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FIGURE 3.5 Field linesfor the (a) TEM, (b) TM4, and (c) TE; modes of a paralel plate wave-
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guide. Thereis no variation across the width of the waveguide.

RECTANGULAR WAVEGUIDE

Rectangular waveguides were one of the earliest types of transmission lines used to transport
microwave signals, and they are still used for many applications. A large variety of components
such as couplers, detectors, isolators, attenuators, and dlotted lines are commercialy available
for various standard waveguide bands from 1 to 220 GHz. Figure 3.6 shows some of the
standard rectangular waveguide components that are available. Because of the trend toward
miniaturization and integration, most modern microwave circuitry is fabricated using planar
transmission lines such as microstrips and stripline rather than waveguides. Thereis, however,
still a need for waveguides in many cases, including high-power systems, millimeter wave
applications, satellite systems, and some precision test applications.

The hollow rectangular waveguide can propagate TM and TE modes but not TEM
waves since only one conductor is present. We will see that the TM and TE modes of a
rectangular waveguide have cutoff frequencies below which propagation is not possible,
similar to the TM and TE modes of the parallel plate guide.

TE Modes

The geometry of a rectangular waveguide is shown in Figure 3.7, where it is assumed
that the guide is filled with a material of permittivity ¢ and permeability w. It is standard
convention to have the longest side of the waveguide along the x-axis, so that a > b.

TE waveguide modes are characterized by fields with E; = 0, while H; must satisfy
the reduced wave equation of (3.21):

2 8,
(W + P + kc> hz(x,y) =0, (3.73)

with Hz(X, Y, 2) = hy(x, y)e 1#Z; here ke = /k? — B2 is the cutoff wave number. The
partia differential equation (3.73) can be solved by the method of separation of variables
by letting

hz(X, y) = X()Y(y) (3.74)
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FIGURE 3.6  Photograph of Ka-band (WR-28) rectangular waveguide components. Clockwise

from top: a variable attenuator, an E-H (magic) tee junction, a directional coupler,
an adaptor to ridge waveguide, an E-plane swept bend, an adjustable short, and a

sliding matched load.

and substituting into (3.73) to obtain

1d2x_+ 1d2y
X dx2 Y dy?

+k2=0.

(3.75)

Then, by the usual separation-of-variables argument (see Section 1.5), each of thetermsin
(3.75) must be equal to a constant, so we define separation constants ky and ky such that
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and
kg + K = k¢. (3.77)
The general solution for h; can then be written as
hz(x, y) = (Acoskyx + Bsinkyx)(C coskyy + D sinkyy). (3.78)

To evaluate the constants in (3.78) we must apply the boundary conditions on the
electric field components tangential to the waveguide walls. That is,

ex(X,y) =0, ay=0,Db, (3.7939)
ey(x,y) =0, ax=0,a. (3.79b)

We therefore cannot use h, of (3.78) directly but must first use (3.19c) and (3.19d) to find
& and ey from hy:

—jo

ky(Acostx + Bsinkyx)(—C sinkyy + D coskyy), (3.80a)

ey = kc kx( Asinkyx + B coskyx)(C coskyy + D sinkyy). (3.80b)
Then from (3.79a) and (3.80a) we see that D =0, and ky =nz/b for n=0, 1, 2....
From (3.79b) and (3.80b) we have that B=0and ky = mr/aform=0, 1, 2.... The
final solution for H; isthen

mm X n
Hz(X, ¥, 2) = Amn cos% cos zy

e iz, (3.81)
where Amn is an arbitrary amplitude constant composed of the remaining constants A
and C of (3.78).

The transverse field components of the TEqy, mode can be found using (3.19) and

(3.81):
joopun mm X n ;
Ex = %Amn cos% sin %ye‘lﬂz, (3.82a)
—joum m n ;
Ey= %Amnsin%cos gye 1z (3.82b)
m mrX N ,
Hy = %Amnsi %cos Zye ipz, (3.82c)
n mrx . n
Hy = szg Arnn COS Z sin ’gye isz, (3.82d)

The propagation constant is

e e B R em

which is seen to bereal, corresponding to a propagating mode, when

K> ke = \/m” ”—”).
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Each mode (each combination of m and n) has a cutoff frequency fc,,, given by

ke
fom = o1 Jie 2;T\l/ﬁ\/(m?n>2 * (%)2' (384)

The mode with the lowest cutoff frequency is called the dominant mode; because we have
assumed a > b, the lowest cutoff frequency occurs for the TEjp(m = 1, n = 0) mode:

1
fClO = Za—.
J €

Thus the TE1g mode is the dominant TE mode and, as we will see, the overall dominant
mode of the rectangular waveguide. Observe that the field expressions for E and H in
(3.82) aredl zero if bothm = n = 0; thereis no TEgy mode.

