the guide midway between the sides, and an odd 
multiple of a quarter of a guide wavelength away from a short circuit. 1 

If the load resistance RL is now equal to the waveguide impedance Zo as 
defined by Eq. (5-12), then the incident wave will be absorbed without 
reflection. If the resistance RL that is to be used differs from the value 
called for by Eq. (5-12), one can change the guide impedance as required 

.. 

1 Actually the equiva.lent circuit will be a simple shunt inductance only when the 
diameter of the post is not more than a few per cent of the guide width. With thicker 
posts, the equivalent circuit includes series capacitances in addition to the shunt 
inductance, as shown dotted in Fig. 5-19c. These capacitances become larger (i.e., 
have lower rcactance) the smaller the post diameter and have negligible reactance in 
the case of very thin posts The T network shown in Fig. 5-19c will accurately 
represent the behavior of even a very thick post over a wide range of frequencies 
when the inductance and capncitanc•cs of the equivalent section are properly chosen. 
Similarly, if the strips forming the windows at a and b are not thin, the obstacle is 
represented more accurately by a T network than by a single shuntingreactance. 

• Quantitative ann.lysis of the structures shown in Fig. 5-19, and also of other forms
of obstacles, is given in "Waveguide Handbook" (vol. 10, Radiation Laboratory 
Series, chap. 5, McGraw-Hill Book Company, Inc., New York, 1951; also see Moreno, 
op. cit., chap. 9. 

• The short circuit placed an odd multiple of a quarter of a guide wavelength distant
r rom the load is necessary because if the guide is continued indefinitely beyond the 
resistance, then R1, would act merely as a shunt irregularity in the guide. Alter­
natively, if the guide simply ended at the poiDt where the resistance was connected, 
then part of the energy of the incident wave would be radiated from the open end of 
the guide rather than being dissipated in the resistance. 
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by varying the height � of the �ide, using _a gradual t�pe� as illus��
in Fig. 5-2la to avoid mtroducmg a reflec�1on. A vana�1on c�Bta _m
tapering only the center portion of the guide to form a ndge, as m Fig.
5-21b. 

th __ ..1 • An alternative arrangement, suitable for UBe when e ll.NM.l re&18t&nce

111 � GUIDE WITH TAPERED HEIGHT 

lbl CUIDE WITH TAPERED RIDGE 'RIOfJC 

Flo. 5-21. Waveguidea terminated with 
reliatance loads. 

is less than the guide impedance, 
consists in placing R£ off center as 
indicated by caae b of Fig. 5-20. 
This subjects R£ to less voltage 
than case a, and so gives an im­
pedance-transforming action. 1 A 
similar effect is also obtained by 
making the distance from R£ to the 
short circuit differ from an odd 
multiple of a quarter wavelength. 

In actual practice, arrangements 
of the type illustrated in Fig. 5-20 
usually introduce a discontinuity 
capacitance. When this is the case, 
no adjustment of the resistance 
match will eliminate completely the 

reflected wave; to achieve such a result some additional impedance­
matching adjustment, such as obtainable with a probe or a stub guide, 
must also be used. 

Nonreff,ecl.ing Load.a. In systems involving waveguides it is often neces­
sary, particularly in measurement work, to provide a termination that 

■ []]

[I]

�1•1111111111111
TOI' ll1EW 

-a11i:fff111ffll I I I I I IIII
S/0£ VEW END VIEW 

1171 LOSSY VANES lb) LOSSY WEDGE OF DIELECTRIC OR POLYIRON 
Flo. 5-22. Examples of nonreftecting terminations for waveguidea. 

will completely absorb any wave going dowJt the guide, irrespective of the
exact frequency of this wave, and without ahy adjustment being required.

This result is most conveniently achieved by absorbing the wave in a
lOBBy section tapered so gr&dually as to introduce no reflection. Examples
of such sections are illustrated in Fig. 5-22; these involve lossy vanes, or
wedges of loesy dielectric or iron dust core material, tapered on the enter-

1 The of-center DOnnection C&Wll!II the reaietive impedance that the guide p1'8118Dt.l to the aouia1 line to be 1881 than Eq. (6-12) by the factor ooe• (rz/a.) where z is the 
diatance off center and a iii the guide width. 
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ing edp, and having a 111flicient length to absorb an entering waw alinoet
completely, 1 

1-8. Waftll11de Beba'tior at Waffleqtba Greater than Cufd, 1 

When a waveguide is excited at a wavelength grater than cutoff, the
behavior ii entirely different from the behavior at wavelengtba leaa than
cutoff. In particular, the electric and magnetic fields now decay expo­
nentially with distance at. a very much more rapid rate than ii accounted
for by energy 1011888 in the walls. The rate of this attenuation, moreover,
depends only on the ratio 'A/>., of the free-apace wavelength to the cutoff
wavelength; unlike waves shorter than the cutoff wavelength the attenua.
tion ia independent of the material of the guide walls. The exact law of
attenuation can be derived by application of the fundamental field equa­
tions, and ia 

Attenuation in } _ a _ 54.6 ✓ 1 _ (� y
db per unit length >.. >. (5-13a)

When the actual wavelength ia much greater than cutoff(>. > > >..), then
64.6 

(r.-13b) a .,. A.
TABLE 6-2 

ATTENUATION FORMULAS FOR CUTOFF ATTENUATOBS

TE1l

TM11

TE11

Mlode 
Attenuation, db
per unit length Value of�

Circular wavt!IUidee of radius r

16.0· 3.42r-

r 

20.D
2.6lr -

r 

33.3 l.64r-r 

Rectangular guide of width a and height b

27.3 
- 2a

a 

TE11andTM11 2a

1 For further diaouaeion of nonreflecting termiDationa for waveguidel IN 11'. E.
Te,man and J. M. Pettit, "Electronic Meuurementa," p. 639, McGraw-Hill Book
Compuy, Inc., Nff York, 1961. 

