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Waves with imperfectly
conducting boundaries

WAVES INCIDENT NORMALLY ON A CONDUCTING
ACE

ter 2 the reflection of waves from perfectly conducting boundaries
ussed. In reality no boundaries (other than superconducting ones)
ess so it is necessary to consider what the effects of imperfectly
ing boundaries are.

der the case of a plane wave in a lossless medium incident normally
i-infinite conducting slab as shown in Fig. 4.1. We will assume that
slab is a good conductor as defined in Section 1.5. Let the amplitudes of
ncident, reflected and transmitted waves at the surface of the slab be
% and E, as shown. Then, from (1.84) and (1.85)

E, - Z?_ = Zl
E Z:+2) (4-1)
E, 27,
E Z,+Z (*+2)
e the wave impedances of the two materials are
[ad} @+ )
z=(&) wme z-SF0 .
1 : an Z, = (4.3)

| (1.29) and (1.45). Note that, because Z; is complex with a phase

45°, the transmitted wave is out of phase with the incident wave.

1€ power absorbed by the surface can be calculated by a simple appli-

1 of Poynting’s theorem. The transmitted wave travels into the slab

‘completely absorbed by it. The power absorbed per unit area is

fore equal to the power flowing into unit surface area of the slab
i$ just the magnitude of the Poynting vector. Thus, from (1.46)
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Fig. 4.1 Incident, reflected and transmitted waves for electromagnetic waves
incident normally on the surface of a material having finite conductivity.

I.d.,z Geometry of a thin sheet of resistive material.

S; = 100 E? wer dissipated in the material is dissipated unliformly in a surface
ay |2 i ¢ of thickness & as shown in Fig. 4.2. The resistance of the sheet
=148 =22 i2 ed in the x direction is
S 406’21 T Z E; ] ) i
o (4.10)
2Z 2 s
20621 'zl " 22 Pl. (4.

the special case of a square sheet it can be seen that R = R, regardless

From this equation it is evident that the units of 68 must be Q' (siemens). size of the square. For this reason surface resistance is usually written

It is convenient to define the surface resistance (or sheet resistivity) of the

many ‘ohms per square’ sometimes abbreviated to _Qfl:l. .
slab by the current in the conductor is consic!eri‘:d to_ flow in the skin depth
R, = 1/0d. (4. 3 the boundary condition on the magnetic field is

) B2 - 4.11

The wave impedance of the material can then be written H=2H;=A ( )
= i te A is the current flowing in unit width of the surface. The .almost
Z2 Rs(l + J) (4. e reflection of the incident wave at the surface togethel’ with the
From (4.5) the transmission loss at the interface is panying reversal of the electric field vector means that the com-
17 27 2 4 it of the magnetic field parallel to the surface is the sum of the tan-

L = -10 log,, (5 }TI Z_TZE ) components of the incident and reflected magnetic field vectors

e . wice the incident field). The power dissipated per unit area is thus

Very often |Z,| > |Z| so that, to a good approximation, P =14°R, = LH’R, = 2H?R, (4.12)

. 2- b i "
L = —101log [glﬁ}%;_l)'_ / from (4.2) making the approximation that Z, < Z,
5441 .
4R, ._ E = 2ER(1 + j)/Z,
= —10logyo (2—1) E? = 8RIENZ}

_ SR (4.13)
The concept of surface resistance can be given a simple physical interpre:

tation. First we recall that, as shown in (1.44), a wave propagating through
a good conductor decays exponentially with a decay constant equal to the
skin depth &. We recall also that, for a good conductor, § is typically of the

order of a millimetre or less. Consider therefore the approximation that

ting this in (4.4) gives (4.12) showing that the two approaches are
tent with each other. :

s frequently helpful to use this way of treating the absorption of power
nducting surface. The use of the magnetic field and the accompanying
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surface current density is usually easier than the use of the electric fie d

| > signal power under the sea is proportional to the square of the glectric
though both methods can be shown to give the same answers.

