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Coupling between
wave-guiding systems

NTRODUCTION

ive already seen that transmission lines and waveguides can support a
modes of propagation. Many important microwave devices in-
transitions between regions with different propagation charac-
- In this chapter we shall examine the basic principles underlying
between these different regions and show how they are related to
ory and design of microwave components. We shall see that the
can often be thought of in terms of either the electric field or the
field. For convenience all kinds of waveguiding structures will be
0 as waveguides. Such a huge variety of examples of coupling
t it will be necessary to study only a representative sample and
te on the fundamental principles in operation. The various devices
y represented by equivalent circuits and these are the basis of
alculations. Many of the equivalent circuits have been derived
y and throw no light on the basic physical principles at work. For
n a detailed discussion is not given here and the reader is referred
:books by Marcuvitz (1986), and Edwards (1981) for further details.

ISCONTINUITIES

Ings between waveguides involve some kind of discontinuity in
guiding structure. It is therefore useful to begin by establishing
= effects of these discontinuities are.

£ 6.1(a) shows a diaphragm which partially obstructs the width of
de. At the plane of the diaphragm the fields must satisfy the
conditions given in Section 1.9. The field distribution at the
the diaphragm is a compressed TE,, mode as shown in Fig. 6.1(b)
= 0 outside the gap. The field in the waveguide adjacent to the
*48M must match that at the diaphragm in every respect. The field of
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ncident TEg; wave shown in Fig. 6.1(c) plainly does not obey this
rement. In order to match the boundary conditions correctly we
I that an infinite set of higher-order modes can exist in the guide. The
idary conditions can thus be satisfied by a superposition of all these
.g with appropriate amplitudes. Figure 6.1(c) shows the TE(; mode in
saveguide. Clearly the addition of the field of this mode to that of the
- mode produces a field distribution which is more nearly the same as
B. In this case the amplitude of the TEg, would be zero because of
ymmetry of the problem.

ave, therefore, established the basic principle that any discontinuity
veguide results in the transfer of energy to higher-order modes.
 the working frequency bands of waveguides are normally chosen so
‘the higher-order modes are cut off. The power coupled into them,
fore, does not propagate but is stored in evanescent waves close to the
ntinuity. For many purposes the effect of the discontinuity can be
ted as a lumped reactance at its plane. In the case of the diaphragm
in Fig. 6.1(a) the effect of the discontinuity is to alter the paths of
uction currents in the walls of the waveguide. Figure 6.1(e) shows
the effect of the diaphragm in altering the current paths can be rep-
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Fig. 6.1 An inductive waveguide iris: (a) general arrangement, (b) the field’
the iris, (c) superposition of the waveguide TE;; mode and higher-order mot
satisfy the boundary conditions, (d) equivalent circuit, and (e) showing ho
current in the plane of the iris can be represented by the superposition of ind!
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current loops on the current flow in the walls of the waveguide.

ited as the superposition of a pair of current loops on the current flow
e unmodified waveguide. The diaphragm therefore introduces a shunt
tance and the discontinuity can be represented by the equivalent
it shown in Fig. 6.1(d).

the diaphragm changed the height of the guide, instead of its width, as
m in Fig. 6.2(a) a different set of higher-order modes would be excited.
ain these would normally be cut off. The discontinuity affects the
field distribution so the shunt reactance is capacitive. An alternative
of introducing a shunt capacitance is to put a screw in the broad wall of
waveguide as shown in Fig. 6.2(b). This arrangement is useful for
hing purposes because the capacitance is easily adjusted. An important
dial case arises when the diaphragm constricts both the height and the
i of the guide as shown in Fig. 6.2(c). This arrangement presents a
lel combination of inductance and capacitance to the incident wave.
€quivalent circuit is shown in Fig. 6.2(d). The arrangement is known
 iris and its resonant properties make it an important component in
din types of waveguide filter.

‘Comprehensive discussion of discontinuities in microstrip is given by
ards (1981). Two are considered here to illustrate other ways in which
tinuities can be represented by equivalent circuits. We have already
dthat it is easier to make open circuits than short circuits in microstrip.
S Matching stubs are normally open circuited at their free ends. The
Hation of the lengths of such stubs is an important part of circuit
0. Figure 6.3(a) shows the electric field in the region of an open circuit
lination. It is clear that the field does not stop abruptly at the end of the
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Fig. 6.2 Waveguide obstacles: (a) capacitative iris, (b) capacitative tuning St

(c) resonant ins, and (d) equivalent circuit for the resonant iris.
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6.3 Microstrip open circuit: (a) electric fringing field, (b) equivalent capaci-
, and (c) equivalent transmission line.

but fringes into the region beyond. This fringing field can be allowed
y a capacitor as shown in Fig. 6.3(b). The capacitance can be calculated
ly enough from a static field solution. Edwards quotes a formula

‘alternative way of looking at this effect is to consider that a short
th of open-circuited transmission line will look like a capacitance. Thus
ringing can be represented by an additional length I, of the same
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4 (a) Step change in the width of a microstrip line, and (b) an equivalent
it for the step.
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transmission line as shown in Fig. 6.3(c). In design calculations, theref

the line should be shorter than the theoretical length by I..
As a final example consider the step change in the width of a mi

line shown in Fig. 6.4(a). It has been suggested that the effects ‘z_:
discontinuity can be represented by the equivalent circuit of Fig. 6,
Here there is no clear physical link between the form of the equivg

circuit and the field patterns occurring at the junction.