''lbe dripial paper on tbia aubject wu by Daniel E. Hamett and Nelaon P. Cue 
Tbe Deeip. and Teetiq of Multiraup Receiven, Proc. IBB, vol. 23, p. 678, June, U13S.
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Here >. is the free-space wavelength and .>-. is the . cutoff wavelen�,
easured in the same units of length used m expreasmg the attenuation.

iquatious (5-13) apply to all modes of propagation in all t� of wave­
guides. The resulting relation between the rate of atten�ation _and the
guide dimensions is given in Table 5-2 for cases of particular Interest.

10 

t
a: 

t 

f: 

ii ,o-•

� ;;: 
m ,o-1

? io-• ,_ 

10-4 

r 

) 
--

ns 10 1� 
ACTUAL WAVELENGTH • � 
WAVELENGTH AT CUT-OFF A.

c 

Fm. 6-23. Typir.al variation of attenu­
ation in a waveguide with frequency
in the vicinity of cutoff. 

Frequency enters into the expres­
sion for attenuation only through the 
term >.0

/>. in Eq. (5-13a). When this 
is small, the attenuation is substan­
tially independent of frequency. 1 As 
the wavelength approaches the cutoff 
value, the rate of attenuation will 
diminish in accordance with Eq. 
(5-13a). This is illustrated in Fig. 
5-23. .AJIJ cutoff is very closely ap­
proached, a rapid transition takes 
place, as shown, and when the wave­
length is less than cutoff, the attenua­
tion assumes the comparatively low 
value associated with wall losses. 

Waveguides operated at wave­
lengths greater than cutoff, termed 
wa1Jeguide attenuators, are often used as 
attenuators in signal generators. The 

usual arrangement for this purpose, illustrated in Fig. 5-24, involves 
exciting the guide, which may be either circular or rectangular, with a 
coil, the axis of which is at right angles to the axis of the guide. The 
pickup system then consists of a similar coil with its axis parallel to the 

wP11r ( ) _J11£, tt--------------fbrPUT 
CXCITTN6 COIL� PICKUP COIL 

J,'ra. 5-24. Schematic diagram of typical waveguide attenuator. 
a.xis of the exciting coil. Such an arrangement uses the TE1o mode in the 
rectangular case, and the TEn mode when the guide is circular. 1 The 

1 This neglects the variation with frequency o( the depth of current penetration 
into the wall. To obtain maximum accuracy when UBing Eqs. (5-13), the effective 
internal i!imellllions of the waveguide should be taken as extending into the walls a 
distance equal to one-fourth U.e skin depth as given by Eq. (2-10). Since thi8 akin 
depth varies with frequency, the value to be assigned A. will likewise vary with fre­
quency, increasing alightly as the frequency is reduced, and hence introducing a small 
additional cauae of variation of attenuation per unit length. 

1 Theae are the dominant modee and are employed because they attenuate more 
alowly with distance than do higher-order modee. Hence when the dominant mode 
is initially mixed to 10me extent with higher-order mod.es then the mode becomes 
more&IWl(ly pure aa one goes down the guide away from th� exciting coil. 
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output of such an attenuator is varied by adjusting the distance between 
the pickup coil and the exciting coil. The change in output produced by 
a known displacement of the pickup coil can be calculated from the 
waveguide dimensions, using Table 5-2 or Eqs. (5-13). The waveguide 
operated at wavelengths greater than cutoff hence provides a simple and 
reliable way of introducing known changes in the output. 1 

6-9. Miscellaneous Aspects and Properties of Waveguides. Coupling

between, Coazial Lines and Waveguides. Numerous arrangements have 
been devised for coupling a coaxial transmission line to a waveguide so 
that power may flow from one transmission system 
into the other. A typical example' is illustrated in 
Fig. 5-8. As viewed by the coaxial transmission line, 
the waveguide in this arrangement behaves like a 
resistance equal to the waveguide impedance as defined 
by Eq. (5-12). In addition, there is a reactive effect 
associated with the coupling as a result of the induct­
ance of the length of conductor extending across the 
waveguide, and also as a result of evanescent modes 
present at the junction. In order to obtain an im­
pedance match between a coaxial line and waveguide 
such that power will pass from one system to the other 
without producing a reflected wave, it is therefore 

COAXIAL LINC 

Fto. 5-25. Wave­
guide-to-coaxial­
line coupling sys­
tem based upon a 
slot in the outer 
conductor of the 
coaxial line. 

necessary not only to match the characteristic impedance of the coaxial 
line properly to the waveguide impedance, but in addition a compensat­
ing reactance must be introduced at the coupling point. A simple method 
of producing the required neutralizing effect consists in adjusting the dis­
tance c in Fig. 5-8a so that the shunt reactance observed by the coaxial 
line, when looking toward the short-circuited end of the waveguide, is 
equal and opposite to the shunt reactance associated with the coupling 
system.• 

A very different approach to the problem of coupling a waveguide to a 
coaxial line is illustrated in Fig. 5-25. Here a transverse slot in the outer 
conductor of the coaxial line allows magnetic flux to leak from the line 
into the waveguide. At the same time, the slot interrupts the flow of 
current in the outer conductor of the coaxial line, thereby creating a 
voltage difference across the slot that produces an electric field between 
the top and bottom sides of the waveguide. In this way a wave on the 

1 A more extensive discueaion of waveguide attenuators is given by Terman and 
Pettit, op. cit., p. 656. 

1 The detailed design of 1y1tem1 of this type is given by Seymour B. Cohn, The,
Design of Simple Broad-band Waveguide-to-coaxial-line Junctions, Proc. I RE, vol. 35. 
p. 920, September, 1947.

1 The resistance that the waveguide offers the coaxial line can, when desired, be
reduced by placing the coupling point off center, i.e., by malting distance d in Fig. 
5-8b 1818 than half the guide width. 
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coaxial line introduces electric and magnetic fielda into the wavepicle
that corres!)Olld roughly to the fields of the d�t m�. �
versely, a domina.nt mode traveling down the waveguide will a:oite a
wave on the coaxial system. 

W aueguide Direclional Couper,. It is pcaible to devise direetional-
coupling systems involving waveguides that are analogoua to the trau­
mission-line directional-coupling arrangements discualed OD PIP 115. 
The waveguide equivalent of the two-hole directional coupler of Fig. 4-24 
is illustrated in Fig. 6-26. Directional coupling between a waveguide 
and a coaxial system is also pOlll!ible. Thus, if the primary line in Fig. 