-'.-ampﬁmde- At a depth of 10m the power is

We may therefore think of all the power being dissipated in a surface 2% 10
layer, having a surface resistance R, whose thickness is equal to the skig P =P exp— [ ) ]
depth. This approximation is not as crude as it seems. The power flc (4.18)
varies as the square of the electric field strength and therefore decays ag =0.082P, '
exp —z/20 as the wave penetrates into the slab. At the skin depth he :onal transmission loss is
power is only 13.5% of that at the surface so that 86.5% of the power QI the signal tra
entering the slab is absorbed within the skin depth. : L = —10 logyo (J_g) = 11dB. (4.19)

t

Example ‘bining the two transmission losses shows that the difference between

i ; : - - ' E i rface and that received at a depth of 10m is
Estimate the difference between the intensity of a 1 kHz radio wave receiveg ignal received on the su

by a submarine on the surface of the sea and that received when
submarine is submerged to a depth of 10m.

' TRANSMISSION THROUGH A THIN CONDUCTING SHEET
o ry important practical case arises when the conducting material is in

rm of a thin sheet rather than a thick slab as assumed in the previous
n. “Thin’ in this context means ‘having a thickness of the same order
pni the skin depth’. (g
';tf?)esisows the arral;gement of the problem. Because 1t 18 lllfel’y
some of the forward wave in the conductor w_ill be reflected at Bitis
ry to include this possibility in the calculations. Thf: arnpht_udes of
. ard and backward waves in each region are shov?fn in the diagram.

the thickness of the conductor is equal to the skin depth then the
nsmission loss is, from the previous section

Because sea water is an electrical conductor it is not possible for radie
waves to penetrate very far into it. This makes radio communication witl
submerged submarines very difficult. To make the skin depth as large a
possible a very low carrier frequency must be used and that sets severe
limitations on the possible rate of transmission of data. '

The relative permitivity of sea water is about 81 and its conducti
about 48. Substituting these figures together with the given freq uency inte
the right hand side of (1.37) yields

(® + joe) = (4 + 4.5 x 107 j)

- : = - .135) = 8.7dB. (4.20)

so that we are justified in treating sea water as a good conductor in L 10 1og (0.135)
problem. The skin depth is, from (1.43), £ 5

& = Y(2/mop) = 8.0m. (4.15) 2 z z,
It is not sufficient merely to compute the decay of the signal as it passes
through the water. We must also allow for the reflection of some of the E Ea.
incident power at the air—water interface. To simplify the calculation e Es . L l] e
will assume that the wave is incident normally on the sea surface. The wave E,_ Er
impedances are - '

Z,=377Q and  Z, =0.031(1 + j)Q.

The very large difference in the magnitudes of the two impedances allo
us to use the approximate expression for the transmission loss given if
(4.9). The transmission loss is therefore '

4 x 0.031
377

P -
Forward and backward waves for reflection by and transmission through a
ting sheet of finite thickness.

L, = —10 logy [ ] = 35dB. (4.
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Thus, even if the forward wave is completely reflected at B and the bag
ward wave completely reflected at A the doubly reflected signal has g
amplitude which is 17.4dB below that of the initial forward wave. If th
thickness of the sheet is greater than the skin depth the effect of multip]
reflections can be neglected. With this approximation the problem is re.
duced to the computation of the transmission losses at A and B and
transmission loss for the path A—B.

The transmission loss at A is given by (4.9) and the transmission -..._

~onductivity of aluminiumis 3.5 X 10’ Sm __1 so the skin depth at 1 ?;Ez

mm (from (1.44)) and the surface resistance is (}.3f1 x 10 2/00.
figures show that we are justified in neglecting mplnple reﬂe_cuons
3 the aluminium and in assuming that the wave lrbnp‘edance in the
h jum is much less than that in the air. The transmission losses are,

) (4.9), (4.21) and (4.29),

= 54dB
through the sheet is La

i Lag = 20dB

LAB = —10 logw [cxp . (2{1"6)]. (4.2 LB = SldB,

At B we have, by analogy with (4.2),

E3+ 53 2‘ZI .
Exy Z,+2,

a total transmission loss of 125dB.

2 4.27
( CTROMAGNETIC SCREENING

he example discussed in the previous section we saw how cl.ectrom_agnct(;c
are attenuated by the presence of a conducting barqe_r. This leads
y to a discussion of screening against electromagnet‘lc 1nterfer‘er‘acfe.
opic is part of the subject known as e_lectromagpetlc _compatlblllt_y
). EMC is concerned with all the possible ways in whlch ele.ctromc
nent can be a source of interference or be susceptible to it. The
increase in the number of possible sources of interfer_ence qnd the
towards ever tighter packing densities in electrom_c equipment
» make an understanding of the principles of EMC important to
DNic engineers. _ ‘
re is much more to the subject than finding ways of suppressing
0 interference from cars and electric motors. In a modern aircraft, for
, a lot of electronic equipment is packed into an extreme.zly small
t is quite possible for signals radiated by a‘radar set to n?tcrfere
y, the navigation system. If the interference is bad enough it could
in the loss of the aircraft. In addition to signals generated lf)cally
is also the possibility of interference from high-power tralmsmltters,
tning and from solar storms. Perhaps the most dramatic example
the electromagnetic pulse (EMP) produced by a ‘thcrmonuclear
sion. This pulse is powerful enough to dest%'oy semiconductor fie‘
n unprotected electronic equipment many miles from the explosion
T, 1983). . _