The three examples given illustrate between them the various approa
which are used to produce equivalent circuits for microwave compon
The first two are based upon a physical understanding of what is hap e
at the discontinuity. The last is a network whose elements are adju

empirically to give useful results.

6.3 BROADBAND MATCHING TECHNIQUES

Mismatches in transmission lines can readily be matched at spot frequer
by arranging other mismatches to provide a reflected wave equal
opposite to the one to be eliminated. The matching elements take the.
of shunt stubs in coaxial line and microstrip and inductive or capacitivej

in waveguide. A full description of the use of the Smith chart to
matching networks of this kind can be found in Dunlop and Smith (
For many purposes this kind of narrow-band matching is not sa

and some way of producing a broad-band match is needed. To show h
can be achieved consider Fig. 6.5 which shows a transmission line w
matched termination which has four equally spaced reflecting objects

reflection coefficients o, and , as shown. The electrical length of thy
between the objects is ¢. We will assume that the reflection coeffici
small so that the amplitude of the incident wave is hardly affected

reflections. Now suppose that D is the obstacle to be matched and A, B
C are the matching elements. The apparent reflection coefficient at £

=206 % cos 3¢ + 20,6 I cos .
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Fig. 6.5 Arrangement of four regularly spaced discontinuities on a transmis
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ractical terms it is usually the magnitude of the reflection which is
qificant, that is

lo] = |80y cos® ¢ + 2(p2 — 301) cos 9| (6.2)
cos 3¢ = 4 cos’ ¢ — 3 cos .

r tion (6.2) may be written

lof = [8e1x® + 2(02 — 3e1)x], (6.3)

ere, for convenience, we have written x = cos ¢. Now ¢ is a function of
quency and, therefore, so is x. Equation (6.3) describes the vari;.ltion qf
, reflection coefficient with frequency. Clearly the shape of this cubic
rve can be changed by making different choices of @,.

. possibility is to make @, = 3@;. The result is

lo| = [80:x (6.4)

as the continuous curve in Fig. 6.6. A polynomial for which oqu the
ient of the highest power of x is non-zero is known as a maximally

polynomial. It has the property that the highest possible number of

atives of the function are zero at the origin and that the curve is

refore as flat as possible close to the origin. The match having this
quency dependence is called a maximally flat or Butterworth response.
s the best possible match over a narrow band using a given number of

ing elements.

a a given maximum reflection coefficient o, the bandwidth is the

ce between the two points on the curve at which o = g, so that, from
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3 6.6 Third-order Butterworth (maximally flat) and Tchebychev (equal-ripple)

ion characteristics.
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This demonstrates that, as one would expect, it is possible to achie
greater bandwidth by accepting a poorer match.
For broad-band matching it is better to sacrifice some of the excelle
of the match close to the origin in order to gain greater bandwidth,-
broken curve in Fig. 6.6 shows such a possibility. There are, of course
infinite number of possible polynomials but of special interest
Tchebychev polynomials. The first six polynominals are listed in Ta

mparing (6.9) with (6.5) we see that the bandwidth of the Tchebychev
' is wider than that of the Butterworth match by a factor of 2% = 1.59

To complete the design of the Tchebychev matching network we equate
::coefﬁcients of x in (6.3) and (6.6) to give

2(e2 — 301) = —3@m/¥m (6.10)

Table 6.1: Tchebychev polynomials 02 = 301 — 30m/2x . (6.11)

e T, (x) nce 01, Om and X,, are all known o, can be calculated.

0 1 _

1

5 ;xZ 1 X3 ple

3 4 — 3x gn third-order Butterworth and Tchebychev matching networks to

‘51 _8x4 & 8x? t1 a matched reflection coefficient of 0.001 for an obstacle which has a
1667 — 205" + ¥ ction coefficient of 0.01.

These. polynomials have the property that over the range —1 < x < 1 olution

magnitude is always less than or equal to 1. Of all possible polynomi a Butterworth match the value of g, is 0.03 and the bandwidth is 0.47

given order and specified in-band ripple the Tchebychev polynomial om (6.5).

the broac_lest bandwidth. ‘ i ‘For a Tchebychev match x,, = 0.368, the bandwidth is 0.74 from (6.9)
To design a broad-band match using Tchebychev polynomials we in nd the value of o, is 0.0259 from (6.11).

duce the scaling factors g, and x,,. The third-order polynomial can | —

be written
3
&)+ )
Om Xm o

The response curve has an in-band ripple equal to o, and the band et
are at x = tx,, as shown in Fig. 6.6. :
Equating coefficients of x* in (6.3) and (6.6) we obtain

It must be remembered that the theory developed above assumes that all
e reflection coefficients are small. It can illustrate the principles of broad-
and matching but cannot be applied to the problem of designing matching
etworks for large mismatches. However methods have been developed
r designing both Butterworth and Tchebychev matching networks for
irge mismatches. (Matthaei et al., 1964)

4 COUPLING WITHOUT CHANGE OF MODE

ficrowave circuits involve bends and junctions in the waveguides which
Ntroduce discontinuities into the system. Some of these junctions do not
volve any change in the mode of propagation. These are discussed here
ind those in which a change of mode is involved are discussed in the next
ction.

- One of the simplest waveguide components is the bend. Provided that
he bend is gradual the mismatch is slight and no problems arise. This is
rmally the case with coaxial lines. Sometimes, however, it is necessary to
nge a change of direction in rather a small space and the design of the
Yend then becomes important.