At a given operating frequency f only those modes having f > fc will propagate;
modes with f < f; will lead to an imaginary 8 (or real «), meaning that all field compo-
nentswill decay exponentially away from the source of excitation. Such modes arereferred
to as cutoff modes, or evanescent modes. If more than one mode is propagating, the wave-
guide is said to be overmoded.

From (3.22) the wave impedance that rel ates the transverse el ectric and magnetic fields

(3.85

is

Zte= — = , (3.86)
Hy Hy B
where n = /u/€ is the intrinsic impedance of the material filling the waveguide. Note
that Z7g isreal wheng isrea (a propagating mode) but isimaginary when g isimaginary
(acutoff mode).
The guide wavelength is defined as the distance between two equal -phase planes along
the waveguide and is equal to
2t 2n
A,g = 7 > T = )», (387)
which is thus greater than A, the wavelength of a plane wave in the medium filling the
guide. The phase velocity is

vp = % > % = 1/ /i<, (3.88)
which is greater than 1/ /1€, the speed of light (plane wave) in the medium.

In the vast majority of waveguide applications the operating frequency and guide
dimensions are chosen so that only the dominant TE;g mode will propagate. Because of
the practical importance of the TEjo mode, wewill list the field components and derive the
attenuation due to conductor loss for this case.

Specializing (3.81) and (3.82) to the m = 1, n = 0 case gives the following results
for the TE;g mode fields:

H, = A cos%xe‘j’gz, (3.89)
—1i a . X .
E, = %A s %e—lﬂ{ (3.89b)
T
jBa L TX
H, = ﬁAmsn%e—Jﬁz, (3.89¢)
T
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The cutoff wave number and propagation constant for the TEjg mode are, respectively,

ke = 7/a, (3.90)
— (/@) (3.91)

The power flow down the guide for the TE1g mode can be calculated as

1 a b B
Pm:—Re/ f E x H* - zdydx
2 Jx=0Jy=0
1 a b
= —Re/ / EyH, dydx
2 x=0Jy=0
2 b
a : X
= O Re(f) | A / f 2 ™% dy dx
y=0 a
a),ua3|A10|2b

= TRe(ﬂ). (3.92)
Note that this result gives nonzero real power only when 8 is real, corresponding to a
propagating mode.

Attenuation in a rectangular waveguide may occur due to dielectric loss or conductor
loss. Dielectric loss can be treated by making e complex and using the general result given
in (3.29). Conductor loss is best treated using the perturbation method. The power lost per
unit length due to finite wall conductivity is, from (1.131),

R
P, = 25 | Js|%de, (3.93)

where Rs is the wall surface resistance, and the integration contour C encloses the inside
perimeter of the guide walls. There are surface currents on al four walls, but from sym-
metry the currents on the top and bottom walls are identical, as are the currents on the left
and right side walls. So we can compute the power lost inthewallsat x =0andy =0
and double their sum to obtain the total power loss. The surface current on the x = 0 (left)
wall is

J_s =fxH Ix=0 = X X ZHz|x—0 = —JHz|x=0 = —yAloe_jﬁz, (3.9439)
and the surface current on the y = 0 (bottom) wall is

Js = fi x Hly—o = ¥ x (XHxly=0 + 2Hzly—0)

jBa
S L N T - X JfBZerAlocos?e 1pz, (3.94b)

Substituting (3.94) into (3.93) gives

b a
=R 1%ylPdy+Re [~ [130?+ 13ul?] dx
— X=

2a3
RS|A10|2<b+ +’Z 2 (3.95)
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The attenuation due to conductor loss for the TE;g modeis then

P, 27?Rs(b+a/2+ p%ad/2n?)
2P wpashp

Q¢ =

(2br? + a3k?) Np/m. (3.96)

a3bﬁk

TM Modes

TM modes are characterized by fields with H; = 0, while E; must satisfy the reduced
wave equation (3.25):

N
e T 3y + kg ) e(x,y) =0, (3.97)

with Ez(X, y, 2) = e;(x, y)e 1% and k? = k? — 2. Equation (3.97) can be solved by the
separation-of-variables procedure that was used for TE modes. The general solution is

€,(X, y) = (AcoskyX + B sinkyx)(C coskyy + D sinkyy). (3.98)
The boundary conditions can be applied directly to e;:

e(x,y)=0,  ax=0a, (3.993)
e(x,y)=0, ay=0h. (3.990)

We will seethat satisfaction of these conditions on e, will lead to satisfaction of the bound-
ary conditions by e, and ey.

