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'APPENDIX

A

Transmission lines

This appendix summarizes some of the equations which relate to the
propagation of waves on transmission lines.

Any two-wire line which supports TEM waves can be modelled by the
equivalent circuit shown in Fig. A1l. Analysis of this circuit (Carter, 1986)
shows that the voltage and current obey the equations

av i

ax o e
ol av
and = 0 -
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Eliminating the variables produces the wave equations
o’V o’V
= LE— 3
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so that waves propagate as exp j(wt — kx) where
k=toV(LO). (A.5)
The ratio of the voltage to the current is the characteristic impedance given
by
L\}
Z(| = (_)' (A.6)
C

If the line is terminated so that an incident wave V; produces a reflected
wave oV;, where p is the reflection coefficient, then

V = Vexp j(ot — kx) + pV; exp j(wt + kx). (A7)

The amplitude of the voltage at a point on the line x from the termination is
given by
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Fig. A1 Equivalent circuit of a two-wire line.

V] = Vil |1 + ™| (A.8)
which has maximum and minimum values

Vmax = |V,|(J_ i 2 ]Q|) (Ag)

The ratio of these is the voltage standing wave ratio S so that

g 1+ lof (A.11)
1 — el
S =% :
s A.12
and |Q| S+ 1 ( )

The apparent impedance at a point on a transmission line is given by the
ratio of the voltage to the current at that point. For a line terminated by an
impedance Z; as shown in Fig. A2 the impedance at the plane A-A is
given by

Zi _ 2+ iZytank

= : (A.13)
ZO jZLtankl + ZQ
A quarter-wave section of line transforms impedance so that
ZE =77} (A.14)
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Fig. A2 A line terminated by an impedance.
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THE SMITH CHART

A very valuable aid to calculations based on equation (A.14) is the Smith
chart. The basis of this chart is a plot of complex reflection coefficient in
polar coordinates as shown in Fig. A3. Now as the point of observation is
moved along the line away from the termination the only effect is to change
the phase so that the tip of the vector in Fig. A3 traces a circle. But the
reflection coefficient is related to the impedance by

Pt
0=>—73" (A.15)
Zit 7,
Z—1
or o=, (A.16)

where z is the impedance normalized to Z,. When contours of constant
impedance are plotted on the polar diagram shown in Fig. A3 the result,
the Smith chart, is as shown in Fig. A4. This chart is a graphical rep-
resentation of equation (A.13). Distance along the transmission line is rep-
resented by rotation around the chart with one complete revolution being
equivalent to half a wavelength. The standing-wave pattern on a line
repeats itself every half wavelength as can be seen from (A.8). Movement
Fowards the generator of the point at which the impedance is measured
1s represented by clockwise movement around the chart and movement
towards the load by anticlockwise rotation.

lo|

Fig. A3 Plot of complex reflection coefficient in polar coordinates.
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Fig. A4 Graphical representation of equation (A. 13).
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Impedances which are wholly real are represented by points on the
vertical diameter of the chart. Points on the right-hand half of the chart
represent impedances with positive imaginary parts. Impedances with
negative imaginary parts are plotted on the left-hand side. Impedances
whose value is pure imaginary are plotted around the perimeter of the
chart.

There are two points in each revolution of the chart at which the
impedance is real. These points correspond to the maxima and minima of
the standing wave where

z=5 (A.17)
1
and z=5. (A.18)

This property of the chart enables the impedance of a load at a reference
plane to be determined from slotted line measurements. Since the value of
S and the position of a standing-wave minimum are known the impedance
at that plane can be plotted on the chart using (A.18). The transformation
of this impedance to the reference plane as shown in Fig. 11.10 is then
performed by moving the appropriate angle around the chart at a constant
radius.

The admittance at a point is obtained by reflecting the point representing
the impedance in the centre of the chart as shown in Fig. AS. The Smith
chart can be used to transform admittances using the procedure outlined
above for impedances.

A full discussion of the derivation and use of the Smith chart is given by
Dunlop and Smith (1984).