4@111""'7(?'11 = SQI
so that
Xm = 0m/20;.

Nov‘:r 0, is the reflection coefficient of the termination to be matche d
Om is the maximum acceptable in-band match. Therefore, from (6
the bandwidth which can be achieved in this way using three matel

elements is
1 1
3 2 3
Br = 2%y = 2(—9‘“)3 = 23(9—'“)1’.
20, 01
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Fig. 6.7 Waveguide bends: (a) radiussed bend, (b) mitred bend, (c) cham 'r.‘_
bend, and (d) double mitred bend.

Waveguide bends are often made in the form of circular arcs as shown
Fig. 6.7(a). The direction of the bend can be either in the E plane or the
plane. Southworth (see Harvey, 1963) has shown that the minimum ra
for a satisfactory match is 1.5 times the width of the guide in the pla
the bend. Thus for the bend shown in Fig. 6.7(a) the minimum value o
L.5b. Very accurate manufacturing is necessary to avoid reflections al
tight bends are usually electro-formed. More gentle bends can be made |
bending a straight waveguide using special equipment. ]

Radiussed waveguide bends are expensive so it is sometimes better
use fabricated mitred bends instead. Figure 6.7(b) shows a simple rigl
angle bend. Clearly the field patterns within the bend do not match
in the connecting waveguides so an appreciable reactive mismatch
expected. An improvement (Fig. 6.7(c)) would be to chamfer the ou
of the bend to make the effective height of the waveguide the same as th
of the connecting guides. Better still if space allows is to use a doub
mitred bend as shown in Fig. 6.7d. If the separation L between the
joints is made equal to an odd number of half wavelengths then the
matches caused by the junctions cancel each other out at one freque

hniques are used in microstrip.

6.8 Transmission line tee junctions: (a) simple tee, and (b) a matched tee.

d produce near cancellation over a useful band of frequencies. Similar

Atlow frequencies we are accustomed to join three or more wires to geth;r
point without thinking about the details of what we are domgil t
icrowave frequencies more care is needed. Figure fi.t_%(a_) shows t Fee
ansmission lines meeting at a point. If the characteristic impedances of
lines are as shown, A is the input port, and B apd C are matched then
e impedance presented at P is Z, in parallel with 23: Very often the
ipedances of the three lines will be the same and there is then clearly an
iable mismatch at P. One solution to the prob]efn is to incorporate a
1atching network of some kind between A and P. This approach letswes }3
C incorrectly matched. If it is essential that all Fhe ports are mdtche
len the solution is to add series resistors as shown in Fig. 6.8(b). A little
ou ght shows that this arrangement is correctly matche.d at all the ports
t at the expense of dissipating half the input power w1_thm the device.
he networks shown in Fig. 6.8 are idealized, in practice we must take
ount of the discontinuity in the lines at the junction. Fi‘gure' 6.9(a) shov_vs
imicrostrip T junction. By analogy with th@ step cl?ange in width shov.;ln in
Ig. 6.4(a) we expect that the equivalent circuit will need to have a shunt
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Fig. 6.9 Microstrip tee junction: (a) arrangement of the junction, and (b) equ
alent circuit,

capacitance at the junction and series inductances in the three arms. T
result is shown in Fig. 6.9(b). One important matter is the definition
planes on the microstrip which are represented by the terminals of |
equivalent circuit. For the main line it is natural to select the plane
symmetry (p,) whilst for the side arm a plane such as p, might be u:
turns out that at frequencies above about 1 GHz it is necessary to
transformer in the side arm whose turns ratio is a function of frequene
Similar equivalent circuits apply to other types of waveguide.

As a final example of this kind of coupling consider the four-port wa
guide junction shown in Fig. 6.10(a). This arrangement combines an E-
tee with an H-plane tee and is known as a hybrid tee or, sometim
magic tee. It has the property that any power fed in at port 1 is di
equally between ports 2 and 3, and any power fed in at port 4 is similal
divided. There is a very high isolation between ports 1 and 4. The r
why it works in this fashion can be understood from sketches of the
for the two possible excitations. Figure 6.10(b) shows the field pat
when port 1 is the input. The signals emerge from ports 2 and 3 in
with each other. The electric field at the entrance to the fourth @
attempting to set up a TM;, wave, but this is cut off so the result iS

NN ERZAR,)

. (b) (c)

i i ‘magi ) ¢ t of the
ide hybrid tee junction (‘magic tee’): (a) arrangemen
;)1110 (\:)aZlecgc?t:'ic ﬁe}{ds when the input is at port 1, and (c) electric fields when

Ie input is at port 4.

active loading of the junction. In the same way Fi_g. 6.10(c) sh_ow; the
ld patterns when port 4 is the input. This time the_ signals emerging from
orts 2 and 3 are in antiphase and the wave excited m.the remaining arrif: 1;
e cut-off TE,, mode. The reactive elements of the junction are matc ea
Y a capacitive boss at its centre. It is difficult to match this device over

ide band.

.5 COUPLING WITH CHANGE OF MODE

1 the previous section we considered examples of coupling b_et_wecn wave-
Uides which were propagating the same mode. Very often it is necessary
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g i i : ide junction: (a)

6.12 TE,, rectangular waveguide to TMy, circular waveguidc : '
: gcments.l Uof the ﬁgdds in the waveguides, and (b) a cross-sectional view of a
Jor-knob’ transition showing the field patterns.