Applying (3.99a) to (3.98) shows that A=0 and ky = mn/a for m=1, 2, 3....
Similarly, applying (3.99b) to (3.98) showsthat C = 0andky = nz/bforn=1, 2, 3....
The solution for E, then reduces to

E»(X, Y, 2) = Bm sn% sin m;ye bz, (3.100)

where By, isan arbitrary amplitude constant.
Thetransverse field components for the TM,, mode can be computed from (3.23) and
(3.100) as

—jBmm mrzX . Nnmy

Ex = a—kgan cos —— sin—2 e 1z (3.101a)
E, = %&g” Bunn SN % cos ”zye i#z, (3.101b)
Hy = %an sin mZX cos%/e ipz, (3.101c)
Hy = _J:—;;T Bunn cos% sin ”’;ye sz, (3.101d)

Asfor the TE modes, the propagation constant is

B = m _ \/kz _ (m%)z _ (”F”)Z (3.102)
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FIGURE 3.8 Attenuation of various modesin arectangular brass waveguide with a = 2.0 cm.

and is real for propagating modes and imaginary for cutoff modes. The cutoff frequencies
for the TMmn modes are also the same as those of the TEm, modes, as given in (3.84).
The guide wavelength and phase velocity for TM modes are al so the same as those for TE
modes.

Observe that the field expressions for E and H in (3.101) areidentically zero if either
m or n is zero. Thus there is no TMgqg, TMo1, or TM 10 mode, and the lowest order TM
mode to propagate (lowest f¢) isthe TM11 mode, having a cutoff frequency of

foy = ﬁ (%)2 + (1)2, (3.103)

which is seen to be larger than fc,,, the cutoff frequency of the TE;o mode.
The wave impedance rel ating the transverse el ectric and magnetic fieldsfor TM modes
is, from (3.26),

EX_—Ey_@

Ex_ 1
Hy  Hx K (3109

Ztm =

Attenuation due to dielectric loss is computed in the same way as for TE modes, with
the same result. The calculation of attenuation due to conductor loss is left as a problem;
Figure 3.8 shows attenuation versus frequency for some TE and TM modesin arectangular
waveguide. Table 3.2 summarizes results for TE and TM wave propagation in rectangular
waveguides, and Figure 3.9 showsthefield linesfor several of thelowest order TE and TM
modes.

EXAMPLE 3.1 CHARACTERISTICSOF A RECTANGULAR WAVEGUIDE

Consider alength of Teflon-filled, copper K-band rectangular waveguide having
dimensionsa = 1.07 cm and b = 0.43 cm. Find the cutoff frequencies of thefirst
five propagating modes. If the operating frequency is 15 GHz, find the attenuation
due to dielectric and conductor losses.
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TABLE 3.2 Summary of Resultsfor Rectangular Waveguide

Quantity TEmn Mode TMmn Mode
k w./Jte w. /1€
ke V(mr/a)2 + (n7/b)2 V(mr/a)2 + (n7/b)2
p VK- K VK- K¢
N 2w 2w
¢ ke ke
N 27 2
g B B
w w
v @ @
P B B
k2tans k2tans
o
d 28 28
m n ;
E, 0 Bsin X gn MY - ipz
H, Acos X cos MY o~ Bz 0
a b
Ex JOUT 2 cos X in 7Y o167 ~IBMT & cos ™TX g MY -2
2h b 24 b
—jopm m - —jBn m n
Ey szu T Asin X cos Y o2 “z T Bsin X o5 Y iz
kéa a b kéb
Hy Jﬁ;nn A m X cos n”ye—jﬁz jwznrr B msm cos nrrye_“gz
K2 k2b
Hy Jﬂznﬂ Acos X gin 7Y o~ ipz —szemrr Bcos 2% gin Y -ipz
kZb a b kZa
kn Bn
z ZTE = — Zra =
TE= g ™ =~
Solution