LOSSY LINES

The theory given above is only applicable to lossless lines. A lossy line can
be represented by the equivalent circuit shown in Fig. A6. The propagation

constant is then
k= im\z[(l‘ + i)(c -+ g)} (A.19)
jw jw

Fig. A5 Obtaining the admittance at a point.
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Fig. A6 Equivalent circuit of a lossy line.

by a straightforward extension of (A.S). If the losses are small and
dominated by the resistance of the conductors then

E = imV(LC)\/(l ¥ jmiL)

k = iw\/(LC)(l + %Jw%)

R
= sfovio 2]
(LO) - i3 Z
A full discussion of propagation on lossy transmission lines will be found in
Ramo er al. (1965).

Vector formulae

APPENDIX

B

This appendix summarizes the principal vector formulae used in electro-
magnetic theory in Cartesian, cylindrical polar and spherical polar coordi-
nates. It also provides a brief review of Bessel functions. The  symbol is
used to denote unit vectors in the coordinate directions. All the coordinate
systems discussed here are orthogonal systems, that is the three coordinate
directions at a point are always at right angles to each other.

CARTESIAN COORDINATES

The system of rectangular Cartesian coordinates for describing the position
of a point in space is shown in Fig. B1. Note carefully that this is a right-
handed set of axes so that rotation from the x direction to the y direction
would cause a right-hand thread screw to advance in the z direction. In
Cartesian coordinates the vector formulae are:

BV oV aV

dient VV = 82— o B.
Gradien 14 2 ox + 3y oree (B.1)
0A,  0A 0A
Di VA=—"+——“2+-—- .
ivergence A e Py Y (B.2)
£y £z
a a4 0
Curl VYAAS |— — = ;
= ox dy oz (B.3)
Ay Ay A,
The wave equation is
vV 9V PV _ 18V
VA = — — = (B.4)

with the general solution

V = Vg exp j(or — kx — kyy — k.2) (B.5)
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Fig. B1 Rectangular Cartesian coordinate system.

so that

UJ2

kf+kﬁ+k§zc—2. (B.6)

CYLINDRICAL POLAR COORDINATES

The system of cylindrical polar coordinates is shown in Fig. B2. These
coordinates are related to rectangular Cartesian coordinates by

xX=vrcosf
y=rsinb
Zi=2; (B.7)

Fig. B2 Cylindrical polar coordinate system.

VECTOR FORMULAE

11317 ]

In cylindrical polar coordinates the vector formulae are:

oV bav 8V

i =f— + - + i— B.
Gradient vv Grsls 263 (B.8)
; 18r 184 0A,
A=-—(A) +——+ — B.
Divergence V-A . a(r ) -39 + 32 (B.9)
T B
1l o8 @
1 VAA=—= — —|. B.10
Cur NA=CIS B 5 (B:-10)
A, rAg A,
The wave equation is
19 aV) 1%V &V 10V
c—r=)+tsmt = =5"—= 11
r ar(’ or 200 T 92 2R \B:dd)
with the general solution
Jn(krr)] -
V=YV, t — nb — k,z), B.12
D[Yn(m exp j(ot = b ~ k.2) (B.12)

where J,,(kr) and Y,(kr) are known as Bessel functions of order n of the
first and second kind respectively. They are analogous to the sines and
cosines which appear in solutions to the wave equation in rectangular
coordinates and their values can be looked up in tables. Figure B3 shows

Yo(2)

_.1 +

Fig. B3 Graphs of By and Y.
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graphs of the functions By and Y, which occur in problems with cylindrical - APPENDIX

symmetry. A useful source of information on this subject is McLachlan
(1955). Constants and C

SPHERICAL POLAR COORDINATES pr Opertie S Of m aterial S

The system of spherical polar coordinates is shown in Fig. B4. They are
related to Cartesian coordinates by the equations

x = rsin 0 cos ¢
y = rsin 0 sin ¢
z = rcos 6. (B.13)

In this system of coordinates the vector formulae are:

ov. 8oV ¢ av

Gradient VW=¢F—+ S (B.14)
g i @9 rem 000 Table C1 Physical constants
. 18 L 00 o
Divergence V-A =— T (rPA,) + — 8 Ba(sm 8 Ag) _ Primary electric constant (&) 8.854 x 1072 Fm™!
= or R Primary magnetic constant (o) 4n x 107"Hm™!
1 04, Velocity of light in vacuum (c) 0.2998 X 10°ms™!
rsin O E (B.15) Wave impedance of free space (Z) 376.7Q
Charge on the electron (e) —1.602 x l(JIIIQC
P sin 0 ¢ Rest mass of the electron (my) 9.108 x 10" kg
: ; § i ; ¢ Charge/mass ratio of the electron (1) 1.759 x 10" Ckg™!
Curl VAA = — (B.16)