Fig. 6.11 Junction between coaxial line and microstrip.

to couple power from one mode to another. Examples of this are transiti
from coaxial line to waveguide and to microstrip and from one wavegu
mode to another.

The most straightforward of these is the coupling from coaxial line
microstrip. This is of great practical importance because most low-
microwave circuits are realized in microstrip whilst the external conne
between them are normally made using coaxial lines. Figure 6.11
a junction between these two types of line. The standard figure f
characteristic impedance of coaxial line is 50 Q and there is no problemn
designing a microstrip line having the same impedance. But, though tha
a necessary condition for a match, it is not sufficient. The reason for thi
clear from Fig. 6.11 which shows the difference in the electric field pa
of the two modes. It is therefore necessary to provide some matchi
elements to compensate for the reactance of the junction. '

In many other cases there is a very poor match between the field pa
of the two modes which are to be coupled. When that is so the appro
to try to find some way of matching the field patterns as nearly as pos
In that way a high proportion of the power is coupled into the d
mode and relatively little into other modes. An example of this is |
transition from the TE,, rectangular waveguide mode to the TMy, circu
waveguide mode required to make the rotating waveguide joints u
feed power to radar antennas. Figure 6.12(a) shows the field patterns in
two guides. It is immediately evident that the magnetic field patterns
similar if the guides are arranged at right angles to each other as sho
The electric fields are not so well matched because the removal of p
the broad wall of the rectangular guide means that the field lines have to|

dically redistributed. The solution is to put a bos_s _(A) at the centre of the
ansition as shown in Fig. 6.12(b). Additional irises may be needed to
h the transition completely over a band of frequencies. This transition
 known as a ‘door-knob’ transition. . P
‘As a final example we will consider the problems of making a goo
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Fig. 6.13 Coaxial line to waveguide transitions: (a) door-knob transition, (b) ridg
waveguide transition, and (c) probe transition. '

(c)
g. 6.14 Equivalent circuits for the coaxial line to waveguide transitions shown

broad-band match from coaxial line to waveguide. Standard coaxial lir
has a characteristic impedance of 50 Q. The characteristic impedance ¢
rectangular waveguide is given by (2.51). Standard waveguides have ai
aspect ratio (a/b) of about 2: 1 and are used over a range of hg/hg of ab '.:i
1.7 to 1.2. The impedance to be matched therefore ranges from 630Q
440 Q, roughly ten times that of the coaxial line, and devices for this purpos
are therefore often called ‘coaxial-to-waveguide transformers’. ]

Consideration of the field patterns in the two guides suggests that a door
knob transition similar to that shown in Fig. 6.12(b) might be used. Th
field patterns arising are shown in Fig. 6.13(a). A quarter-wave length @
waveguide behind the transition is used to make the shunt impedance 0
the end of the waveguide an open circuit at the transition. It can be seel
that the field patterns are not very well matched.

One of the difficulties of the door-knob transition is that it has to copé
with the change from a low-voltage, high-current, wave in the coaxial 1€
to a high-voltage, low-current, wave in the waveguide. The existence of 2
direct current path makes this difficult. Two solutions to this proble
suggest themselves: one is to make use of a lower impedance waveguide,
the other is to avoid a direct current path.

To reduce the waveguide impedance we must reduce its height (se€
(2.51)). But the reduction to something like one tenth of the height of

tandard waveguide presents new problems for the transformation between
e two. A better solution is to use ridge waveguide which can have an
npedance of 50 Q without needing such narrow gaps. Figure 6.13(b) shows
nsition using a ridge waveguide with a stepped impedance_ transformer
tandard waveguide and, once again, a quarter-wave section of short-
rcuited line behind it. ’ _
' The third approach is to couple into the waveguide using displaccrr?er_lt
urrent rather than conduction current. Figure 6.13(c) shows how this is
chieved. The free end of the centre conductor is, in effect, an antenna
fadiating into the waveguide. The use of an expanded end to it prOVidf?S _for
necessary impedance transformation. It also has the effect of pr(_mdmg
0od match between the field patterns as can be seen from Fig. 6.1_3((:)_.
hese two statements are really just saying the same thing, one in circuit
lerms and the other in field terms.

The three transitions described above can be represented by the equ?-
Valent circuits shown in Figs. 6.14(a), (b) and (c), respectively. The first is
atisfactory and is seldom used. The second works well but is bulky. The
d can be made to have a good broadband match and has the a_dvantage
eing very compact. Many other kinds of transition have been invented,
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some of which are in common use. The three described here have pe
included to illustrate the principles involved in making a mode transitiog

this kind. Further details can be found in Harve 1963) and M = E
(1986). ?(1563) ™y a _I =
2 82.. 82“

6.6 COUPLING BY APERTURES

So far we have discussed cases where it is desired to transfer all the po
flowing in one waveguide ‘into another so that the guides are st
coupled; sometimes this is not required. Consider, for example, the
a‘tion shown in Fig. 6.15. Two rectangular waveguides are placed side
side with a small hole in their common wall. It is reasonable to suppose
some of the power flowing in waveguide 1 will pass through the hole g
excite waves in waveguide 2 as shown. Such a device has possible uses z
way of sampling the signal in waveguide 1. It is interesting, therefore,
consider the theory of coupling by small holes. ;
The current flowing in the wall of the waveguide is diverted by |
presence of the hole as shown in Fig. 6.16. Provided that the hole is sm