| the previous section we saw that the screening effect of a copductm g
€t can usually be divided into three parts, namely the reﬂect}on from
front of the sheet, the attenuation through it and the reflection from
of the sheet. In addition, when the transmission loss through Fhe
L1s small (typically less than 15dB), multiple reflections can be im-
ftant. The overall screening effectiveness can therefore be written

if | Z1| > |Z,|. This apparently surprising result occurs because the boundar
condition at B is very nearly an open circuit. Very nearly all of the inciden
wave is reflected with a phase change of 180° making the electric field a
the boundary twice that of the incident wave. The power in the transmitteq
wave is actually very small compared with the incident powder despit
the magnitudes of the electric fields because of the differences in the im
pedances of the two media. ]

The incident power is

Py, = |Ey.[?/4R, (4.
from (1.46) and the transmitted power is
Ps, = |Ey, P22,
=2|E,, */Z,. (4.24
The transmission loss at B is therefore

P
Ly = —10 logy (F,SL)

2+

8R,
=10 logss (7) 4

The significance of these results can best be illustrated by an example.

Example

Calculate the attenuation of a 1 MHz radio wave by a sheet of alumini
0.2mm thick.
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§=R+A+B, (4.2 ow frequencies, this will not be the case. In the limit when the frequency
ero we know that an electric field can be completely excluded from a
: y conducting closed box (a Faraday cage) (Carter, 1986): S_uch a
however, completely transparent to a static magnetic field. Similarly,
d box of a high-permeability material such as mumetal can act as an
e screen against a static magnetic field but is less effective against
fields because of the relatively poor conductivity of mumetal. This
sests that when the screen is close to the source its screening effective-
X depend upon whether the source is an electric or a magnetic one.
\s the frequency rises the eddy currents induced in a conducting screen
i to exclude the magnetic field from it so increasing its screening effec-
. Conversely the currents produced by a changing electric field act
es of electric field on the further side of the screen so reducing its
eness as the frequency increases. Thus it is useful to discuss sep-
sly the electric and magnetic screening effectiveness of an enclosure.
4.4 shows their behaviour for a typical enclosure.

next approximation which needs discussion is the application of the
on for the normal incidence of plane waves on an infinite sheet to
ical cases involving finite enclosures of irregular shapes. The exact
ion of practical problems is very difficult and can only be achieved in
cases by numerical methods (Akhtarzad and Johns, 1975). Generally,
, we do not require very high accuracy in the estimation of the effec-
s of a screen. A useful approximation is to consider the screening
eness of a thin spherical shell of radius R and thickness ¢. The
formulae given by Field (1983) are

where R is the transmission loss produced by both reflections, A is th
attenuation loss for waves passing once through the sheet and B represen
the effects of multiple reflections, all expressed in decibels. Note that B s
be either positive or negative depending upon whether the multiply g
flected waves interfere with each other constructively or destructively.

The reflection loss is, from (4.9) and (4.25), i

R = —10 logyo (4R,/Z;) — 10 log,o (8R./Z,). (4.2

Substituting for R, and Z, we obtain, after a little manipulation,
R-=31.5 - 10 log,, (%) dB. (4.2

The effects of reflections therefore decrease with increases in the fr
quency and of the permeability of the screen and increase with increases
conductivity.