F10. &-26. Two-hole directional coupler 
for waveguide analogous to the two-hole 
oouial line coupler al Fig. 4-24. The 
narrow elot parallel to the guide uia 
providee coupling that Sa predominantly 
electroatat.ic. 

4-23 is replaced by a waveguide, 
one obtains directional coupling 
between a waveguide primary and 
a coaxial secoDdary system. 

MtJf" 'l'. The waveguide ar­
rangement illUBtrated in Fig. 5-27a, 
termed a magic T, p08ll888eB many 
of the qualities of a bridge. Thus 
if the two aide outlets C and D have 
the same length and are terminat.ed 
identically, then power delivered to 
the system at A divides at the junc­
tion and flows equally to C and D, 
with no output what.ioever being 

obtained at 11; similarly, power aupplied at B divides between C and D
and none of it appears at A. On the other hand, if power is delivered to 
the system at A and the terminations at p aq.d D are not identical, then 
there will be an output at B proportional to the difference between the 
waves reflected at C and D. 

This behavior can be explained as follows: A wave of the dominant 
mode traveling down A cannot tum the corner into B, becauae the 
orientation of the electric field in A is BUcb that in turning into B the 
electric field would neeeasarily have to be parallel to the long dimension 
of the guide. For this field configuration, guide B will have a auto& 
wavelength less than the wavelength of the wave arriving from A, pro­
vided the proportions and abeolute dim.enaiona of the system are properly 
chmen. The waves arriving from A can, however, divide and travel in 
directions C and D, it merrdy being neceeaary for the electric flux to tum 
comers into aimi1&r guides. Equal reflections from C and D, upon reach­
ing the junction of the magic T, will divide betW119D A and B. The por­
tions entering A from C and D are in phase and BO combine to give Btand­

ing waves in A. However, the portiODS of these reflected wavee that 
attempt to enter B do ao as a result of the electric vector turning a comer 
11 illuatrated in Fig. 5-27b, and it will be noted that the reflectiona from C 
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and D when ent.ering B are of opposite polarity and 10 tend to canoeL 
Thia canoellation ui complete if the reflected waves from C and D are 
identical upon arrival at the junction, in which cue there ui no tram­
mission to B. However, if the reflected waves produced at. C and D are 
not identical in magnitude and phase as they arrive at the junction, then 
thme will be a 1"81Ulting component entering B that is proportional to the 
vector difference of the two waves.••• 

Tlae Raonant Obaltu:lain W�. • When certain types of obatruo­
tions are placed in waveguidea, a resonant effect is introduced that is 
eqwvalent to shunting the equivalent tl'&D8Dliaaion line of the guide with 
either a aeries or shunt resonant circuit, as the cue may be. The quartm-

lb I BEHAVIOR OF REFLECTIONS 
l•I MAGIC T CONFIGURATION FROM C AND 0 

Fio. 5-27. Magic-T arrangement. 

wave resonant post disCU888d in connection with Fig. 5-18 is an example, 
and is equivalent to a series resonant system connected acl'OllB the guide. 
Another example is provided by a rectangular window in a rectangular 
waveguide, illustrated in Fig. 5-28a, which acts as a parallel resonant 
shunt. In CO!Jtra&t, an obstacle having the configuration shown in Fig. 
5-28b acts as a se.ries resor.ant shunt, the resonance occurring at a _fre­
quency determined largely by the peripheral length of the obstructing
rectangular ring. :Many other forms of resonant obstacles are also
pOBBible.

Obstructions that behave as shunting series-resonant systems will 
transmit energy rather freely at all frequencies except those in the 
immediate vicinity of the series resonant frequency, where the shunting 
impedance ui so low as to reflect nearly all of the energy. In contrast, 

1 Thia explanation 1111UD1ea that the diaoon.tinuity capaoitanoea aiatilll at t.be 
common junotion of the magio-T DODfiguration have been neutraliled by the introduo­
tion of appropriate inductive inegul&ritiel, auch u a window of the type illuatnted 
in Fig. 5-19a. 

1 Another wavepide arrangement, known u the 1&'6nd rint,, hu p.ropertiel aimilar 
to tholle of the mqio T, and can be reprdecl u an alternative arrangement. Various 
forms of the hybrid n111 11'9 deaan'bed by W. A. Tyrell, Hybrid Circuits for Mimo­
wavea, Proe. IRB, vol. 36, p. 1294, November, 1947. 

1 Further material on this aubject, particularly design inf011D&tion, la giv8ll by 
Moreno, op. cit., pp. 160-167; UI0188 "Waveguide Bandbook," op. oil., chap. I. 
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an obetacle that acts as a parallel resonant shunt will have no effect on 
the transmission at the resonant frequency of the obstacle, but. at �
frequencies differing appreciably from the �sonant !requency 1t will 
introduce a low shunting reactance that pemuts very httle energy to be 
transmitted past the obstacle. 

Ridged Waveguides. 1 Under some circumstances there is an advantage 
in providing a rectangular waveguide with a ?�ge analogous to the ridge 
shown in Fig. 5-2lb except not tapered. This increases the cutoff wave­
length, and widens the frequency range over which only the dominant 
mode will propagate. Thus a ridged structure has advantages when 
physical compactness is important, and when the guide is to be used over 

IOI RETANGULAR WllilDOW AND (bl RECTANGULAR RING AND 
EQUIVALENT TIIANSMISSION•LIN! EQUIVALENT TRANSMISSION·UNE 
CIRCUIT CIRCUIT 

'Fro. 5-28. Typical resonant obstacles, together with their equivalent tffln&millaion-line 
aircuite. 
an unusually wide frequency range. At the same time, the attenuation 
of the ridgr.d structure per unit length is greater than for the correspond­
ing rectangular guide. The impedance of the ridged structure analogous 
to the impedance defined in Eq. (5-12) is less than in a rectangular guide; 
this is sometimes an advantage when matching impedances (see Fig. 
5-2\b), or when coupling a coaxial line to a waveguide.

