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2
a) (f) > 1, or f > f.. In this range, y is imaginary, and we have a propagating

Je
mode. The expression for y is the same as that given in Eq. (10-37):
2
v=jBf=jk [1— G) : (10-56)

Consequently, the formulas for j, 4gs Uy, and u, in Egs. (10-38), (10-39), (10-42),
and (10-43), respectively, also hold for TE waves. Using Eq. (10-56) in Eq.
(10-54), we obtain

n

e (),
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which is obviously different from the expression for Zy,, in Eq. (10-45). Equation
(10-57) indicates that the wave impedance of propagating TE modes in a
waveguide with a lossless dielectric is purely resistive and is always larger than
the intrinsic impedance of the dielectric medium. The variation of Z,; versus I
for f > f. is also sketched in Fig. 10-2.

(10-57)

2
b) (£> < 1, or f < f.. In this case, y is real and we have an evanescent or non-

Je
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propagating mode:
Substitution of Eq. (10-58) in Eq. (10-54) gives the wave impedance of TE modes
for f < f.:

s £ <t (10-59)
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which is purely reactive, indicating again that there is no power flow for evane-
scent waves at [ < f.

mmmmmm EXAMPLE 10-1 (a) Determine the wave impedance and guide wavelength at a fre-
quency equal to twice the cutoff frequency in a waveguide for TM and TE modes.
(b) Repeat part (a) for a frequency equal to one-half of the cutoff frequency. (c) What
are the wave impedance and guide wavelength for the TEM mode?

Solution

a) At f = 2f, which is above the cutoff frequency, we have propagating modes. The
appropriate formulas are Egs. (10-45), (10-57), and (10-39).

For f =2f, (f./f)? = 3 V1 — (£/f)? = \/3/2 = 0.866. Thus,

Zow=0866n < 1, Ay = 1.1554 > A,
Zog=1155= 0 dee=11580% i
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TABLE 10-1

Wave Impedances and Guide Wavelengths for f > f.
Mode Wave Impedance, Z Guide Wavelength, 2,
TEM P s

f 2
™ n /1— (i) L
f V1 = (f/f)?
A

TE

e N
b

VI =iy V1I=(f/f)

b)

where # is the intrinsic impedance of the guide medium. These results are sum-
marized in Table 10-1.

At f = f/2 < f,, the waveguide modes are evanescent, and guide wavelength has
no significance. We now have

h 2
wp

Zyg = j ———— = j3.63f.u/h.
=) ! it/

We note that both Zy, and Z;¢ become imaginary (reactive) for evanescent
modes at f < f; their values depend on the eigenvalue h, which is a characteristic
of the particular TM or TE mode.

The TEM mode does not exhibit a cutoff property and h = 0. The wave impedance
and guide wavelength are independent of frequency. From Egs. (10-20) and
(10-18) we have

Zigm =1
and
A‘TEM = l‘{. —

For propagating modes, y = jf and the variation of § versus frequency determines

the characteristics of a wave along a guide. It is therefore useful to plot and examine
an w-f diagram." Figure 10-3 is such a diagram in which the dashed line through
the origin represents the w—f relationship for TEM mode. The constant slope of this

straight line is w/f = u = 1//ue, which is the same as the velocity of light in an un-
bounded dielectric medium with constitutive parameters u and e.

" Also referred to as a Brillouin diagram.
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FIGURE 10-3

g w—f diagram for waveguide.

The solid curve above the dashed line depicts a typical w-f relation for either
a TM or a TE propagating mode, given by Eq. (10-38). We can write

NN . S (10-60)

VT — (@Jw)

The w-p curve intersects the w-axis (f = 0) at @ = w,. The slope of the line joining
the origin and any point, such as P, on the curve is equal to the phase velocity, u,,
for a particular mode having a cutoff frequency f. and operating at a particular
frequency. The local slope of the w—f curve at P is the group velocity, u,. We note
that, for propagating TM and TE waves in a waveguide, u, > u, u, < u, and Eq.
(10—44) holds. As the operating frequency increases much above the cutoff frequency,
both u, and u, approach u asymptotically. The exact value of w, depends on the
eigenvalue hin Eq. (10-35)—that is, on the particular TM or TE mode in a waveguide
of a given cross section. Methods for determining h will be discussed when we examine
different types of waveguides. We recall that the w—f graph for wave propagation
in an ionized medium (Fig. 8—7) was quite similar to the w—f diagram for a waveguide
shown in Fig. 10-3.

EXAMPLE 10-2 Obtain a graph showing the relation between the attenuation con-
stant « and the operating frequency f for evanescent modes in a waveguide.

Solution For evanescent TM or TE modes, f < f. and Eq. (10-46) or (10-58)
applies. We have

2
(7:- a) +fi=s2 (10-61)

Hence the graph of (f,a/h) plotted versus f is a circle centered at the origin and
having a radius f,. This is shown in Fig. 10-4. The value of « for any f < f, can be
found from this quarter of a circle. -
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FIGURE 104
>/ Relation between attenuation constant and operating frequency for
0 T g evanescent modes (Example 10-2).

10-3 Parallel-Plate Waveguide

In Section 9-2 we discussed the characteristics of TEM waves propagating along a
parallel-plate transmission line. It was then pointed out, and again emphasized in
Subsection 10-2.1, that the field behavior for TEM modes bears a very close re-
semblance to that for uniform plane waves in an unbounded dielectric medium.
However, TEM modes are not the only type of waves that can propagate along
perfectly conducting parallel-plates separated by a dielectric. A parallel-plate wave-
guide can also support TM and TE waves. The characteristics of these waves are
examined separately in following subsections.

10-3.1 TM WAVES BETWEEN PARALLEL PLATES

Consider the parallel-plate waveguide of two perfectly conducting plates separated
by a dielectric medium with constitutive parameters € and y, as shown in Fig. 10-5.
The plates are assumed to be infinite in extent in the x-direction. This is tantamount
to assuming that the fields do not vary in the x-direction and that edge effects are
negligible. Let us suppose that TM waves (H, = 0) propagate in the + z-direction.
For harmonic time dependence it is expedient to work with equations relating field

FIGURE 10-5
An infinite parallel-plate waveguide.