7 The waves radiated into two waveguides by a magnetic dipole in their
mon wall.

that the current patterns away from the hole are undisturbed and the
e itself is small compared with the free-space wavelength, we can think
ts effect as the superposition of a small current loop on the undisturbed
rent flow. This current loop generates an alternating magnetic field and
icts as a magnetic dipole antenna which radiates power into both wave-
. The radiated power excites four waves as shown in Fig. 6.17 besides
g cut-off higher-order modes. S, must be roughly in antiphase with
because the hole is extracting some power from the incident wave. The
kward wave 5,_ shows that the presence of the hole introduces a mis-
tch into guide 1. The signals S, and S,_ provide samples of S, which
be fed to a detector or power meter. The whole system is linear so the
led power is proportional to the incident power.

n the two guides have the broad wall as their common boundary the
on is a little more complicated. This is because there are now two
mponents of the tangential magnetic field and one of the normal electric
d. An argument similar to the one in the previous paragraph can be
d. Figure 6.18(a) shows how the fringing of the normal electric field
a small hole can be represented by the superposition of a small
ctric dipole on the unperturbed field. Similarly, Fig. 6.18(b) shows the
resentation of the fringing of magnetic field lines through a small hole
‘a small magnetic dipole. The latter is an alternative way of looking at

=T el

Fig. 6.15 Coupling between waveguides by a small hole in a common wall.
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: 6.18 Representation of the fringing electric and magnetic fields around a
*¢ In a conducting wall by the superposition of a dipole field on a uniform field:
) Electric fringing field, and (b) magnetic fringing field.

Fig. 6.16 Representation of the current flow around a hole in a waveguide wall
the superposition of the field of a magnetic dipole on a uniform field.
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the situation shown in Fig. 6.16. A little thought shows that the forw
and backward waves radiated into a guide by an electric dipole are in p|
with each other whilst those due to a magnetic dipole are in antip

The dipole moments are evidently proportional to the excitation ,
may be expected to depend upon the size and shape of the hole, -
dependence of the dipole moment on the size of the hole is expressed ag
polarizability, so that ]

» width of the hole is W. Figure 6.19(b) shows the equivalent circuit for
is problem. The hole normally has a width much ]css. than the fret?-spacfe
avelength so it behaves as a strongly cut-off waveguide and_the signal is
savily attenuated as it passes through. The impedance m1sma_tc_h'es at
“and B are large giving rise to strong reflections and the possibility of
iple reflections if the attenuation of the hole is not very great. Thus the
ning effectiveness of the sheet with the hole in it can be described by

] e equation
p=r¢g0lE] and = HoOtm [ H; |, &

; ; : ] S=A,+R,+ B, (6.14)
where p and j are the electric and magnetic dipole moments, o, and ¢

the electric and magnetic polarizabilities and |E;| and |H;| are the exciy

here A, is the attenuation of the signal as it passes through the aperture,
fields. For a circular hole of radius r the polarizabilities are given

s the reflection of the signal at the transition from the aperture to free
e, and B, is a term to account for multiple reflections. _
The propagation constant in a rectangular waveguide is given b‘y (2.64)
nd, for the lowest TE mode k. = n/W. Now, if kg < k., k; = jk.. The
gnal therefore propagates through the aperture as

E = Ey exp — (mz/W), (6.15)

a =%" and q, = 3
The mathematical theory of coupling by small holes is rather comp
so it will not be reproduced here. Details can be found in Collin (1966)
practice the design of devices which use coupling holes generally proce
of the basis of measured parameters (see Harvey, 1963).

6.7 EFFECT OF HOLES IN SCREENS ON SCREENING

A, = —20 logy, [exp — (wd/W)]
EFFECTIVENESS

27.3(d/W) dB. (6.16)

i

In Chapter 4 we saw that a conducting enclosure can be a very effect

: o ; e wave impedance of the wave in the aperture is
screen against electromagnetic interference provided that there are no ho

in it. We are now in a position to consider how the presence of holes mig 7 E _ M 7z
affect the screening effectiveness of an enclosure. i “uy M y o
Figure 6.19(a) shows a plane TEM wave incident normally on a c@ 2iW
ducting sheet with a square hole in it. The thickness of the sheet is d a = _Tzﬂ (6.17)

fom (2.45) and (2.46). This impedance is typically much less than tl.le wave
mpedance of free space so there is a substantial mismatch. Assuming that
he mismatch of impedances dominates so that the effects of higher-order
modes can be neglected we have, from (1.85)

AN

3
E E, Ep o——o———C—JN. :
- W Z :I z, | & E  Zy+ Z, ho
E | !
7 o o & — 80 that
/ | | R, = —20 log,o (2W/k). (6.19)
A B

(0) Lo find the effects of multiple reflections consider Fig. 6.20. If the amplitude

Of the wave entering the hole at A is Ey then in the absence of multiple
ICllections the amplitude of the wave arriving at B is

E; = Eje™. (6.20)

d
(a) -

Fig. 6.19 Transmission of waves through a small hole in a conducting wall:
general arrangement, and (b) transmission-line equivalent circuit.
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d Table 6.2
E, E. f A(dB) R(dB) B(dB) S(dB)
oE, e d 10Hz 1.1 190 -13 178
e 100 Hz 1.1 170 -13 158
A B 1kHz 1d 150 -13 138
. - 10kHz 1.1 130 -13 118
Fig. 6.20 Multiple reflection of waves within an aperture in a conducting sheet, 100 kHz 1.1 110 =13 08
) 1MHz 1.1 90 —13 78
10 MHz 1.1 70 —13 58