The attenuation loss given by (4.21) may be written

i 9
= —E 10 lOgln (6_2) (4,

which becomes
A = 15.4/(fou)tdB, (4.3

showing that the attenuation loss increases with the thickness of the she:
and also with the frequency, permeability and conductivity. This ter
changes faster than the logarithm in (4.28) so the overall screening effes
tiveness increases roughly as the attenuation loss. g
If the sheet is very thin then the attenuation is negligible and all
screening is caused by the reflection loss. Such very thin screens can |
made by evaporating metallic films on to dielectric surfaces. Multiple r
flections cause the screening effectiveness to vary with frequency and it i
maximum when the film is a quarter wavelength thick. The reason for tk
can be seen by studying (4.1). The wave impedance of the film is much le
than that of the surrounding space. This produces near short-circuit cof
ditions at the front surface of the film and near open-circuit conditions
the back. Equation (4.1) shows that there is a phase reversal at the ir
reflection but not at the second. Thus if the film is a quarter wavelengt

LIYyR 2w —1] .
Sm = 20 logyg [cosh vt + 3 [I + —YR—— sinh yt |, (4.31)

re y = J/(jwop), and

300 -

Se
dB \/
200 1 Su

'+ Plane wave
approximation

thick the reflections from the two surfaces are in phase and the total reflecti0 1001
is a maximum. 1
The theory of screening by a conducting sheet described above invol /t 4

102 10* 10° f(Hz)
Electric and magnetic screening effectiveness for an aluminium box as a
On of frequency.

a number of simplifying assumptions which need to be examined. The ir
of these is that the incident signal is a plane wave. This is only true if th
screen is at least several wavelengths from the source. Sometimes, especia
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2v sinh vd . Table 4.1
Se = 20 log,, | 280 1] (43 e
U Eol 1 f o SM SE
These expressions are a little involved. Useful approximations are: (mm) (dB) (dB
1. the magnetostatic case 10Hz 12 0 283
2( 1) i 100 Hz 38 0.06 263
_ we — e, 1kHz 1.2 3.6 243
Sm = 20 logio [1 * TR ] (4.3 10kHz 0.38 21.2 223
2. the low-frequency approximat.ions (r=< ) 100 kHz 0.12 56 204
RA\2 . 1MHz 0.038 97 205
Sut = 10 logig [1 % mz(l‘-ﬁg r) } 3 10 MHz 0.012 206 274
. 20t -
S = 20log,, [3&)80R:| ;and (4.3 _.;; le

3. the high-frequency approximations (¢ > 3) is the effect of replacing the aluminium enclosure of the previous

with one made of mumetal having the same dimensions?

R
SM = 20 logw |:3V2!_j1_6 eya]
o e 0d i3 : .
Se = 20 logo [m ) ] (4.8 (a special magnetic screening alloy) has a relative permeability

10° and a conductivity of 1.74 X 10°Sm™"'. The shell thickness
to the skin depth at 45Hz. This time it is possible to calculate
agnetic screening effectiveness under d.c. conditions using (4.33).
2 shows the results of the calculations.

To see what these formulae imply let us consider an example.

Example

Estimate the screening effectiveness of a rectangular aluminium box 0.2 mt Table 4.2

thick whose dimensions are 50 mm X 100 mm x 200 mm over the frequen¢ f 5 S <

M E

range 10Hz to 10 MHz. fonni) (dB (dB
0 - 65 -

Solution 10Hz 0.42 56 277

Field (1983) suggests that the screening effectiveness of a rectangular b 100 Hz 0.13 34 317

can be estimated by calculating it for a spherical shell having the sam 1kHz 0.042 72 315

volume. Thus R = 62 mm. The skin depth is equal to the shell thickness 10kHz 0.013 175 648

36 kHz so we can use (4.34) and (4.35) from 10 Hz to 10kHz and (4.36)
(4.37) from 100 kHz to 10 MHz. The results of these calculations are show
in Table 4.1. "

These figures suggest that the screening effectiveness of 125 dB calculate
using the plane-wave approximation is an over-estimate if the source €
interference is a magnetic source. It is evident that the figures in the tabl
follow the pattern shown in Fig. 4.4.

€ figures again show the same pattern as Fig. 4.4 but this time the
¢ screening is much better at low frequencies. The reduction in the
Cscreening effectiveness at low frequencies is because the impedance
at the surface of the mumetal is less than that at the surface of
Uminium.
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E, _ 27, cos 0,
E.  Z,cos 8, + Z, cos 6,

':-'-;,. (4.1) and (4.2) with Z, and Z, given by (4.3). The refraction of the
ves at the boundary must obey Snell’s Law (1.91) so

The values of screening effectiveness calculated in the preceding example
are so high that it appears that effective screening of electronic equipme I
should present no problems. The fact that very real problems do exist is
consequence of the other assumptions which have been made in the cg]
culations. These are:

(4.40)

1. the enclosure is not resonant at any frequency within the range of i sin 6,
terest; and

2. the enclosure is perfect with no hole in it of any kind.