Comparison of Wat>cgmaes and Coaxial, Transmis8ion Lines. Wave­
guides find their principal use in the transmission of power at wave­
lengths of the order of 10 cm or less, under conditions where low attenua­
tion or high power-carrying caparlty is important. The power losses in 
a waveguide will be of the order of one-third as great as in a comparable 
coaxial line having air dielectric with supporting insulators, and the 
superiority is many times greater as compared with the best flexible 
rable. The power-carryr.ig capacity of a waveguide as limited by flash­
over is likewise from three to ten times as great as that of a standard 
rorucial line having air dielectric with supporting insulators, and may be 
of the order of thousands of times a.s great as that of a flexible cable with 
solid dielectric. 

1 For further details see Seymour B. Cohn, Properties of Ridge Wave Guide, Proc. 
IRE, vol. 35, p. 783, August, 1947. 
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A waveguide must have a size that ia a reasonable fraction of a wave­
length. Thia ia an advantage at very short wavelengths, such aa 1 cm, 
where coaxial lines with proportions that avoid higher modes are pro­
hibitively small. However, at wavelengths much greater than 10 cm, 
the waveguide becomes undesirably large and so then finds use only in 
special applications. Other things being equal, waveguides also have the 
advantage in mechanical simplicity over coaxial lines with air insulation 
and dielectric support. 

li-10. Cavity Resonatora. 1 Any space enclosed by conducting walls
possesses a resonant frequency for each particular type of field configura­
tion that can exist in the space. Resonators of thia type, commonly 
called cavity reaonawra, find extensive use as resonant circuits at extremely 
high frequencies. Their behavior is analogous to that of coil-and-capaci­
tor combinations, but for microwave frequencies cavity resonators have 
the advantages of reasonable dimensions, simplicity, remarkably high Q, 

and very high shunt impedance. 
Cavity resonators can take many forms, since any enclosed surface, 

irrespective of how irregular its outline, forms a cavity resonator. The 
simplest cavity resonator is a length of circular or rectangular waveguide 
short-circuited at each end to form a cylinder or rectangular prism, 
respectively. A spherical cavity is also of interest from a theoretical 
point of view, although not very useful in a practical way. Cavities such 
as illustrated in the lower half of Fig. 5-29, in which the opposite sides 
are brought close together to form a reentrant structure, are of importance 
when an electron beam is passed through the cavity, as in klystron tubes.2 

In such arrangements, the electric field is very strong in the gap formed 
by the reentrant sections, thus permitting effective interaction with elec­
trons passing ·across this gap. 

Cavity resonators can also be derived from coaxial lines. For example, 
a line short-circuited at each end, as in Fig. 5-30a, is resonant whenever 
the length is a multiple of a half wavelength. Alternatively, it is possible 
to arrange a coaxial transmission line, as illustrated in Fig. 5-30b; this 
can be regarded as a line short-circuited at one end and open at the other 
end except for the localized capacitance between the center conductor and 

1 Resonant cavities were introduced to radio by W. W. Hansen, A Type of Electrical 
Resonator, J. Appl. Phy,, vol. 9, p. 654, October, 1938. Useful information on 
properties of cavities is given by Moreno, op. cit., pp. 210-241; Terman and Pettit, 
op. cit., pp. 204-210; I. G. WilBon, C. W. Schramm, and J.P. Kinzer, High Q Resonant 
Cavities for Microwave Testing, Bell Byatem Tech. J., vol. 25, p. 408, July, 1946; 
J. P. Kinzer and I. G. WilBon, Some Results on Cylindrical Cavity Reaonators, Bell, 
Sy,tent Tech. J., vol. 26, p. 410, July, 1947; End Plate and Side Wall Currents in 
Circular Cylinder Cavity Reaonator, ibid., vol. 26, p. 31, January, 1947. 

• Properties of such resonators are given by T. E. Moreno, op. cit.; a.l8o see W. W. 
Hansen and R. D. Richtmyer, On Resonators Suitable for Klystron Oscillators, 
J. Appl Phy•. vol 10, p. 189, ·March, 1939. 
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the conducting surface that cl08tl8 the end m the Jin!. It ii alao pomi"ble

to regard the cavity of Fig. 5-30b as a reentrant cavity analogoua to that

of Fig. 5-29/, 1 • .n ... 
Madu in Caviliu. As in waveguides, it is p0181ble for many uwerent

types of field configurations, or modes, to exist in� cavity .. Associa
ted

with each such mode is a resonant frequency that 18 determined by the

particular field configuration involved and by the cavity dimensions.

D.EC

�

tC Ar w'll(IN£T,C CA r :•SMETtt 
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,. ' ELECTflfC ·· ,, FIELD II : , 
. - ·  
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UPPE A HALF Of' l•l 

FIG. 6-29. Examples of cavity reaonatol'B. All these reaonatol'B exllt!pt the prilm are 
shown 88 Cl'OIIII aectiona of figul'tlll of revolution. The field distributioDI aho� for 
certain of the reaon&tol'B corre1pOnd to the distribntioDI with the dominant mode of 
operation. 

Thus each cavity resonator p088e881l8 an infinite number of resonant fre­
quencies. As in the cue of the waveguide, the lowest resonant frequency 
associated with a particular cavity is termed the domir&a1'U mode, while 
the remaining resonant frequencies are referred to aa higher-order modes. 