From Appendix G, for Teflon, ¢, = 2.08 and tan § = 0.0004. From (3.84) the
cutoff frequencies are given by

o = g () + ('

Computing f¢ for thefirst few values of m and n gives the following results:

Mode m n fc(GHz)
TE 1 0 9.72
TE 2 0 19.44
TE 0 1 24.19
TE, T™M 1 1 26.07
TE, T™M 2 1 31.03
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Thusthe TE1g, TE2g, TEp1, TE11, and TM11 modes will be thefirst five modes to

propagate.
At 15 GHz, k = 453.1 m~1, and the propagation constant for the TE1o mode

e SR o

From (3.29), the attenuation due to dielectric lossis

is

k?tans
odd =
d 2[3

= 0.119 Np/m = 1.03 dB/m.

The surface resistivity of the copper wallsis (o = 5.8 x 107 S/m)

Ro= [2H° _po320.
20

and the attenuation due to conductor loss, from (3.96), is

Rs

% = s (2br? + a%k?) = 0.050 Np/m = 0.434 dB/m.

TE o Modes of a Partially Loaded Waveguide

The above results apply to an empty waveguide as well as one filled with a homogeneous
dielectric or magnetic material, but in some cases of practical interest (such as impedance
matching or phase-shifting sections) a waveguide is used with a partial dielectric filling.
In this case an additional set of boundary conditions are introduced at the material inter-
face, necessitating a new analysis. To illustrate the technique we will consider the TEmno
modes of a rectangular waveguide that is partialy filled with a dielectric slab, as shown
in Figure 3.10. The analysis dtill follows the basic procedure outlined at the end of
Section 3.1.

Since the geometry is uniform in the y direction and n = 0, the TE;;,g modes have no
y dependence. Then the wave equation of (3.21) for h, can be written separately for the
dielectric and air regions as

82
(m + kf,) h,=0,  for0<x<t, (3.1053)
82
(W + ka2> h,=0  fort<x<a, (3.105b)
y
b
€r€o €0
0
t a X

FIGURE 3.10 Geometry of apartially loaded rectangular waveguide.
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where kg and k, are the cutoff wave numbers for the dielectric and air regions, defined as

follows:
B = &ki—K;, (3.1063)
B=/kE—K2. (3.106h)

These relations incorporate the fact that the propagation constant, 8, must be the same in
both regions to ensure phase matching (see Section 1.8) of the fields along the interface at
X =t. The solutionsto (3.105) can be written as

{Acoskdx-|-Bsinkdx for0<x <t
Z=

i (3.107)
C coska(a — x) + Dsinka(a — x) fort <x<a,

where the form of the solution for t < x < a was chosen to simplify the evaluation of
boundary conditionsat x = a.

We need ¥ and z electric and magnetic field components to apply the boundary condi-
tionsat x =0, t, anda. E; = 0 for TE modes, and Hy = 0 since 3/dy = 0. Ey isfound
from (3.19d) as

jouro

kg (—Asinkgx + B coskgx) forO<x <t
ey = » (3.108)
kao[Cs'nka(a—x)—Dcoska(a—x)] fort <x<a.

To satisfy the boundary conditions that Ey =0 at x = 0 and x = a requires that B =
D = 0. We next enforce continuity of tangential fields(Ey, H) at x = t. Equations(3.107)
and (3.108) then give the following:

—-A C

——sinkgt = — sinka(@a —t),

Kd Ka

Acoskyqt = C coska(a —1t).

Because this is a homogeneous set of equations, the determinant must vanish in order to
have anontrivial solution. Thus,

ka tankgt + kg tanka(@a —t) = 0. (3.109)

Using (3.106) allows ky and kg to be expressed in terms of 8, so (3.109) can be solved
numericaly for 8. Thereisan infinite number of solutionsto (3.109), corresponding to the
propagation constants of the TEg modes.

This technique can be applied to many other waveguide geometries involving dielec-
tric or magnetic material inhomogeneities, such as the surface waveguide of Section 3.6 or
the ferrite-loaded waveguide of Section 9.3. In some cases, however, it will be impossible
to satisfy all the necessary boundary conditions with only TE- or TM-type modes, and a
hybrid combination of both types of modes may be required.