Psin 6|or 90 5'{1:

; Table C2 Properties of dielectric materials
A, rAg rsinf A, P

: S (%10t
Solutions of the wave equation in spherical polar coordinates are not used % sk Gl
in this book so they are not included here. Alumina 99.5% 10 1
Alumina 96% 9 6
Barium titanate 1200
< | Beryllia 6.6 1
Epoxy resin 3.5 200
Ferrites 13-16 2
Fused quartz 3.8 1
GaAs (high resistivity) 13 6
Nylon 3.1 200
Paraffin wax 225 2
Perspex 2.6 70
Polystyrene 2.54 1.6-2.5
Polystyrene foam 1.05 0.3
Polythene 2.25 3
PTFE (Teflon) 2.08 3.7
Note: the values in this table are typical of those at microwave frequencies.

. X Actual samples of material may have properties which differ from those given
Fig. B4 Spherical polar coordinate system. here. In some cases they vary appreciably with frequency.
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Table C3 Properties of conductors

APPENDIX

Conductivity (Sm™")

Aluminium
Animal body tissue (average)
Brass

Copper
Distilled water
Ferrite (typical)
Fresh water
Gold

Iron

Nickel

Sea water
Silver

Steel

3.5 x 107
0.2

1.1 x 107

5.7 x 107

2x 107

1072

1073

4.1 x 107

0.97 x 107
1.28 x 107

4
6.1 x 10’
0.57 x 107

Table C4 Properties of ferromagnetic materials

I-’Lr Bsal (T)
Feroxcube 3 1500 0.2
Mild steel 2000 1.4
Mumetal 80000 0.8
Nickel 600
Silicon iron 7000 1.3

Answers to selected problems

APPENDIX

D

1 ELECTROMAGNETIC WAVES

1.1 Polystyrene, 229 Q; alumina, 126 Q; barium strontium titanate, 3.8Q
1.2 21.8Wm2;39.7Wm™?%; 1.32kWm™?
1.3 Silver: 9.1mm, 28.8 um, 0.91 um
Graphite: 0.225m, 0.71 mm, 22.5 um
Sea water: 35.6m, 0.11m, 3.6 mm
1.4 Glass, 3.82dBm™'; fused quartz, 0.177dBm™!
1.5 8.98 MHz, 898 MHz, 0.148 MHz, 14.8 MHz
1.6 377Q, 166 Q2
1.7 1.4GHz, 2.8 GHz, 5.6 GHz
1.8 k, =26.4j, k_ = 10.8]

2 WAVEGUIDES GUIDED BY PERFECTLY CONDUCTING
BOUNDARIES

2.1 (1) 5.24 mm; (2) 5.44 mm; (3) 0.66 mm

2.2 Cut-off wavelength, 144.3 mm;
guide wavelengths, 215.7mm, 138.5mm, 106.4 mm, 87.7 mm;
phase velocity, 0.414 x 10°ms™!
group velocity, 0.219 x 10°ms™!

2.4 72.1 mm, 30.8 mm, 30.8 mm

2.5 At 13 GHz: characteristic impedance 140Q, 279 Q, 419€2, 551 Q

2.6 Cut-off wavelength 95.1 mm (air-filled), 142.7 mm (wax-filled);
characteristic impedance (at 5 GHz) 453 Q (air-filled), 302Q (wax-
filled)

3 WAVES WITH DIELECTRIC BOUNDARIES

3.1 32.3°
3.2 1.76
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3.3 68°, 62°, 58°

3.4 5.6mm, 4.6 mm

3.5 14.1mm, 0.246 (12.2 dB return loss)
3.6 9.3mm, 0.198 (14.1dB return loss)
3.7 widths: 7.7mm, 3.4mm, 0.45mm

4 WAVES WITH IMPERFECTLY CONDUCTING BOUNDARIES

4.1

4.2
4.3

4.4

Skin depth

brass 10.7, 3.4, 1.1um

gold 5.6, 1.8, 0.56 um

Surface resistance:

brass 8.5, 26.7, 82.6mQm !

gold 0.4, 13.6, 43.6mQm !
Transmission loss without film 0.0014 dB: with film 99 dB
Typical values:

at 10Hz, Sy, = 0dB, S = 285dB

at 100MHz, Sy, = 343dB. Sg = 393dB
0.11dBm~!