The cavity modes can in many cases be 1188ociated with waveguide 
modes. Thus in the case of the rectangular prism of Fig. 5-29c, a. TE or 
TM wave traveling in the l direction will be in resonance whenever the 
frequency ia such aa to make the cavity length l & multiple of half m a 
guide wavelength for the mode in question: An analogous situation alao 

1 Relonant lines of this ty))I' are aometimes termed hybrid linea, BiDce u the cent.er 
eonduotor ia shortened in length oompared with the length of the out.er oonduator 
c- c and d of Fig. 6-30), the behavior, including field configuratio111, ill intermediate
between that of a N!IIOn&nt line and that of a cylindrical cavity. The propertiel of
coaxial cavity reaonatol'B are dUICIUINd by W. L. Barrow and W. W. Mieher, Natural
0.-illatiou of Electrical Cavity Relonatora, Proc. IRB, vol. 28, p. 184, April, llMO;
a!IIO aee W. W. llanlen, On the lleaonut Frequency af Cloaed Concentric Lina,
J. AP1fl. PAr-., vol. 10, p. 88, January, 1939.
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exists with cylindrical cavities. However, in the case of the cylindrical 
cavity, it happene that the dominant mode corresponds to the field con­
figuration illustrated in Fig. 5-29b, for which there is no waveguide 
counterpart. In contrast, the dominant mode for the rectangular prism 
corresponds to the TE10 waveguide mode traveling along the axis that is 
longest when meaeured in guide wavelengths.· In reentrant cavities, the 
dominant mode corresponds to a field configuration of the type illustrated 
in Fig. 5-29e; here bhe electric field is most intense in the gap. 

Modes in a cavity are classified as transven,e electric (TE) or transverse 
magnetic (TM) modes, corresponding as far as possible to the analogous 
waveguide modes. The particular mode of any such class is then com­
monly designated by three subscripts. Thus the field configuration 

11111 
(QI (bl lCI !di (Ill 

Fm. 6-30. Transition from roncentric line to cylindrical cavity, showing electric fields 
for various intermediate or hybrid cases. 

shown in Fig. 5-29b is the TM010 mode. Here TM denotes that the mag­
netic field lies in planes transverse to the axis of the cylinder, while the 
first and third subscripts denote, respectively, that the variation of the 
magnetic field is zero with radial direction and with position along the 
axis, and the �cond subscript indicates that there is one-half cycle of 
variation in the field along a radial line passing from one edge of the 
cylinder to the other edge. Again, the field configuration indicated in 
Fig. 5-29c is the TEIOI mode, meaning that the electric field is transverse 
to an axis in the l direction and that the variati<:m of the electric field is 
one-half cycle, zero, and one-half cycle in the a, b, and l directions, 
respectively. 

A cavity resonator possesses many more modes than does the corre­
sponding waveguide. For example, in the rectangular prism of Fig. 
5-29c, there are an infinite number of TE1o.. modes for each of the three
axes of the prism. Thus a triple infinity of modes exists in the rectan­
gular prism corresponding to the single infinity of TE,.. waveguide modes.
As a result, at frequencies appreciably greater than that corresponding
to resonance at the dominant mode, it is found that the resonant fre- 1 

quencies of cavities will be extremely closely spaced. This results in an
impossible situation if one wishes to obtain pure mode operation; at the
same time, it is an advantage if one desires to make it as easy as possible
for the cavity to resonate with an arbitrary exciting frequency.
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R,,onant Frequency of Cavity R,aonawra. A resonant frequency of a 
cavity resonator corresponds to a possible solution of Maxwell's equations 
for the electric and magnetic fields within the resonator. The resonant 
frequencies (or wavelengths) can be calculated mathematically for 
geometrical shapes such as spheres, cylinders, and rectangular prisms and 
some idealized forms of reentrant sections. Formulas for the resonant 
wavelength of the dominant mode are given in Table 5-3 for spheres, 
cylinders, and square prisms. In the case of prisms it will be noted that 
the length l corresponds to- >.,/2 for the corresponding TE10 waveguide 
mode. 1 

The resonant wavelength is proportional in all cases to the size of the 
resonator; i.e., if all dimensions are doubled, the wavelength correspond­
ing to resonance will likewise be doubled. This fact simplifies the con­
struction of resonators of shapes that cannot be calculated. To obtain a 
resonator operating exactly at a desired frequency, one first constructs a 
resonator of convenient size and of the desired proportions and measures 
the resulting resonant wavelength. The ratio of the desired resonant 
wavelength to this wavelength gives a scale fartor that is applied to every 
dimension of the test model to obtain the dimensions of the desired 
resonator. 

The resonant frequency of a cavity resonator can be changed by alter­
ing the mechanical dimensions, by coupling reactance into the resonator, 
or by means of a copper paddle. Small changes in mechanical dimen­
sions can be achieved by flexing walls, while large changes require some 
type of sliding member. Reactance can be coupled into the resonator 
through a coupling loop in the manner discussed below, thus affecting 
the resonant frequency. A copper paddle placed inside the resonator will 
affect the normal distribution of flux and tend to alter the resonant fre­
quency by an amount that can be controlled by the orientation of the 
paddle. 

Q of Cavity Resonators. The Q of a cavity resonator has the same sig­
nificance as for an ordinary resonant circuit. It can be defined on the 
basis that when the response has dropped to 70. 7 per cent of the response 
at resonance, the cycles off resonance arc the resonant frequency divided 
by 2Q (see Rule I, page 49). In the case of cavity resonators, it iB also 
sometimes convenient to base the definitiqn of Q upon Eq. (3-1), namely, 

Q = 211' 

energy stored 
(5_14) energy lost per cycle 

The 
. 
ene�gy stored is proportional to the square of the magnetic flux

denSity mtegrated throughout the volume of the resonator while the 
I 

energy lost per cycle in the walls is proportional to the skin depth and to 
the square of the magnetic flux density integrated over the surface of the 

• 
1 Design data Cor reentrant cavities of the type illustrated in Fig. 6-2911 and • are 

g.lVI,. by Moreno, op. cit., pp. �238. 
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cavity. ThUB, to obtain high Q, the reeonator should have a Jarp ratio 
of volume to surface area, since it is the volume that stores energy and it 
ia the surface area that diaaipatea energy. Ai, a conaequence, l't!!80ll8,ton 
such as spheres, cylinden, and prisms can in general be expected to have 
higher Q'a than corresponding reaonaton with pronounced reentrant 
sections. 

TABLE S-3 
PROPERTIES OF CAVITY RESONATORS FOR DOMINANT MODE 

Type of cavity Sphere

Figure illUBtrating notation. . . . 6-29a 
Wavelength ,._, at reaonanee. . . . 2. 28r 
Q ......................... ,. 0.318i 
Shunt impedance ael'CJ88 A A at 

reeonanee.. .. .. .. .. . .. .. .. 104 .4 ! 