POINT OF INTEREST: Waveguide Flanges

There are two commonly used waveguide flanges: the cover flange and the choke flange. As
shown in the accompanying figure, two waveguides with cover-type flanges can be bolted to-
gether to form a contacting joint. To avoid reflections and resistive loss at thisjoint it is heces-
sary that the contacting surfaces be smooth, clean, and square because RF currents must flow
across this discontinuity. In high-power applications voltage breakdown may occur at an imper-
fect junction. Otherwise, the simplicity of the cover-to-cover connection makesit preferable for
general use. The SWR from such ajoint istypically lessthan 1.03.
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An alternative waveguide connection uses a cover flange against a choke flange, as shown
in the figure. The choke flange is machined to form an effective radial transmission line in the
narrow gap between the two flanges; thislineis approximately 1.4/4 in length between the guide
and the point of contact for the two flanges. Another Ag/4 line is formed by a circular axial
groove in the choke flange. Then the short circuit at the right-hand end of this groove is trans-
formed into an open circuit at the contact point of the flanges. Any resistancein this contact isin
series with an infinite (or very high) impedance and thus has little effect. This high impedance
is transformed back into a short circuit (or very low impedance) at the edges of the waveguides
to provide an effective low-resistance path for current flow across the joint. Because there is
a negligible voltage drop across the ohmic contact between the flanges, voltage breakdown is
avoided. Thus, the cover-to-choke connection can be useful for high-power applications. The
SWR for thisjoint is typically less than 1.05 but is more frequency dependent than that of the
cover-to-cover joint.

Hmuluumj:l Contact

N

Contact

N

Cover-to-cover Cover-to-choke
connection connection

Reference: C. G. Montgomery, R. H. Dicke, and E. M. Purcell, Principles of Microwave Circuits, McGraw-Hill,
New York, 1948.

CIRCULAR WAVEGUIDE

A hollow, round metal pipe also supports TE and TM waveguide modes. Figure 3.11 shows
the geometry of such acircular waveguide, with inner radius a. Because cylindrical geom-
etry isinvolved, it is appropriate to employ cylindrical coordinates. As in the rectangular

FIGURE 3.11 Geometry of acircular waveguide.




	Copyright
	Preface
	Contents
	Chapter 1: ELECTROMAGNETIC THEORY
	1.1 Introduction to Microwave Engineering
	Applications of Microwave Engineering
	A Short History of Microwave Engineering

	1.2 Maxwell’s Equations
	1.3 Fields in Media and Boundary Conditions
	Fields at a General Material Interface
	Fields at a Dielectric Interface
	Fields at the Interface with a Perfect Conductor (Electric Wall)
	The Magnetic Wall Boundary Condition
	The Radiation Condition

	1.4 The Wave Equation and Basic Plane Wave Solutions
	The Helmholtz Equation
	Plane Waves in a Lossless Medium
	Plane Waves in a General Lossy Medium
	Plane Waves in a Good Conductor

	1.5 General Plane Wave Solutions
	Circularly Polarized Plane Waves

	1.6 Energy and Power
	Power Absorbed by a Good Conductor

	1.7 Plane Wave Reflection from a Media Interface
	General Medium
	Lossless Medium
	Good Conductor
	Perfect Conductor
	The Surface Impedance Concept

	1.8 Oblique Incidence at a Dielectric Interface
	Parallel Polarization
	Perpendicular Polarization
	Total Reflection and Surface Waves

	1.9 Some Useful Theorems
	The Reciprocity Theorem
	Image Theory


	Chapter 2: TRANSMISSION LINE THEORY
	2.1 The Lumped-Element Circuit Model for a Transmission Line
	Wave Propagation on a Transmission Line
	The Lossless Line

	2.2 Field Analysis of Transmission Lines
	Transmission Line Parameters
	The Telegrapher Equations Derived from Field Analysis of a Coaxial Line
	Propagation Constant, Impedance, and Power Flow for the Lossless Coaxial Line

	2.3 The Terminated Lossless Transmission Line
	Special Cases of Lossless Terminated Lines

	2.4 The Smith Chart
	The Combined Impedance–Admittance Smith Chart
	The Slotted Line

	2.5 The Quarter-Wave Transformer
	The Impedance Viewpoint
	The Multiple-Reflection Viewpoint

	2.6 Generator and Load Mismatches
	Load Matched to Line
	Generator Matched to Loaded Line
	Conjugate Matching

	2.7 Lossy Transmission Lines
	The Low-Loss Line
	The Distortionless Line
	The Terminated Lossy Line
	The Perturbation Method for Calculating Attenuation
	The Wheeler Incremental Inductance Rule