: = k;d. (4.41)
sin 6,

any good conductor the skin depth is much less than the free-space
ength so the right-hand side of (4.41) is normally very small. It follows
at 8, is very close to zero so that the transmitted wave can be regarded as
velling normal to the boundary. Making this approximation and sub-
uting for Z, gives

Assumption 1 is equivalent to saying that the enclosure is small compare;
with the wavelength of the waves within it at all frequencies which matte;
This is not necessarily the case when the frequencies are in the gigahert
region (including any signal harmonics), or when the circuits are moun e
on high-permittivity substrates (e.g. alumina) or encapsulated in epos
resin. We shall return to this point when resonant cavities are discussed i
Chapter 6. .

Assumption 2 is almost impossible to satisfy in any real system. Since
circuit must do something it must exchange energy or information with th
outside world. This can only be achieved by making holes in the screen 1
allow wires or optical fibres to pass through. We shall see in the ne
chapter that the effect of such holes is a dramatic reduction in screenir
effectiveness. It follows that very great care is necessary in the design ar
construction of enclosures if they are not to be degraded in this way.

The final assumption which needs to be explored is that the enclosure
made wholly out of metal sheet. In many cases it is inconvenient to us
sheet and other possibilities exist such as conducting plastics and metal |
woven, braided or expanded mesh forms. It is to be expected that the
materials will be less effective as screens than sheet metal but they can st
provide useful screening. For a fuller discussion of the subject consult Fie
(1983) and Keiser (1979).

E._ (1+j)Rscos B, — Z,
E; (1 + j)R,cos 8, + Z;
= -1, (4.42)

e Z, is normally much greater than R.. The wave is, therefore, almost
letely reflected with a phase reversal just as in the case of a perfect
ductor. The transmitted wave amplitude is

E. _ 2(1 + j)R; cos 6,

E;, (1 + j)Rcos 6, + Z,
2 2(1 + ])RSc

VA

wing that the power absorbed decreases as the angle of incidence

S.

en the incident wave has its magnetic field parallel to the boundary

ave impedances are given by (1.94) and we obtain the following

ssions for the reflected and transmitted wave amplitudes with the
i€ assumptions as before:

0s 04, (4.43)

4.4 WAVES INCIDENT OBLIQUELY ON A CONDUCTING

SURFACE B O H IR = Zicoe 6 (4.44)
4 E " (1 + j)R, + Z, cos B,

So far we have only considered the case where a wave is incident normal .

on a conducting surface. We now turn to the general case. E _ 2(1 + j)R; (4.45)

The wave impedance for waves incident obliquely on a surface with

E; (1+j)R,+ Z, cos 0,
parallel to the surface is

-Most angles of incidence the wave impedance of medium 1 is much
I than that of the conductor and the wave is almost completely re-
d with a phase reversal as before. However, when there is grazing
ice the two terms on the top line of (4.44) are of comparable mag-
and an appreciable part of the incident power may be absorbed.
& condition for mimimum reflection is

Z = Z,/cos 0 (4.3
from (1.97). Thus

E, Z,cos 8, — Z, cos 0,
Ei  Z,cos0; + Z, cos 0,

(4.3
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Zycos B =R (4.46) e power absorbed per unit length of the outer conductor is
i : ,
and then ol ( ! ) R, 27h 4.51)
. : ' Ph 2 23‘[b 5 o, (
Ei "2+ (4.47) m (4.12) and (4.50). Similarly, the power absorbed per unit length by
. inner conductor is

and B 2047) W I.ill L

B 2+ . P, == (—) R, 2ma. (4.52)

§ 2 \2ma

Note carefully that it is never possible for all the power to be absorbed . ) .
because of the phase difference between the impedances of the two med : us the total loss per metre in the conductors is
When condition (4.46) is satisfied the incident and reflected waves are ng FR.(1 1 4.53)
longer in antiphase. To get a feel for the numbers involved consider th L= (; + 3), (4.

resistance of aluminium is 0.34 x 107°Q so the angle of incidence fo that the effective series resistance of the line is
minimum reflection would differ from 90° by only a few millionths of ; 1
degree. ' R=2"{2+3) (4.54)

r a low-loss line the attenuation constant « = R/2Z, (see Appendix A).
attenuation per metre is