All dimensions are in eentimeten. 
a • akin depth u defined by Eq. (2-10) 

Cylinder Square priam 

5-296 6-29c 
2.61, 1.nto

1 ,.,, 1 >.e 0.3831 + (r/li) "i 0.353 1 + (o/'Jb) i"

7211 1 ,._, b 
r 1 + (r/11) "i 120 jj i+ (o/'Jb) "i

• 6.62/ ..,/j em for copper, where/ ie in cycles
Quantitative analysis leads to the formulas given in Table 5-3 for the Q 

of the dominant mode of apherea, cylinders, and square prisms. Some 
typical values of Q obtainable in practical cavity resonators are given in 
Table 5-4. It will be noted that the values are extremely high compared 
with those encountered in ordinary resonant circuits {e.g., Fig. 2-16). 
This is true even in the case of the reentrant cavity. 

TABLI<} li-4 
PROPERTIES OF TYPICAL CAVITY RESONATORS 
WHEN OPERATING IN THE DOMINANT MODE 

Reso11ant Q 
Resonator 

Dimensions, wave- (copper 
em length ).o, wallll) cm 

--

Sphere ............. , ..... ,-5 11.4 28,000 

Cylinder ................. r • 11/2 • 5 13.0 24,000 

Square priam (cube) ... o • b • l • 10 14. J 23,000 
Reentrant (Fig. 6-29/) . . o • 0.81 12.8 4,000 

b • 1.69 (approx.) (approx.) 
•• - 1.82

d/2 • 0. 20

Shunt 
l'eli8tanee, 

ohms (cop-
per walls) 

9.7 X 101 

9.1 X 101 

7.8 X 101 

0.17 X 101 

(approx.) 

The Q of resonators of the same proportions but of different size will be 
proportional to the square root of the resonant wavelength. This arises 
from the fact that, whereas the ratio of volume to wall surface is propor­
tional to a reaonant wavelength, the skin depth (and hence the energy 
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diaaipation per unit of surface) is proportional to the square root of the
wavelength. 

Sh:unt Impedance of CtJIJity Reaonators. The· shunt unpedance of a
cavity resonator between two surfaces, such as those intensected by the
axis A A in Mg. 5-29, can be defined a.a the square of the line integral of 
voltage along a path such &11 AA divided by the power lou in the resona­
tor when excited to give the voltage used in the line integration. This 
impedance corresponds to the parallel resonant impedance of a tuned 
circuit, and at resonance becomes a resistance termed the shunt resistance 
of the resonator. 

The shunt resistance obtained with spheres, cylinders, and square 
prisms operating in the dominant mode can be calculated from the 
formulas given in 'fable 5-3. Values of shunt resistance for the dominant 
mode in several typical cases are given in Table 5-4, and are seen to be 
very large compared with the shunt resistances obtainable with ordinary 
resonant circuits. It is further to be noted that although the shunt 
resistance of the reentrant cavity is much less than that of the other 
cavities, this impedance is developed acrOIIS such a short distance that the 
impedance per unit length is of the same order of magnitude as the 
maximum value obtainable with other geometries. 

15-11. Coupling to Cavity Resonators. To make use of a cavity
resonator it must be coupled in some manner to a transmiB&ion line or 

_-f��r- 3[} . u= 
MDII£ 

(171 CAVITY WITH lbl EOUIVALENT (Cl CAVITY WITII 
COUPLING LOOr CIRCUIT OF 1171 COUPLING PROBIE 

J:t'1u. 6-31. I..oop and probe coupling to cavity reaonator. 

waveguide. One means of arr.omplishing this is to employ a small loop so 
oriented 81 'lo link with magnetic flux lines existing in the desired mode of 
operation, as illustrated in Fig. 5-31a. A current paseed through such a 
loop will then excite oscillations of this mode· conversely, oscillations 
existing in the resonator will induce a vol-.ge in the coupling loop. The 
combination of the coupling loop and cavity resonator is equivalent to the 
induct.ively coupled system of Fig. 5-3lb. In such a system, the ratio of 
the impedance that the cavity couples into the loop to the shunt resistance
of the cavity resonator is equal to the square of the ratio of the coupled 
flux to the total magnetic flux lying to one side of the cylinder uis. • The 

1 Wbl!JI the plane of the coupling loop ill at right anglee to the direction of the flmlinee, the loop area ill in the moat favorable Jl(llition for encloaing magnetic flux• thenif the loop ia located at a poaition where the magnetic flux denaity appmdmai:. the
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magnitude of the magnetic coupling can be readily controlled by the 
orientation of the loop, and its location with respect to the magnetic field. 
Thus the coupling is reduced to aero when the plane of the looit is rotated 
so that it is parallel to the magnetic flux. A1ao the coupling will be low if 
the loop is placed at a point of low �netic flux dellBity; th118 a loop near 
the vertical axis, as shown dotted in Fig. 6-31a, will have little coupling to 
the dominant mode. 

Coupling to a cavity can also be achieved by means of a probe as 
illustrated in Fig. 6-31c. Here the electric flux of the deaired mode 
terminates on the probe, inducing a current in it; conversely a voltage 
applied to the probe produces electric fields illBide the cavity that excite 
oscillations. This is th118 a form of capacitive coupling, the magnitude of 
which hi determined (1) by the surface thattheprobe expoaeatotheelectric 
field of OBCillationa of the desired mode and (2) by the intellBity of the 
electric field at the position of the probe. Th111 maximum coupling is 
obtained in a cylindrical cavity operating in the TM010 mode when the 
probe hi located on the axis as shown; the coupling to this mode will be 
zero if the probe projects into the cavity from the side wall instead of the 
end (dotted probe in Fig. 5-31c). 

Still another method of coupling to a cavity is by means of a hole or slot. 
The principles involved in this situation are the same as in the correspond­
ing waveguide case, and are diBCUBBed in detail on page 133. 

PB.OBLBJIIS AND BDB.CISBS 

1-1. Sketch fieldB oorreeponding to the Bide view in Fig. S-2, for three ■uooeaive
values of time each differing by one-quarter of a cycle. Show the three - one 
above the other.·, 

1-1. Sketch field di■tributiona similar to thoee of Fig. S-2, for >. • I.Ila, beini
careful to ■how >., and a to ■cale. 