	2.8 Transients on Transmission Lines
	Reflection of Pulses from a Terminated Transmission Line
	Bounce Diagrams for Transient Propagation


	Chapter 3: TRANSMISSION LINES AND WAVEGUIDES
	3.1 General Solutions for TEM, TE, and TM Waves
	TEM Waves
	TE Waves
	TM Waves
	Attenuation Due to Dielectric Loss

	3.2 Parallel Plate Waveguide
	TEM Modes
	TM Modes
	TE Modes

	3.3 Rectangular Waveguide
	TE Modes
	TM Modes
	TEm0 Modes of a Partially Loaded Waveguide

	3.4 Circular Waveguide
	TE Modes
	TM Modes

	3.5 Coaxial Line
	TEM Modes
	Higher Order Modes

	3.6 Surface Waves on a Grounded Dielectric Sheet
	TM Modes
	TE Modes

	3.7 Stripline
	Formulas for Propagation Constant, Characteristic Impedance, and Attenuation
	An Approximate Electrostatic Solution

	3.8 Microstrip Line
	Formulas for Effective Dielectric Constant, Characteristic Impedance, and Attenuation
	Frequency-Dependent Effects and Higher Order Modes

	3.9 The Transverse Resonance Technique
	TE0n Modes of a Partially Loaded Rectangular Waveguide

	3.10 Wave Velocities and Dispersion
	Group Velocity

	3.11 Summary of Transmission Lines and Waveguides
	Other Types of Lines and Guides


	Chapter 4: MICROWAVE NETWORK ANALYSIS
	4.1 Impedance and Equivalent Voltages and Currents
	Equivalent Voltages and Currents
	The Concept of Impedance
	Even and Odd Properties of Z(ω) and �(ω)

	4.2 Impedance and Admittance Matrices
	Reciprocal Networks
	Lossless Networks

	4.3 The Scattering Matrix
	Reciprocal Networks and Lossless Networks
	A Shift in Reference Planes
	Power Waves and Generalized Scattering Parameters

	4.4 The Transmission (ABCD) Matrix
	Relation to Impedance Matrix
	Equivalent Circuits for Two-Port Networks

	4.5 Signal Flow Graphs
	Decomposition of Signal Flow Graphs
	Application to Thru-Reflect-Line Network Analyzer Calibration

	4.6 Discontinuities and Modal Analysis
	Modal Analysis of an H-Plane Step in Rectangular Waveguide

	4.7 Excitation of Waveguides—Electric and Magnetic Currents
	Current Sheets That Excite Only One Waveguide Mode
	Mode Excitation from an Arbitrary Electric or Magnetic Current Source

	4.8 Excitation of Waveguides—Aperture Coupling
	Coupling Through an Aperture in a Transverse Waveguide Wall
	Coupling Through an Aperture in the Broad Wall of a Waveguide


	Chapter 5: IMPEDANCE MATCHING AND TUNING
	5.1 Matching with Lumped Elements (L Networks)
	Analytic Solutions
	Smith Chart Solutions

	5.2 Single-Stub Tuning
	Shunt Stubs
	Series Stubs

	5.3 Double-Stub Tuning
	Smith Chart Solution
	Analytic Solution

	5.4 The Quarter-Wave Transformer
	5.5 The Theory of Small Reflections
	Single-Section Transformer
	Multisection Transformer

	5.6 Binomial Multisection Matching Transformers
	5.7 Chebyshev Multisection Matching Transformers
	Chebyshev Polynomials
	Design of Chebyshev Transformers

	5.8 Tapered Lines
	Exponential Taper
	Triangular Taper
	Klopfenstein Taper

	5.9 The Bode–Fano Criterion

	Chapter 6: MICROWAVE RESONATORS
	6.1 Series and Parallel Resonant Circuits
	Series Resonant Circuit
	Parallel Resonant Circuit
	Loaded and Unloaded Q

	6.2 Transmission Line Resonators
	Short-Circuited λ/2 Line
	Short-Circuited λ/4 Line
	Open-Circuited λ/2 Line

	6.3 Rectangular Waveguide Cavity Resonators
	Resonant Frequencies
	Unloaded Q of the TE10� Mode

	6.4 Circular Waveguide Cavity Resonators
	Resonant Frequencies
	Unloaded Q of the TEnm Mode

	6.5 Dielectric Resonators
	Resonant Frequencies of TE01δ Mode

	6.6 Excitation of Resonators
	The Coupling Coefficient and Critical Coupling
	A Gap-Coupled Microstrip Resonator
	An Aperture-Coupled Cavity
	Determining Unloaded Q from Two-Port Measurements