5 ANTENNAS

5.1
52
5.3
54
5.5

5.6

2.86m?, 0.045m’, 584 mm’

0.24 x 107°Q

6.56, 3.28, 6.56

6.40, 25.6, 102.4

Nulls at:

5GHz; 36.9°

10GHz; 17.5°, 36.9°, 64.2°

60 GHz, 2.87°, 5.73°, 8.60° etc.

0.218 of a wavelength from the centre
0.038 of a wavelength from the end
(Note the slot needs to be slightly lengthened)

6 COUPLING BETWEEN WAVE-GUIDING SYSTEMS

6.1
6.2
6.3

6.4

1.68, 1.06

S reduced by a further 6dB

Waveguide height 1.61 mm;

step height 4.41 mm, step length 17.95 mm;
short circuit 17.95mm behind the junction
C=177pFm™', L = 0.63mHm™!;
C'=9pFm™, M = 0.03mHm™'
Impedances: 61Q, 55Q
k=61.1m"!

ﬂ
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7 ELECTROMAGNETIC RESONATORS AND FILTERS

7.1 L = 21.1nH; C = 0.104pF, R = 270kQ;
37.7kQ, 82.0%
25.5kQ, —84.6°

7.2 4.85,9.71, 14.56 MHz

7.3 21.4, 159 MHz

7.4 11.34, 14.39, 15.29 GHz;
6.06, 8.18, 7.70 GHz

7.5 101dB

7.6 r = 0.56mm; h = 0.28mm

8 FERRITE DEVICES

8.1 Typical values:
2.36 — 0.009j, 2.07 — 0.0057j at 1 GHz
13.7 — 13.2j, 1.61 — 0.015j at 8 GHz
—4.76 — 1.82j, 1.55 — 0.015j at 10GHz
8.2 Typical values:
124.7 — 0.24j, 116.8 — 0.16j at 1 GHz
2626 — 1059j, 825 — 3.8j at 8 GHz
333 — 1802j, 1011 — 4.9j at 10GHz
8.3 Answers at 1 GHz intervals:
y = 6.99, 5.94, 5.20, 4.65, 4.21 mm

10 VACUUM DEVICES

10.1 (1) 41.6 x 10°ms™'; 25.5kAm™~?, 555 MHz;
(2) 58.5 x 10°ms™', 25.5kAm™2, 468 MHz;
(3) 133.8 x 10°ms™!, 239kAm™2, 948 MHz
10.2 (1) 75mm
13.9, 4.16, 0.69 mm
92.5, 27.8, 46.3kQ
(2) 125mm
19.5, 5.85, 0.98 mm
6.24, 1.87, 0.31kQ
(3) 141 mm
44.6, 13.4, 2.23mm
3.16, 0.95, 0.16kQ
10.3 (1) 100W, 4.5W
(2) SkW, 267W
(3) 720kW, 19kW
10.4 13.6dB, 114 MHz
10.5 7.6°, 27.9dB

][ 323
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11 MICROWAVE MEASUREMENTS

11.1 8.059, 9.196, 11.80, 15.61 GHz
11.2 10.39, 11.29, 13.50, 16.94 GHz

11.3 +0.25dB

11.4 0.935 + 0.002]
0.89 — 0.13;
1.23 — 0.32]

11.5 64.3

11.6 10.0

12 SYSTEMS USING ELECTROMAGNETIC WAVES

12.1 400 W

12.2 0.6nW

12.3 8km (9.2 km if atmospheric refraction is included)
12.4 0.16nW

12.5 150m

Index

Accelerator
electron 260
linear 260
Ampere’s law 3
Amplifier
crossed-field 256
distributed 226
transistor 225
Anechoic chamber 91
Antenna
directivity 102
effective aperture 104
gain 102
half-power beamwidth 103
isotropic 102
microstrip dipole 109
monopole 109
parabolic horn 116
parabolic reflector 118
phased-array 121
radiation efficiency 102
slot 118
slot array 120
waveguide horn 118
Aperture
coupling 142
polarizability 144
radiation 114
Array antenna 110
Attenuation of waves by conducting
material 75
Attenuator
coaxial line 86
high power 151
microstrip 87
waveguide 88
Avalanche breakdown in
semiconductor diode 212