1-1. A particular rectangular waveguide ha■ a width of 2 in. and a height of 1 in. 
What ill the lowest frequency wave that will be tranamitted by this waveguide? 

1-4. Calculate and plot the ratio of phue ■hilt per unit length in a rectangular 
waveguide (dominant mode) to the phue ■hilt per unit length in a coaxw tl'&ll8-
mi■aion line having air dielectric, u the dimenaion a of the waveguide ill varied from 
D.65>.to>..

1-1. A wave having a frequency of 10,000 Mo travele down a rectangular guide for
which dimen■ion 11 • 2 cm. Calculate the value of fJ per cm, and oomp&re the raiult 
with the value of fJ that would be obtained at the ■ame frequency on an air-filled 
coaxial line. 

1-1. What ill the ratio "•/c at a frequency ■uch that the guide width a ill aaotly 
>.,/2? 

avenge Bux clenaity in the cavity, one bu to a rough approximation: 

=oe coupled }- (w =-�) (■bun� ::;anoe} (S-lli)
area of cavity 
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1-7. Draw mirve11 similar to thOll8 of Fig. 6-4, but for 11 • 0.56>. and 11 • 0.7>..

Be careful tc, show a and >., to scale.

1-8. In a waveguide operating at a wavelength of 3 cw, oaleulate the depth in the

copper wall.II at which the current density is reduced to 0.0001 of the density at the

inner surface of the wallll. 
1-t. In the waveguide of Fig. 5-5, diseu• bow the distribution of the oummt, 

flowing in the- walls wiU change at times differing by (a) one-half eyele, and (f,) one-

quarter cycle. 
11-10. In I<'ig. 5-5, what would be the co1111Cquenees of making holes J and 4 round 

instead of rectangular, 111111uming that the area of the hole is the 1111.111e in each cue? 
1-11, In Fig. 5-5, what effects are produced on the electric coupling by making 

slot 1 half u Jong and twice as wide, thus keeping the area of the opening unchanged? 
11-11. An incident Tl!� .. wave of 5000 Me travels down the guide of Fig. 5-8. How 

far must it go beforP the amplitude is reduced to 70. 7 per cent of the initial amplitude? 
11-11. A rectangular waveguide bu din:enllions 2.5 by 5 em. Determine >.,, fl, and 

phue velocity at a wavelength of 4.5 em for the dominant mode and the fintt higher­
order mode, and tabulate results side by side. 

11-1'- What a1e the lowest frequencil!II for which the waveguide of Prob. S-13 will 
tranamit (a) tho dominant mode, and (b) the first higher-order mode? 

11-111. A rectangular waveguide is 2 hy 3 em. What are the cutoff wavelengths for 
the dominant and the firat two higher-order modes? 

11-18. What higher-order n1<Klcs will trmd to be excited in a. waveguide by the 
coaxial line exciting 11yRtcmH illustrated in the attac,hcd figure? 

NOTC ARROWS INOICATC RF:LAnVE POI.AR/Tl' 

IOI lbl 
' 

PROB. 5-16 
It) 

11-17. 8uggN1t an arrangement involving a coaxial line tPrminating in a loop for
exciting the TM11 modem a rectangular wavegui1le. 

11•18. In a rootangular guide in which a • 4 cm, calculate and plot cutoff wave­
length as a function of b/a for b/11 • 0 to b/a • 1, !or TE1o, TE01, TE,o, TE11, and
TMu mode11. 

11-11. Wl,ich of the following modes will be unaffected by the poats of Fig. S-9 
(umming the poata are located midway between the vertical Bid•): TE,., TE11, 

TI<�11, TM11, TM11? •
11-IO. Draw a diagram aimila.r to I<'ig. S-12, but &IIIIUllle f - 70". Be sure to mark

the dis't.ancea rrprescnting >. and >.,. Compare the ratio 'A,/>.. with the ratio for Fig.
5-12, and ■how that the reaul'r. is consistent with Fig. 5-3. 

1-11. Explain how Fig. 5-14 ill consistent with the fact, deduced from Eq. (5-8), 
that with a given guide, tho cutoff wavelength for the TE11 mode will alway■ be
exactly twice the cutoff wavrlength for the T.E10 mode.

1-11. Sketch curve■ for the TEu mode, analogous to thoae givell in the right-hand 
part of Fig. S-Uia, for a frequency of 3000 Mc in a circular waveguide when the 
tliamtbr of the guide ia (a) 6.3 cm, and (b) 8 cm. Draw the curve■ to full-ecale Bile, 
and be careful to ■how >., correctly. 
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1-11. ID • auaalar wavepicle iD which the radiua ii 1.15 in. (r • 8.8 om) calculate 
the value of 6 and the phue velocity for the dominant mode at a wavalenph of 10 om. 

1-M. One hu available in a wall • circular hole of 2 in. diatnc,r through which a 
wavesuide ii to be pulBd. U it ii desired to obtain the longelt poaible cutoff wav. 
lmigth, what are the relative merita of the following guid•: (o) circular; (b) reota.11111-
lar, a - b; (c) rectangular, b/a • 0.1; and (d) rectangular, b/a - O? 

1-11. A 10111, narrow longitudinal alot is to be cut in the wall of a circular wav. 
guide. AIBuming the fielda iD the guide are u shown in Fig. 6-lia, where should thil 
slot be located on the circumference of the guide if it is dNired that the alot provide 
(a) coupling to the electric field, but not to the magnetic field inside the guide, and
(b) magnetic coupling but no electric coupling?

1-18. Plot the voltage (i.e., electric field) diltribution of the standing-wave pattern
u a function of position from Oto 20 cm from the receiver for a rectangular waveguide
carrying a wave having a free-space wavelength of 10 cm, when the receiving end of
the waveguide ii short-circuited and the waveguide dimensions are 6 by 3 cm. Show
the position of the minima and maxima accurately. Neglect attenuation.