	6.7 Cavity Perturbations
	Material Perturbations
	Shape Perturbations


	Chapter 7: POWER DIVIDERS AND DIRECTIONAL COUPLERS
	7.1 Basic Properties of Dividers and Couplers
	Three-Port Networks (T-Junctions)
	Four-Port Networks (Directional Couplers)

	7.2 The T-Junction Power Divider
	Lossless Divider
	Resistive Divider

	7.3 The Wilkinson Power Divider
	Even-Odd Mode Analysis
	Unequal Power Division and N-Way Wilkinson Dividers

	7.4 Waveguide Directional Couplers
	Bethe Hole Coupler
	Design of Multihole Couplers

	7.5 The Quadrature (90◦) Hybrid
	Even-Odd Mode Analysis

	7.6 Coupled Line Directional Couplers
	Coupled Line Theory
	Design of Coupled Line Couplers
	Design of Multisection Coupled Line Couplers

	7.7 The Lange Coupler
	7.8 The 180◦ Hybrid
	Even-Odd Mode Analysis of the Ring Hybrid
	Even-Odd Mode Analysis of the Tapered Coupled Line Hybrid
	Waveguide Magic-T

	7.9 Other Couplers

	Chapter 8: MICROWAVE FILTERS
	8.1 Periodic Structures
	Analysis of Infinite Periodic Structures
	Terminated Periodic Structures
	k-β Diagrams and Wave Velocities

	8.2 Filter Design by the Image Parameter Method
	Image Impedances and Transfer Functions for Two-Port Networks
	Constant-k Filter Sections
	m-Derived Filter Sections
	Composite Filters

	8.3 Filter Design by the Insertion Loss Method
	Characterization by Power Loss Ratio
	Maximally Flat Low-Pass Filter Prototype
	Equal-Ripple Low-Pass Filter Prototype
	Linear Phase Low-Pass Filter Prototypes

	8.4 Filter Transformations
	Impedance and Frequency Scaling
	Bandpass and Bandstop Transformations

	8.5 Filter Implementation
	Richards’ Transformation
	Kuroda’s Identities
	Impedance and Admittance Inverters

	8.6 Stepped-Impedance Low-Pass Filters
	Approximate Equivalent Circuits for Short Transmission Line Sections

	8.7 Coupled Line Filters
	Filter Properties of a Coupled Line Section
	Design of Coupled Line Bandpass Filters

	8.8 Filters Using Coupled Resonators
	Bandstop and Bandpass Filters Using Quarter-Wave Resonators
	Bandpass Filters Using Capacitively Coupled Series Resonators
	Bandpass Filters Using Capacitively Coupled Shunt Resonators


	Chapter 9: THEORY AND DESIGN OF FERRIMAGNETIC COMPONENTS
	9.1 Basic Properties of Ferrimagnetic Materials
	The Permeability Tensor
	Circularly Polarized Fields
	Effect of Loss
	Demagnetization Factors

	9.2 Plane Wave Propagation in a Ferrite Medium
	Propagation in Direction of Bias (Faraday Rotation)
	Propagation Transverse to Bias (Birefringence)

	9.3 Propagation in a Ferrite-Loaded Rectangular Waveguide
	TEm0 Modes of Waveguide with a Single Ferrite Slab
	TEm0 Modes of Waveguide with Two Symmetrical Ferrite Slabs

	9.4 Ferrite Isolators
	Resonance Isolators
	The Field Displacement Isolator

	9.5 Ferrite Phase Shifters
	Nonreciprocal Latching Phase Shifter
	Other Types of Ferrite Phase Shifters
	The Gyrator

	9.6 Ferrite Circulators
	Properties of a Mismatched Circulator
	Junction Circulator


	Chapter 10: NOISE AND NONLINEAR DISTORTION
	10.1 Noise in Microwave Circuits
	Dynamic Range and Sources of Noise
	Noise Power and Equivalent Noise Temperature
	Measurement of Noise Temperature

	10.2 Noise Figure
	Definition of Noise Figure
	Noise Figure of a Cascaded System
	Noise Figure of a Passive Two-Port Network
	Noise Figure of a Mismatched Lossy Line
	Noise Figure of a Mismatched Amplifier