Band gap 207

direct 209

indirect 209
Beam kinetic voltage 232
Bend, in waveguide 134
Bessel functions 317
Bipolar transistor, silicon planar 215
Bolometer 266
Boltzmann's constant 207
Booker's principle 119
Boundary conditions 18
Brewster angle 53
Broadband matching 130
Butterworth

filter 178

match 131

CAD
of microwave circuits 67
of microwave systems 305
Calorimeter 267
Cartesian coordinates 315
Cavity resonator 168
Cavity resonator, R/Q 170
CFA 256
Charge, conservation of 4
Circular waveguide 48
Circulator
edge mode 203
ferrite phase-shift 197
junction 198
Coordinates
Cartesian 315
cylindrical polar 316
spherical polar 318
Co-planar waveguide 63
Coaxial line 26
attenuator 86
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Coaxial line cont'd Dipol
: pole
oscillator 224 complementary 119
resonator 166 half-wave 108

slotted 265

waveguide modes 49
Communication systems

microwave 294

radio 291

satellite 296

troposcatter 296
Complementary dipole 119
Computer-aided design see CAD
Conduction band 207
Conductivity 4
Conductors, table of properties 320
Conservation of charge 4
Counter, microwave frequency 266
Coupled-cavity slow-wave structure 244
Coupling

between optical fibres 156

by aperture 142

distributed 151
CRM see Gyrotron
Cross-section of radar target 299, 300
Crossed-field amplifier see CFA
Crossed-field tubes 254
Cyclotron

frequency 16, 234

waves 234
Cyclotron resonance maser see

Gyrotron

Cylindrical polar coordinate 316

Detector diode 218
Dielectric
properties, measurement of 282
properties, table of 319
resonator 173
resonator filter 187
resonator oscillator 224
waveguide 54
Diode
detector 218
Gunn 213
IMPATT 212
light-emitting 227
mixer 219
PIN 214
p-n junction 209
Schottky barrier 210
TRAPATT 213
tunnel 211
varactor 210

small electric 95

small magnetic 106
Dipole antenna

far field 100

near field 100
Dipole array

antenna 110

broadside 112

endfire 112

Yagi-Uda 113
Dipole moment

electric 98

magnetic 107
Directional coupler

directivity of 148

microstrip 155

waveguide 147
Directivity

of antenna 102

of directional coupler 148
Discontinuity

in microstrip 127

in waveguide 125
Dispersion diagram 39
Dispersion of waves 39
Distributed amplifier 226
Distributed coupling 151
Doppler radar 301
Duality, principle of 106

ECM 301
Edge mode

circulator 203

isolator 203
Effective aperture of antenna 104
Electromagnetic compatibility see EMC
Electromagnetic pulse see EMP
Electromagnetic screening 77
Electromagnetic spectrum 2
Electromagnetic waves

attenuation 75

dispersion 39

energy flowin 8

evanesceni 41

in conducting materials 9

in gyromagnetic media 15

in non-conducting materials 5

in plasma 12

polarization 14

propagation of 286

INDEX

reflection 21
reflection by dielectric 51
refraction 21
TEM 5
Electron accelerator 260
Electronic counter-measures see ECM
Electrons, in semiconductors 208
Electrostatic potential 93
EMC 77
EMC measurement 278
EMP 77
Equivalent circuit of rectangular
waveguide 43
Evanescent wave 41, 53

Fabry-Pérot resonator 176
Far field of dipole antenna 100
Faraday cage 79
Faraday rotation 18
gyrator 201
in ionosphere 291
isolator 201
Faraday’s law 3
Fast Fourier transform 277
Fast-wave tube 257
FEL 258, 262
Ferrite gyrator 196
Ferrite phase-shift circulator 197
Ferrite phase-shifter 196
Ferrites 16
microwave properties 190
tensor permeability 192
Ferromagnetic materials properties,
table of 320
FFT see Fast Fourier transform
Field effect transistor 217
Filter 177
Butterworth 178
band-pass 180
band-stop 180
dielectric resonator 187
high-pass 178
low-pass 178
microstrip 180
Tchebychev 179
waveguide 183
YIG 204
Fin line 68
Free-electron laser see FEL
Frequency
cyclotron 16, 234
measurement of 264