Now the voltage-reflection coefficients at A and B for waves travellj
within the hole are both ;

sty

So far we have only considered the case of a single square hole. If the
3 ole had been some other shape the same general principles would apply
ut the figures would have been slightly different. When there are several

from (1.84). So, if the wave is multiply reflected at A and B, we must ha ut
: oles it is necessary to include corrections for the proportion of the surface

E. =E — o i 'ZE — 2o 5 . s

* g 054e (6 ea occupied by the holes and for the coupling between them. In the limit

= .= Epe ™ ‘a wire mesh an additional correction is needed to take account of the
(1 = gleT 2y ( effects in the wires. For further discussion of this subject see Keiser

; : 7 979).
The bottom line of this expression represents the effects of multiple 1 ‘ )

flections so
8 WAVEGUIDE DIRECTIONAL COUPLERS

B, =20 log, (1 — g%,
. ! e have seen in Section 6.6 that it is possible to couple power from one
Now. Zo> 23 so:g-=1iand (0:24) can be wiitten ! aveguide to another through small holes in a common wall. By a suitable
B, = 20 log;o (1 — 107419), oice of the positions of those holes it is possible to make the coupling
B ; ; : . irectional. Figure 6.21 shows schematically such an arrangement. In ideal
To see the implications of this theory in a practical case let us consider

% ; S T supler if a signal P; were injected at port 1 signals P, and P would appear
cffect‘ of ‘making S all ho_le in the aluminium screen whose S ports 2 and 3 with nothing at port 4. Then the coupling of the coupler is
effectiveness was estimated in Chapter 4. F

efined as

P
Example C = 10 log,o (—1) (6.26)

P,

Estimate the leakage of signals through a square hole 5mm X 5mm i

aluminium sheet 0.2 mm thick over the frequency range 10 Hz to 10 Qe symmetty ofithe deyice Hisiecuphing would De the/sanic iihe

)Wer were injected at any other port with a cyclical permutation of the
It numbers.
Solution

Substituting these figures into (6.16), (6.19) and (6.24) we get the figures
Table 6.2.

Comparison of these figures with those computed in the last chap
shows that even a small hole can produce a dramatic reduction i
screening effectiveness of an enclosure. As might be expected the ¢
gredation gets worse as the frequency increases. '

1 2

. 6.21 Schematic diagram of a directional coupler.
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In practice no directional coupler is perfect and some of the incid
power at port 1 is coupled to port 4. The closeness of the coupler ¢ :

ideal is measured by its directivity defined by

D =10 log (%)
3

Notfjce carefullly that the directivity is the ratio of the forward and j
ward powers in the second guide and not the ratio of the backward .a:i'

in the second guide to the incident power in the first guide

t A device of this kind has many uses in microwave systems. It can be y
0 measure _thc forward and backward powers in the primary guide ¥
very little disturbance to the quantities being measured provided

coupling is weak enough.

To illustrate the way in which it is possi irecti up
cqnside?r the two-hole side-wall couﬁler 5?1[(;3\:?1 ﬁallf??ga g];;afntalh .
trical distance between the two holes be ¢ and let each-ra(.:liaie f:nn:r
back\yard_ waves with amplitudes E for an incident wave amplitud aE'
Couplmg is magnetic and we recall that the forward and b:?ckwaed
radiated from each hole are in antiphase. Taking the plane A as tlil
ence plane the amplitude of the forward wave in the secondary gu‘:;

E; = E + (Ec™®)el®
whilst the backward wave is

E, = —E — (Ee71?)e 1%,

$Ee fl:)rward-wave components add for all values of the electrical .;I':
; ethackward wave components cancel each other out if the clectl
ength between the holes is a quarter wavelength. This Conditionf

exists at certain frequencies. In between, the backward power will b

zero and could be equal to the forward power. Note that if the cou

Fig. 6.22 Simple waveguide directional coupler.
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metrical the backward wave will not quite be zero because the amplitude
t the signal at B is less than that at A as a result of the transfer of some
wer at A from the first guide to the second. The bandwidth of the
supler can be increased by adding more holes to give either a Butterworth
.2 Tchebychev response (Levy, 1959). The coupling could equally well
ve been made through holes in a common broad wall though then the
ation would have been complicated by the combination of electric and
netic coupling.

ulti-hole directional couplers are commonly used where good directivity
d a flat frequency resonse are required. The coupling is usually in the
nge 10dB to 30dB and a good instrumentation coupler has a directivity
ceeding 40 dB throughout its band of operation.

Multi-hole directional couplers can be obtained with either three ports
- four. The only difference is that in a three-port design the fourth port
s been terminated by a built-in waveguide load. This can give a better
atch than if a separate external load were used. The reason why this is
jportant can be seen from Fig. 6.21. Suppose that port 1 is connected to
e signal generator whilst port 2 is connected to a load with a small
fection coefficient. Port 3 is terminated by a load and the power at port 4
d to measure the reflection coefficient of the load in the main guide.
e actual signal detected at port 4 will be made up of three components:
it the backward power coupled from the main guide, second the sample
the forward power coupled to port 4 because of the finite directivity of
e coupler, and third the reflection of the forward-coupled power by the
perfect load at port 3.

an ple
directional coupler has a coupling of 20dB, directivity of 40dB and an

nal load whose return loss is 40 dB. Find the possible range of error if
used to measure the return loss of a load whose actual return loss is