1•17. The rectangular waveguide illustrated in Fig. M carriN a TE11 wave of 
/j()()() Mc. If the standing-wave ratio produced at the load end of the waveguide is 2, 
what will be the standing-wave ratio 1()0 ft from the load end of the line? 

1-18. In a 6 by 3 cm rectangular guide, calculate and plot the waveg11ide impedanoe
Zo, u a function of frequency, from cutoff to twice the cutoff frequency. 

I-fl. Bow should a longitudinal vane projecting radially inward from the Bide
of a circular waveguide carrying the TEu mode be arranged to aerve u (a) a mode 
filter, and (b) u an impedance-matching device? 

1-80. Explain why in Fig. 1-18 a probe projecting into the guide from the Bide,
with its axis horiBOntal, will be of no 11111W1tance in impedance matching for the TE,. 
mode, but would be useful in the cue of TE01, TEu, and TMu modes. 

1-81, The power transmitted down a rectangular waveguide is to be delivered
to a 50 ohm load rNiatance that is connected between the top and bottom Bid• of the 
guide, and matched by a tapered section, as in Fig. l-2la. If the guide on the input 
side of the taper is 2.1 by 1.25 in. and the frequency is 3000 Mc, thon what is the 
required height on the load Bide of the taperl' 

1-81. The 50-dlm load in Prob. 5-31 is matched to the guide by being placed off
center, as in case bin Fig. 1-20, instead of by tapering the guide. How far to the-aide 
of the center line should the load resistance be placed? 

1-U. In a particular ttetangular waveguide attenuator based upon the TE 11 mode,
it is desired that the attenuation be euctly 10 db per in. Determine the width that 
the waveguide m111t have, usuming that the wavelength is many times the waveguide 
width. 

11-M. In a circular waveguide attenuator, it is found that at a particular distanoe 
from the source of excitation there is an undesired TEoa mode present which is 30 db 
weaker than the desired TEu mode. If the fielda are now examined at a position 
where the attenuation to the TEu mode is increased by 48 db, how strong is the 
undesired TE01 mode output compared with the TEu output? 

1-81. a. Repeat Prob. 5-34, but assume that the modes are interchanged; i.e., .. ume
that initially the TEo1 mode (which is now the dNired mode) is 30 db stronger than 
the TEu mode. 

b. Explain why in this case the attentuation in decibels per inch will be different
for large values of attenuation u compared with 11111111 values of attenuation. 

1-88. In a circular waveguide attenuator U1ing the TEu mode, what will be the
effect of rotating the pickup coil 90° about the axis of the guide?

1-1'1, A coaxial line is to be COIIJ)led to a waveguide in the manner illustrated in 
Fig. 5-8.. U a good impedance match is desired, show that the guide cannot have the 
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proportion a,Jb • 2.0 if-the characteriltic impedance of the oouial line ii ,iJi. tht raap
60 to 100 o)i,UUJ, • • 

1..ae. Jf the slot. in Fig. 5-25 were replaced by a round hole aligned with the center
uis of the guide, �hat mode would be excited in the waveguide by energy in the
coaxial line? 

1-19, Suggest a means by which a coaxial line could be coupled to a circular wave-
guide in such a mannr,r BB to excite the TEn mode. 

1-'0. I)eecribe an experimental means which could be used to measure the ter­
minating impedance actually existing on a waveguide without removing this unknown
terminating impedance from its guide, and involving a magic-T junction and a cali­
brated adjustable terminating impedance. 

1◄1, A waveguide system poeseeses an obatade, the exact nature of which la not 
known, although the position of the obstacle is. Explain how, by the aid of standing­
wave measurements, one can determine whether the obstacle is inductive, capacitive, 
series resonant, or shunt resonant. 

l◄I, Sketch curves showing qualitatively how the electric and magnetic fielda are
distributed in a cylindrical cavity resonator operating in the TE11 waveguide mode, 
under conditions where the cavity is a half guide-wavelength long. 

1-41. Derive the formula given in Table 5-3 for the wavelength of a square prlam 
type of cavity from the properties of the TE,o mode in a rectangular waveguide. 

1""- In a cavity that is a rectangular prism operating in the TE10 waveguide 
mode, it is found that the resonant frequency is independent of the dimension b in 
Fig. 5-29c. Explain how this is consistent with waveguide theory. 

l◄I. Derive a formula for the resonant frequency of a cylindrical cavity formed by
a section of length h of the guide shownjn Fig. 5-15a, short-circuited at both en� and 
operating in the TE11 waveguide mode in such a manner that one-half cycle of field 
variation occurs in the h direction. 

1"'8, Show that, when a cylindrical cavity is operated in the waveguide TE11 mode, 
the resonant frequency depends on both the radius and length of the eavity. 

1-67. A particular cavity with copper walls is found to have � Q of 10,000. The 
walls are then plated with a material having a. resistivity seven times that of copper. 
What value will the Q then have, assuming that the plating is relatively thick? 

1-48. A cylindrical cavity has a radius of 2 in'. and is 6 in. long. Calculate the 
resonant frequency for the mode illustrated in Fig. 5-29b (the dominant mode), the 
ciruuit Q, and the shunt impedance, assuming copper walls. Tabulate the results. 

1-69. A sphere, cylinder, and square prism (cube) are all so proportioned as to 
have the same resonant wavelength of 12.8 cm. Calculate Q, shunt impedance, and 
shunt impedance per unit length of shunt path, for each case. Tabulate the result.a, 
and include in the table the corresponding results from Table 5-4 for the reentrant 
cavity of Fig. 5-29/. Alao give in the tabulation the largest linear dimension (I.e., 
diameter, or length of side) for each resonator. 

1--IO. A coupling loop l cm in diameter is inserted in the cylindrical cavity reso­
nator of Table 5-4, BB in Fig. 5-31a,. Calculate the approximate value of the imped­
ance that the resonator will couple into this loop at resonance, considering the reso­
nator as a secondary, and the loop as a primary. 

1-11. a,, Delleribe how t.1 locate a probe so u to couple to the TE1o1 cavity mode
illustrated in Fig. 5-�. 

b. How could a loop be arranged to couple to the same mode? Give both the
location of the loop and the required orientation of it.II plane, 
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