plasma 13, 232
waveguide cut-off 38

Frequency counter, microwave 266
Friis transmission formula 292

Gain, measurement of 267
Gain of antenna 102
Gallium arsenide 208
Gap
beam loading impedance of 239
coupling factor of 236, 238
Gauss’ theorem
in electrostatics 2
in magnetostatics 2
Germanium 208
Group velocity 40
Gunn diode 213
Gyrator
Faraday rotation 201
ferrite 196
Gyromagnetic media 15
Gyrotron 259

Half-power beamwidth of antenna 103
Half-wave dipole 108
Heating, microwave 302
Helix 243
Heterojunction transistor 217
High power attenuator 151
Higher order modes
in microstrip 68
in rectangular waveguide 43
Holes in semiconductors 208
Horn, parabolic 116
Huygens 295
Huygens’ theory of secondary sources
114
Hybrid tee in waveguide 136

IMPATT diode 212
Image line 68
Impedance
beam loading, of gap 239
characteristic, of waveguide 41
coupling, measurement of 282
measurement of 272
wave 7
Indium antimonide 209
Integrated circuit, monolithic
microwave (MMIC) 227
lonosphere 18, 287
Faraday rotation in 291

327
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Tonosphere cont’d
permittivity of 290
Isolator
edge mode 203
Faraday rotation 201
resonance 194
Isotropic antenna 102

Junction circulator 198

Klystron 234
multi-cavity 240
Laser
free-electron 258, 262
semiconductor injection 228
LED 227
Light-emitting diode see LED
Linac see Linear accelerator
Linear accelerator 260
Linear-beam tube 231
Lorentz condition 94
Loss, measurement of 267
Loss tangent 11

Magic tee 136
Magnetic circuit law 3
Magnetic scalar potential 94
Magnetic vector potential 93
Magnetron oscillator 255
Match

Butterworth 131

maximally flat 131

Tchebychev 133
Matching, broadband 130
Maximally flat match 131
Maxwell’s equations 2
Maxwell, J.C. 1
MESFET 217
Measurement

EMC 278

of coupling impedance 282

of dielectric properties 282

of frequency 264

of gain 267

of impedance 272

of loss 267

of phase 274

of power 266

of resonators 280

of return loss 271

spectrum analyser 277
Medical applications of microwaves 305
Microstrip 63

~ INDEX

=

characteristic impedance 65
discontinuities in 127
effective permittivity 64
higher order modes 68
Microstrip attenuator 87
Microstrip dipole antenna 109
Microstrip directional coupler 155
Microstrip filter 180
Microstrip resonator 167
Microwave circuits, CAD of 67
Microwave communications 294
Microwave heating 302
Microwave loads 89
Microwave systems, CAD of 305
Microwaves
medical applications 305
safety of 305
Mixer
balanced 220
diode 219
single-ended 220
MMIC 227
Mobility 208
Monopole antenna 109

Near field of dipole antenna 100
Network analyser

scalar 268

vector 275
Noise, in receiver 300

Ohm’s law 4
Optical blooming 62
Optical fibres 58
acceptance angle 59
coupling 156
graded index 58
mono-mode step-index 58
multi-mode step-index 58
numerical aperture 59
Oscillator 223
coaxial line 224
dielectric resonator 224
magnetron 255
varactor diode tuned 224
waveguide 224
YIG tuned 224

Permeability 4
tensor of ferrites 192
Permittivity 4
of ionosphere 290
of plasma 13

[

INDEX
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Phase, measurement of 274
Phase bridge 274
Phase velocity 6
Phase-shifter

ferrite 196

waveguide 68
Phased-array antenna 121
PIN diode 214

switch 221
Planck’s constant 207
Plasma 12

frequency 13, 232
Polarizability

electric 144

magnetic 144

of aperture 144
Polarization

circular 15

elliptical 15

plane 14
Potential

electrostatic 93

magnetic scalar 94

magnetic vector 93

retarded 95
Power measurement 266
Power flow in rectangular waveguide 40
Poynting vector 8
Poynting’s theorem 8
Primary electric constant 4, 319
Primary magnetic constant 4, 319
Principle of duality 106
Propagation of electromagnetic waves