Nution

the signal supplied by the signal generator is 1 mW (power levels are
l?times expressed in decibels referred to 1 milliwatt, written ‘dBm’, so
is is 0dBm) then the three components of the signal detected are:

4 = —50dBm (10nW);

4 = —60dBm (1nW); and
—60dBm (1 nW).

ower at port 2 coupled to port
Power at port 1 coupled to port
power at port 1 coupled to port 3 and reflected =

le power levels of the two smaller signals are each 1/10 of that of the
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signal to be measured so their fields are smaller by a factor of 1/y10. B 7 D
total signal level detected is 4 s 3dB 3dB 3
- ¢
E=Ey+—E : >< >< ¥
- 0= VIO 0» - / g
Pln A C Pout

where the two signs represent the cases where the smaller waves
phase or in antiphase with the signal to be measured. Thus the maxiy
and minimum signal levels are

1.632E, and  0.368E,,
giving limits of +4.25dB and —8.68 dB.

.,zd Construction of a high-power attenuator using 3dB couplers, a phase
ter and a high-power load.

se shifter are lossless devices so the remaining power must end up in the
d D. If D is a high-power load then this circuit can be used as a high-
ver attenuator.

Many other different configurations of coupler have been designed, ¢
which is particularly useful because of its compactness is the cross
coupler shown in Fig. 6.23. The use of offset holes in a common bro
means that each hole must be represented by one electric dipole and
magnetic dipoles. Because of the different phase relationships for tk
dipoles it is possible to make each hole have directional propert; ies
with the coupler shown in Fig. 6.22 the correct choice of hole sepz
can also give directional properties. Cross-guide couplers typicall
couplings in the range 10dB to 30dB, but with directivities only
better than 20dB.

It is possible to make couplers with couplings as strong as 3 dB but
correspondingly more difficult to achieve good directivity or a flat frequ
response. The hybrid tee junction discussed earlier can be thought
3dB coupler. A pair of these couplers can be used as power combif
Figure 6.24 shows one application. The incoming power is split at A
two branches one of which contains a variable phase shifter B. The sig
are then recombined at C. As the phase shifter is adjusted the ou
power changes from zero up to the full input power. The couplers and

'DISTRIBUTED COUPLING

the preceding section we have considered examples of coupling where
coupling is achieved by a number of discrete coupling elements. This is
kind of coupling normally encountered in waveguide devices. In micro-
p and optical-fibre lines the coupling is usually distributed over a length
ine. Figure 6.25 shows two parallel microstrip lines and the two possible
which they can be coupled together. In the first case (Fig. 6.25(a))
gnals on the lines are in phase with each other and the coupling is via
> magnetic field. In the second case (Fig. 6.25(b)) the coupling is via the
ctric field and the signals on the lines are in antiphase. Notice carefully
t in both these cases the signals on both lines are propagating into the
jer as can be seen from the directions of the Poynting vectors. Note also
t the two lines could be parallel tracks on a printed circuit board. Thus
'ﬂleory given in this section applies also to cross-talk in high-speed

O am an! )
TG :
(a) ——=—H
——— e e
’/// \\\ ‘;// %
B W D g

: (b)
L 6.25 Coupling between microstrip lines: (a) even-mode coupling, and (b) odd-
'de coupling.

Fig. 6.23 Cross-guide directional coupler.
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—jkl, + jo(C + C)V; = joC'V,. (6.37)

-'the symmetric mode (Fig. 6.25(a)) V, = V; and I; = I, so that from
and (6.36) we obtain

—jkVi + jo(L + M); =0 (6.38)
Va %C T L -'- %C 2 K2 — UJZ(L + M)C =0 (6.40)
. © : fj'J at the propagation constant for the symmetric mode is
Fig. 6.26 Equivalent circuit for distributed coupling between transmission,__. kL 3 $E )

. substitution into (6.39) we find that the characteristic impedance of

‘mode is
L+M
Z, = \f( = ) (6.42)

e that C’ does not appear in either (6.41) or (6.42), showing that the

pling is pure magnetic. o
“or the antisymmetric mode V, = —V; and I; = —I,. Analysis similar to

digital circuits. The coupled transmission lines can be represented by
equivalent circuit shown in Fig. 6.26. This shows pi sections of two
transmission lines coupled by capacitance C’ and mutual inductance
unit length.
Using the same method of analysis as is used for single TEM lines (
1986) we can write down the set of equations which describe the co
system.

Ll + L ot =-M 25 given above leads to the following expressions for the propagation
S o g nstant and the characteristic impedance
Vo 185 _ 4 0h k_ = +oy[(L — M)(C + 2C")] (6.43)
ox ot ot LM
2l Vi _ o 3V z.=\(¢36): (6.44)
TR SR i e |
le propagation constants of the two modes can be written
% sy e o2
ox ot ot

k. = ik(,\f(1 + %) (6.45)

an[6-26 )

here k, = w)/(LC) is the propagation constant of the uncoupledv lines.
ote that k, is always greater than ko. The product of k. and k_ is

kik_ = kﬁ[(l = %22)(1 + %)]% (6.47)

Or the special case of weak coupling the terms involving M and C’ can be

These equations are an example of a set of coupled-mode equations.
left-hand side of each equation is essentially the equation describin|
uncoupled mode whilst the right-hand sides provide the coupling term
is evident that if the coupling is removed (C’ and M tending to ze
equations reduce to those for the uncoupled lines. Coupled-mode th
(Pierce, 1954; Louisell, 1960) provides a valuable conceptual t
studying problems involving coupling between wave-propagating syste

Assuming propagation as exp j(ws — kx) we obtain '

k_

_jkVZ * JU]L!Z = —j(l)Mh

i i
—jkl; + jo(C + C")V, = joC'V, kik_ = k3. (6.48)

DISTRIBUTED COUPLING [ 153 ]
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3 4

1 2
Fig. 6.27 Arrangement of a simple microstrip directional coupler.