	10.3 Nonlinear Distortion
	Gain Compression
	Harmonic and Intermodulation Distortion
	Third-Order Intercept Point
	Intercept Point of a Cascaded System
	Passive Intermodulation

	10.4 Dynamic Range
	Linear and Spurious Free Dynamic Range


	Chapter 11: ACTIVE RF AND MICROWAVE DEVICES
	11.1 Diodes and Diode Circuits
	Schottky Diodes and Detectors
	PIN Diodes and Control Circuits
	Varactor Diodes
	Other Diodes
	Power Combining

	11.2 Bipolar Junction Transistors
	Bipolar Junction Transistor
	Heterojunction Bipolar Transistor

	11.3 Field Effect Transistors
	Metal Semiconductor Field Effect Transistor
	Metal Oxide Semiconductor Field Effect Transistor
	High Electron Mobility Transistor

	11.4 Microwave Integrated Circuits
	Hybrid Microwave Integrated Circuits
	Monolithic Microwave Integrated Circuits

	11.5 Microwave Tubes

	Chapter 12: MICROWAVE AMPLIFIER DESIGN
	12.1 Two-Port Power Gains
	Definitions of Two-Port Power Gains
	Further Discussion of Two-Port Power Gains

	12.2 Stability
	Stability Circles
	Tests for Unconditional Stability

	12.3 Single-Stage Transistor Amplifier Design
	Design for Maximum Gain (Conjugate Matching)
	Constant-Gain Circles and Design for Specified Gain
	Low-Noise Amplifier Design
	Low-Noise MOSFET Amplifier

	12.4 Broadband Transistor Amplifier Design
	Balanced Amplifiers
	Distributed Amplifiers
	Differential Amplifiers

	12.5 Power Amplifiers
	Characteristics of Power Amplifiers and Amplifier Classes
	Large-Signal Characterization of Transistors
	Design of Class A Power Amplifiers


	Chapter 13: OSCILLATORS AND MIXERS
	13.1 RF Oscillators
	General Analysis
	Oscillators Using a Common Emitter BJT
	Oscillators Using a Common Gate FET
	Practical Considerations
	Crystal Oscillators

	13.2 Microwave Oscillators
	Transistor Oscillators
	Dielectric Resonator Oscillators

	13.3 Oscillator Phase Noise
	Representation of Phase Noise
	Leeson’s Model for Oscillator Phase Noise

	13.4 Frequency Multipliers
	Reactive Diode Multipliers (Manley–Rowe Relations)
	Resistive Diode Multipliers
	Transistor Multipliers

	13.5 Mixers
	Mixer Characteristics
	Single-Ended Diode Mixer
	Single-Ended FET Mixer
	Balanced Mixer
	Image Reject Mixer
	Differential FET Mixer and Gilbert Cell Mixer
	Other Mixers


	Chapter 14: INTRODUCTION TO MICROWAVE SYSTEMS
	14.1 System Aspects of Antennas
	Fields and Power Radiated by an Antenna
	Antenna Pattern Characteristics
	Antenna Gain and Efficiency
	Aperture Efficiency and Effective Area
	Background and Brightness Temperature
	Antenna Noise Temperature and G/T

	14.2 Wireless Communications
	The Friis Formula
	Link Budget and Link Margin
	Radio Receiver Architectures
	Noise Characterization of a Receiver
	Digital Modulation and Bit Error Rate
	Wireless Communication Systems

	14.3 Radar Systems
	The Radar Equation
	Pulse Radar
	Doppler Radar
	Radar Cross Section

	14.4 Radiometer Systems
	Theory and Applications of Radiometry
	Total Power Radiometer
	The Dicke Radiometer

	14.5 Microwave Propagation
	Atmospheric Effects
	Ground Effects
	Plasma Effects

	14.6 Other Applications and Topics
	Microwave Heating
	Power Transfer
	Biological Effects and Safety


	APPENDICES
	A Prefixes
	B Vector Analysis
	C Bessel Functions
	D Other Mathematical Results
	E Physical Constants
	F Conductivities for Some Materials
	G Dielectric Constants and Loss Tangents for Some Materials
	H Properties of Some Microwave Ferrite Materials
	I Standard Rectangular Waveguide Data
	J Standard Coaxial Cable Data

	ANSWERS TO SELECTED PROBLEMS
	INDEX


p—