L =20 I.Og-m [exp T (RI'ZZU)] (455)

w the conductivity of copper is 5.8 X 107Sm™! so the skin depth at
is 0.66 um and the surface resistance is 0.026 €/00. The loss 11n
e is found, by substituting these figures into (4.55), tobe 0.46dBm .
ss in real lines is about three times this figure because the skin depth
ch less than the surface roughness.
other possible source of loss in the line is dielectric loss. 1_‘he lo§s
nt of polythene at microwave frequencies is 0.0003. The dielectric
s per unit length is therefore from (1.52)

Pp = 20 log;o {exp — [z0)/(e'w)3]} (4.56)

1ere O is the loss tangent) and, substituting the numbers, we find that the
ric loss is 0.2dBm™".

vided that the losses are small it is justifiable to treat them separately
d add the results. They can be modelled by a series resistance in the
livalent circuit of the line.

4.5 LOSSES IN TRANSMISSION LINES AND WAVEGUIDES

The theory of the preceding section finds its application in the calculatios
of losses in transmission lines and waveguides. In a TEM transmission lin
the electric field is normal to the surface of the conductors and the magneti
field is tangential. The loss per unit area of the conductors is given by
(4.12).

Example

Find the attenuation per unit length at 10 GHz of a 50 Q semi-rigid coaxia
cable whose centre conductor is 1 mm in diameter. The conductors
copper and the dielectric is polythene.

Solution

The characteristic impedance of a coaxial cable is given by

a2 2.

where b and «a are the radii of the outer and inner conductors, respectivell
(see Carter, 1986, p. 120). The relative permittivity of polythene is 2.25 8
for a 50Q cable the inside diameter of the outer conductor must b
3.5mm. The amplitude of the magnetic field is given by
1 -

H= ; 4.50

2mr (

'he attenuation of signals by other waveguiding systems can, in principle,
culated in the same way. The non-uniform distribution of the currents
conductors may make this difficult in practice. For further informa-
n transmission line losses see Ramo er al. (1965) for waveguides and
rds (1981) for microstrip.

The theory of wave propagation on lossy transmission lines is beyond the




scope of this book. A useful treatment is given by Collin (1966). Fortunate|
it is usually possible either to neglect transmission-line losses or to
them as lumped at a single point on the line. It should be noted that th
characteristicimpedance of a lossy line is complex and frequency dependen

Z; Z

-
Isé'v:‘j
&
=
TR
l...!}\‘.'\}};n
.
=2
gL
Q
N

4.6 MICROWAVE ATTENUATORS ’ \ Lossy (b)

In the previous section we considered the effects of conductor and dielectr
losses on the propagation of waves on transmission lines. These losses a
generally small and can often be neglected. Sometimes, however, it
necessary to introduce much larger losses. Two common examples a
attenuators (used to adjust signal levels) and loads (used to provide matche
terminations). Microwave loads are discussed in the next section,

Consider first the realization of a fixed attenuator in a two-wire li
Superficially it would seem that all that is needed is to insert a lossy sectig
into one of the conductors. Figure 4.5(a) shows this arrangement in coaxi
line. The equivalent circuit of Fig. 4.5(b) shows the problem with tk
approach. The characteristic impedance of the lossy section is differe;
from the rest of the line so there are mismatches at both ends of it. Tl
reflections from these mismatches would beat with each other as the fr
quency changed, giving a variable transmission of power to the load. Tl
alternative possibility of putting a thin resistive disc across the line show
in Fig. 4.5(c) has the equivalent circuit Fig. 4.5(d). This also introduces
mismatch into the line. i

The solution is to use a combination of series and shunt elements |
shown in Fig. 4.6. Figure 4.6(a) shows a combination of a lossy centr
conductor and a lossy disc in a coaxial line. Figure 4.6(c) shows a stripl
attenuator having one series element and two shunt elements. The corn

Lossy
material (d)

’ 6 Attenuators having both series and shunt elements with their equivalent
. coaxial line (a) and (b), and microstrip (c) and (d).