286

Pulse compression radar 298

Q factor, of resonant circuit 160
Quasi-TEM waveguides 63

RIQ
of cavity resonator 170
of resonant circuit 161
Radar 297
doppler 301
equation 300
pulse compression 298
target cross-section 299, 300
Radiation
efficiency of antenna 102
from apertures 114
resistance 101
Radio communications 291
Radome 60

Reciprocity theorem 103
Rectangular waveguide
characteristic impedance 41
cut-off frequency 38
equivalent circuit 43
guide wavelength 38
higher order modes in 43
power flow in 40
TE mode in 36
TE modes 44
TM modes 47
table of common sizes 37
Reflection, total internal 52
Reflection of waves
at conducting surface 27, 71
at dielectric surface 21, 51
oblique incidence 82
Reflectometer 271
Refraction of waves at dielectric
boundary 21
Relative permeability 4
Relative permittivity 4
Resistance
radiation 101
surface 72
Resistivity 4
Resonance isolator 194
Resonant circuit 158
Q factor 160
RIQ 161
Resonator
cavity 168
coaxial line 166
dielectric 173
Fabry-Pérot 176
measurement of 280
microstrip 167
transmission line 162
Retarded potential 95
Return loss, measurement of 271
Ridge waveguide 49

Safety of microwave radiation 305
Satellite communication system 296
Scalar network analyser 268
Schottky barrier diode 210
Screening effectiveness 77

effect of holes 144

effect of resonance 171
Semiconductor injection laser 228
Semiconductor diode, avalanche

breakdown in 212

Semiconductor materials 206
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INDEX
Semiconductors coaxial 26
electrons in 208 losses in 84
holes in 208 TEM waves on 25
Signal flow graph 271 triplate 26
Signature of radar target 301 two-wire 26
Silicon 207 Transmission line resonator 162

Skin depth 10, 72
Slepian vector 9
Slot line 68
Slotted line 272
coaxial 265
Slow wave structure 242
coupled-cavity 244
helix 243
Smith chart 274, 312
Snell’s law 22
Space-charge wave 230, 251
Space-harmonic wave 247
Spectrum analyser measurement 277
Spherical polar coordinates 318
Stripline, suspended substrate 63
Surface resistance 72
Suspended substrate stripline 63
Synchrotron 261

Tchebychev
filter 179
match 133
polynomials 132
TDR see Time domain reflectometry
TE modes, in rectangular waveguide 44
TE waves 29
TEM waves 5
on transmission lines 25
Tee junction, in transmission line 135
Television broadcasting 293
Thermistor 266
Time domain reflectometry 275
TM modes, in rectangular waveguide 47
TM waves 34
Total internal reflection 52
TR cell 298 .
TRAPATT diode 213
Transistor
amplifier 225
field effect 217
heterojunction 217
silicon bipolar 215
Transition
coaxial line to microstrip 138
coaxial line to waveguide 140
‘door-knob’ 139
Transmission line 310

Transmission line tee junction 135
Transverse electric waves see TE waves
Transverse magnetic waves see TM
waves
Travelling-wave tube see TWT
Triplate transmission line 26
Troposcatter communication systems
296
Troposphere 287
Tube
crossed-field 254
fast wave 257
gyrotron 259
klystron 234
linear-beam 231
magnetron 255
travelling-wave 242, 248
Tunnel diode 211
TWT 242, 248

Valence band 207
Varactor diode 210
Vector network analyser 275
Velocity
group 40
phase 6
Voltage standing wave ratio see VSWR
VSWR 272

Wave equation 6
three-dimensional form 26
Wave impedance 100
in conducting materials 10
in non-conducting materials 7
in plasma 13
Waveguide
attenuator 88
bend 134
circular 48
co-planar 63
dielectric 54
directional coupler 147
discontinuities in 125
filter 183
horn antenna 118
hybrid tee 136
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optical fibre 58
oscillator 224
other cross-sections 48
phase-shifter 68
quasi-TEM 63
ridge 49

Wavelength guide 38

Wiggler 258, 261
Window 61
ghost modes in 175

Yagi-Uda array 113
YIG filter 204
Yttrium iron garnet see YIG