Similarly, the product of the coupling impedances is
L2 _ MZ )
2el-= \/(62 + 2CC’

Z+Z_ = Z%.

and for weak coupling

Now consider a microstrip directional coupler made by arrangin

lines as shown in Fig. 6.27. An input signal at port 1 may be ex

quency dependent and the design is relatively narrow band.

B DISTRIBUTED COUPLING. ][ 155

fer Z‘) (6.55)
20 logm (Z+ ¥ Z "
» the electrical length of the lines varies with frequency the coupling

would appear from (6.53) that this kind of coupler must have infinite
vity. This is not the case because the difference between the pro-

tion constants of the two modes has been neglected in the analysis.
= are also, inevitably, reflections at the ends of the coupler where the
ﬁ are mismatched to the connecting lines. We have also assumf_.:d t_h'e}t
uncoupled modes can be regarded as pure 'I_‘EM. tpodes. In practice it is
cult to make a coupler of this kind with a directivity be.tter than 15dB.
he bandwidth of the coupler shown in Fig. 6.27 can be improved by the

ition of lumped capacitors at its ends as shown in Fig. 6.28(a). The

excite both even and odd modes in the coupler. The analysis of this col
proceeds by assuming forward and backward symmetric and antisymm
waves in each arm (eight waves in all) and then applying the boun

(@)

conditions to obtain the amplitudes of each.

The analysis (Edwards, 1981) is tedious rather than difficult so it wil
be reproduced here. The results may be expressed in terms of the si

amplitudes at the ports as

Va _ ya - ¢?

Vi Y1 - C*cos8 +jsinf
Va _ jCsin 0

Vi Y1 —C?cos® +jsinb
V4 b 0,

where 8 = kol (the difference between k., and k_ being neglected) d

coupling constant C is defined by
_ Z+ - Z_
" LT
The interesting thing about these results is that the coupled

appears at port 3 not at port 4. A coupler with this property is kno¥
contradirectional coupler as opposed to a co-directional coupler. Ma

coupling is obtained when the coupled lines are a quarter of a wavel'

long and then the coupling is

Wire
bonds

(c)
6.28 Microstrip directional couplers: (a) narrow-band coupler, (b) broad-
d coupler, and (c) Lange coupler.
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capacitors have the effect of equalizing the phase velocities of the 0C
even modes. Another approach (shown in Fig. 6.28(b)) is to make y;
number of sections to achieve a Tchebychev response.

An alternative type of microstrip directional coupler which is ver
monly used is the Lange coupler shown in Fig. 6.28(c). With this arr
ment couplers can be made with 10dB coupling and 20 dB directiyi
a frequency band of an octave. The design is largely empirical. For f;
details see Edwards (1981) and the references therein.

The discussion so far in this section has concentrated on m
couplers as examples of distributed directional couplers. It is possib
coupling between optical fibres to occur in a similar way. We have s
Chapter 3 that there is an evanescent wave just outside the core
optical fibre cable. If a second core is placed close enough to the fi
be coupled to the evanescent wave. The result is a ‘leaky-wall
which has distributed coupling and properties similar to the m
example discussed above. This coupling could result in crosstalk in
of optical fibres. )

COUPLING BETWEEN WAVE-GUIDING SYSTEM_S

[]

6.10 CONCLUSION

In this chapter attention has been focussed on phenomena involving co
of modes of propagation. It has been shown that cut-off higher-orderr
are excited at discontinuities in transmission lines and waveguide
modes store energy in a region close to the discontinuity so they
represented by lumped reactances. Coupling between different
propagation has been discussed in terms of the matching of thi
patterns.

A discussion of the principles of coupling by small holes led to
sideration of multi-hole directional couplers. Finally distributed direct
couplers were introduced with microstrip and optical couplers as exan

EXERCISES

6.1 Use the method described in Section 6.3 to investigate fou
Butterworth and Tchebychev matching using four matching e
with reflection coefficients g4, 0, 03 and @,. Derive expression:
to (6.5) and (6.9) for the bandwidth in terms of the maximum mism:
What is the ratio of the bandwidth of the fourth-order Tcheby
match to the fourth-order Butterworth match and the third-0
Tchebychev match having the same maximum reflection?

Estimate the screening effectiveness of the enclosure described i
worked example on p. 146 if the hole is enlarged to 5mm X

6.3 Design a transition at 6 GHz from WG 14 waveguide to 50 Q coaxia

6.2

_ EXERCISES | 157 |

by coupling the line to a 50 Q section of reduced-height waveguide and
'ng a single-stage quarter-wave transformer to match the reduced-
'ight guide to the standard guide. Why is this technique not used?

Iwo microstrip lines each 2 mm wide are constructed with their centres
smm apart on an alumina substrate (g, = 10) 1.0 mm thick. Estimate
the magnitudes of the equivalent circuit parameters shown in Fig. 6.26
and, hence, the even- and odd-mode characteristic impedances and the
=pagati0n constants at 900 MHz.