.m g equivalent circuits are shown in Fig: 4.§(b) and (d). .Byha zutltagiz
ce of the component values both these circuits can be matched to

sion line. Provided that the physical sizes of_thc lossy elements are
less than one eighth of a wavelength at the highest frequency) th?
regarded as lumped components. ln_thgt case the mat.clll depe.lllj 15
the component values and not on their dimensions and it is possible
ke an attenuator which has a good match and constant attenua't.lo_n
very wide frequency band. Coaxial attenuators are commercially

© a4 |& lable with attenuation flat to within +1dB from d.c. to 1?1 (gHz._ .
interesting feature of the stripline design .shown in Elg. .6(c) is th
Is-gstsign .open-circuited quarter-wave sections of line to provide short-circuit
(@) (b)

tions for the shunt resistors. This technique obviously limits the
band over which the attenuator will work correctly: The_alter-
would be to connect shorting wires through hc:lcs drilled in the
rate; this technique requires skilled manu_al operations. ‘
here variable coaxial attenuators are required two approacl.les are in
on use. One method is to use a set of fixed attenuators with mech-
or PIN switches to select them. The other, the piston attenuator,
Vs the attenuation of a cut-off waveguide.

vaveguides a rather different approach is used to construct attenuators.
ire 4.7 shows two common arrangements. In both cases a resistive vane

(c) disc (d)

Fig. 4.5 Simple coaxial line attenuators and their equivalent circuits: series :
sistance (a) and (b), and shunt resistance (c) and (d).
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Fig. 4.7 Waveguide variable attenuators,

is arranged along the guide so that it is parallel to the electric field of th

TE mode. The vane is typically around three wavelengths long. It is

either of a resistive card or of an insulator such as glass with a thin resistj
film deposited on it. The section of guide with the vane in it is mismatchg
to the rest of the guide so the ends of the vane are tapered to provide

gradual transition. A match of around 1.05 VSWR can be achieved wit]

taper one wavelength long. Both the attenuators shown in Fig. 4.7 a

variable. In Fig. 4.7(a) the vane is moved across the
of weak electric field at the side of the guide to the r
its mid-plane. In Fig. 4.7(b) the vane is lowered thro
of the broad wall. Because the electrical length of the vanes varies
frequency the attenuation varies with frequency by a few decibels over

octave frequency band. The attenuation can be varied from zero to aroul

40dB. One interesting variant of Fig. 4.7(b) has a dielectric vane with
neoprene tube fastened along its curved edge. Water is passed through
tube as a microwave absorber so makin g a high-power attenuator. Anoth
type of high-power attenuator is described in Chapter 5. i

The attenuators described in the previous paragraph are useful for lev
setting especially over narrow frequency bands. They have the advan
of being simple and relatively cheap. They can be calibrated if nece:
but are not really suitable for use as attenuation standards for measuril
purposes. Figure 4.8 shows a rotary vane attenuator. This type has ve
little variation of attenuation with frequency and its attenuation can
calculated so making it suitable for use as a reference. The device is syT
metrical about its centre. The incoming rectangular waveguide A is c
nected via a transition B to a section of cylindrical waveguide C. B con
a fixed resistive vane arranged parallel to the broad wall of A. The purp
of this vane is to absorb any modes having horizontal electric field cOr
ponents so that the wave travelling from B into C is a pure TE,; mo:
polarized with its electric field vertical.

Section C contains a centrally placed attenuating vane and is capable
being rotated about its axis. The field of the incoming wave can be resolv

ugh a slot in the cent

MICROWAVE LOADS

EcosOsind

EsinB

Ecos B

4.8 Waveguide rotary vane attenuator.

guide from the regi
egion of strong fielc

I ponents E cos 6 normal to the plane of _the vane aqd E sin 6
to it. The vane is designed to provide very.hlgh attenuation for the
nent parallel to it. Thus the wave at the exit from C is polarized in
e normal to the vane and has an amplitude E cos 8. .

n D is a transition from cylindrical to rectangu]af waveguide con-
a fixed horizontal attenuating vane. The incoming wave can be
into a vertical component with amplitude E c‘os2 Banda horlzonta‘ll
ponent with amplitude E cos 0 sin 6. The honznntal component is
pletely absorbed by the vane. Thus the amplltudg of the wave trans-
to the output rectangular waveguide E is E cos™ 6. The attenuation
erefore

3 A = —40 logyo (cos 0). (4.57)
s ¢ epends only upon the angle of the vane in C so it is indepgndent of
ncy. These attenuators are usually calibrated to_bc read _dlrectly.

npared with the moving-vane attenuators described earlier rotary-
attenuators are bulky and expensive. They generally have excellent
es to the input and output guides because of the use of tapered ends

vanes and tapered rectangular to circular waveguide transitions.

AN

CROWAVE LOADS

ften important to have some means of providing a matcheFl tcrrmnatlon
‘4 transmission line or waveguide. This is especially true in microwave
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measuring systems where any reflected signal will produce an error in ¢
measurement.

One simple way of providing a matched termination is to use a
attenuator. For example if a 20 dB attenuator is used then the worst poss
case is for the signal transmitted through the attenuator to be totally
flected by either a short circuit or an open circuit. This reflected waye
attenuated by a further 20 dB on passing back through the attenuator, Ty
reflected signal is therefore 40 dB below the incident signal giving a volta
reflection coefficient of 0.01 and a VSWR of 1.02: 1. This may very w
be a better match than the match of the attenuator itself to the incomi
wave. An attenuator can be used to improve the match of some other de i
in .just the same way. It is then described as a ‘pad’. The disadvantages
using an attenuator as a matched load are that it is unnecessarily bulky a
may not be able to dissipate much power.

Matched loads for stripline circuits generally employ one or more lumpe

nt pads followed by a lumped resistor whose resistance is equal to the
istic impedance of the line.
.cond approach is based on the one described above. The end of the
ssion line or waveguide is filled with a tapered lossy section whose
d may completely fill the space. Possible materials include iron-
epoxy resin and carbon-loaded ceramic. Figures 4.9(a) and (b)
vical forms for use in coaxial line and waveguide. The principle
is to make the load material as lossy as possible and to rely on
al taper to ensure a satisfactory match. For high-precision measure-
s the load can be left free to slide inside the transmission line or
de. As it is moved backwards and forwards the phase of the res-
ismatch changes. In this way the mismatch of the load can be
ed from that of the device under test.
possible to make more compact loads by more sophisticated design
ues. One of these is the use of a series of quarter-wave steps in
of the taper as shown in the waveguide load of Fig. 4.9(c). It can be
that such an arrangement has a better match than a taper of the
ngth. It also has the advantage that the load itself no longer has a
gile, tip.
power loads are sometimes made by tapering the guide itself, coating
rior with a temperature-resistant material such as flame-sprayed
, and providing cooling fins on the outside. This arrangements is
in Fig. 4.9(d).
compact loads can be made using a sheet of resistive card matched
ave impedance of the incoming wave. This impedance appears in
with the impedance of the transmission line beyond it. By putting a
uit a quarter wavelength behind the card that impedance is close
open circuit over a range of frequencies. Figure 4.9(e) shows this
ment in coaxial line. A similar technique can be used to make
. waveguide loads.
- bent materials are manufactured which are designed to absorb
QI . ;
v ’ avesin free space. They generally take the form of arrays of pyramids
1present a gradual transition from the impedance of free space to that
1€ absorber. These materials are used for lining the anechoic (‘echo-
chambers employed for testing antennas and for electromagnetic
atibility measurements (Keiser, 1979).

%

Fins Lossy
\ / (d) coating

CONCLUSION

S chapter we have examined the effects on electromagnetic waves
conducting boundaries which cause some loss. We have seen that
illic boundaries are usually very badly mismatched to the wave im-
NCe of the incoming wave so that there is almost total reflection.

‘Wave impedance of the conductor is complex implying loss in a wave
L

Lossy ~ A

disc

(e)

Fig. 4.9 Microwave loads: (a) coaxial line (b) wavegui
_ ! . guide, (c) compact wavguid
(d) high-power waveguide and (e) compact coaxial line loads. -



techniques for deliberately introducing loss in the form of attenuators ar
matched loads were described.

EXERCISES

4.1 Calculate the skin depth and surface resistance for brass (o = 1.1
10’Sm™") and gold (0 = 4.1 x 10’Sm" ) at frequencies of 200 MH:
2GHz and 20 GHz.

4.2 It is proposed to make a room secure against electronic ‘bugging’ ;
frequency of 100MHz by coating the windows with a film of coppe
(0 =57 x10"Sm™") 10 um thick. If the window glass is 4 mm thig]
and has a relative permittivity of 4.0 estimate the change in the tran
mission loss produced by the copper film. :

4.3 Estimate the electric and magnetic screening effectiveness of box whos
dimensions are 20mm X 50 mm X 200 mm which is made of brass (o 2
1.1 X 10’Sm™!) 0.5mm thick over the frequency range 10Hz t
100 MHz.

4.4 Estimate the loss per unit length in a section of WG16 wave guide madi
of copper (o = 5.7 x 10’Sm™) at a frequency of 10 GHz.



