Chapter 5
Waveguides and Resonators

ECE 3317
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What is a
“waveguide" (or
transmission line) ?

Structure that transmits electromagnetic
waves In such a way that the wave
Intensity is limited to a finite cross-

sectional area

In this chapter we will focus on three types of waveguides:

1. Parallel-Plate Waveguides

2. Rectangular Waveguides

3. Coaxial Lines




LOWER IONOSPHERE (~70-90 km)

hange
conductivity

EARTH

Recelver
TrﬂﬂSfﬂltter “VLF perturbation®

http://cal-crete.physics.uoc.gr/VLF-sprites/images/waveguide.jpg




Parallel Plate
Waveguide

M
0— : //"u"
)

www.amanogawa.com/transmission.html




Parallel Plate
Waveguide

Assume both plates to be perfect conductors

Assume waveguide to be very large in y direction (w>>1)

Field vectors have no y-dependence, 9 =0

Neglect any fringing fieldsaty =0andy =w
Propagation along the + z direction




Parallel Plate
Waveguide

From Maxwell Equations
(E,,H,,H,) TE (Transverse Electric) E, =0

or

(H,.E,.E,) TM (Transverse Magnetic) H, =0

(Sect.5.1)




TE Waves in
Parallel Plate
Waveguides
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(Ey,HX,HZ) B.C.at Xx=0 and X=a= E, =0

Remember: i =0
oy

The wave equation for the TE case derived from
Maxwell's Equations is

% J
+ +o us |Ey =0

oz°




TE Waves in
Parallel Plate
Waveguides
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For ppg. in +z direction —

E, = Egsin(k, x)e 1*|  (satisfiesB.Catx=0)  (55)

K> +K,° =0’ re=k?

Tosatisfy B.C. (E, =0) atx =a

K. =mrx (m is any integer except 0)  (5.7)




TE Waves in
Parallel Plate
Waveguides

The Electric field can be expressed in another form by

substituting in for k

_(mz )\
E, =E sm(—xje I 2
a




TE Waves in
Parallel Plate
Waveguides
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Note: k, Is imaginary for

m 2
k <k, or a)yg<—7Z or /1>—a

" a m
If k becomes imaginary, the wave will attenuate exponentially,
and the velocity for the guided wave will also become undefined.




TE Waves in
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(cutoff frequency of TE  mode)

frequency at which k_
becomes imaginary

exponential attenuation when f < fc

2a
L= (cutoff wavelength of TE  mode )
m wavelength at which k.

becomes imaginary

A




Physical Interpretation
TE mode

\

Ey =k, sin(kxx)e_j kz - EO[% (e_j X _ gtk )}ej k2

E ]E |: —jkx—jk z ka sz}
y 727 LY—~—— %(/

wave trav. in + X wave trav. in -X
and + Z dir. and + Z dir.

(coeff J—EO j (coeff-l—EO j
2 2




Physical
Interpretation of
Guided Waves

For this case k = Bﬁ

a
so modes m =1,2,3 will ppg. but for m>4 | k, is imaginary.

1
2

(5.9)




TM Waves in
Parallel Plate
Waveguides

(Hy,EX,EZ) can find H _Hocosk Xe ik 2

O .
E.~—H, = E_~sink,Xx
z ox y V4 X

For B.C.at x=a (E,| =0)

Xx=0,a




TM Waves in
Parallel Plate
Waveguides

For ppg. in +Z direction

H

= H, cos(kxx)e_ijZ (satisfies B.C at x = 0)

y

k> +k,” =0’ e =k?

To satisfy B.C. (E, =0) atx =a

(m is any integer including 0)




TM Waves in
Parallel Plate
Waveguides

The field solutions can be expressed in another form by

substituting in for k.

mz
—X
a

jejkzz
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TM Waves in
Parallel Plate
Waveguides
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Mz i
_Xje Jk,z
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TM Waves in
Parallel Plate
Waveguides
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Remember that for TM waves we can now have m = 0.

For TM, <

For this case E and H are both perpendicular to the direction
of propagation (z). We refer to this case as

TEM mode (Transverse Electromagnetic)
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The field solutions for the TM, or TEM mode are given by

H, = Hoe (5.13a)

Ex — 77Hoe_jkzz
E,=0

(5.13b)

or equivalently
E, = Ee
E,

_ — jkz2
Hy =—g@ ?
Ji




Physical Interpretation
TEM mode

Z,

=ix § D0 g k= B0 gk (5130)

Ji 7

(on bottom plate)  J.=nxH

x=0

p,=NeD =X+sE =¢E, e (5.11d)

J for TE and TM modes

Fa

(on top plate n = -X) ' hds both § and Z
Components.




Microstrip
Lines

microstrip line
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substrate
ground plane




Microstrip
Lines

v

///th

/ Microstrip

www.amanogawa.com/tral

The time-average Poynting power density can be found by:
= H*]

iy E
Eoe-sz 770 +JkZ(X><y):|

E2
Total Power=P = —2wD
2n




Microstrip
Lines
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Rectangular
Waveguide
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Rectangular
Waveguide

MAX equations = HELMHOLTZ equation
(wave equation)

VE+w’usE=0

VH+ o usH =0

6 equation like

2 2
O, T | wueH, =0

0z°




Rectangular
Waveguide

For a separable solution assume

H,(x,y,z) = X(X) Y (y)£(2)

10°X 10°Y 19¢°Z ,
2 T 2 T 2

Xox: Yoy Zoz

= = - UE

each term iIs a constant
2 2 2 2
K- K-k =—0"ue
i 0°X k2
X OX* "
0°X

2

= +k X =0

OX




Rectangular
Waveguide

X=c,sink x+c,cosk X

Y =c,sink y+c,cosk y

+ ijZ

_ o plkaz
Z=c.e " +c.e

H, =XYZ

Using Maxell's equations we can solve for the

transverse fields (E, ,E ,H,,H, )in terms of the

longtitudinal fields (E, ,H,)




Rectangular
Waveguide

— _ij aEZ . JCO,LI aHz

x =

E

o —Jk, OE, N Jou oH,

k2 ox k2 oy Yk2 oy k2 ox

—jk, oH,  jwe OE,
X — +

0 —Jk, oH, B Jwe OE,

H - _
k.2 ox k2 oy Y k2 oy k2 ox

where k.* =k +k,* = o’ ue — kK,




Rectangular
Waveguide

Special cases:

1)whenE, =0 ; H, #0= Transverse Electric mode (TE)

2)whenH, =0 ; E, # 0= Transverse Magnetic mode (TM)

IfE,=H,=0=all comp.=0
Transverse ElectricMagnetic mode (TEM)
can not exist




Rectangular
Waveguide TE:

Case (E,=0)

B.C. tangential E >0 atx=0,aand y=0,b

Side walls E A, =0 (atx=0,a)
Y ox

Ey ~ kyCqCOSKyX —KyCosinkyx=¢; =0 and k, =

Top and bottom walls E,, ~ a:yz =0 (aty=0,b)

Ey ~kyCgcoskyy—k,c4sinkyy=c;=0and ky =—

Let csc,cy =Hy = H,=XYZ

Mz X Nz
H, = Hycos——cos Y ok,

a




Rectangular
Waveguide TE:

Case (E,=0)
Propagation constant k, =./k*-k_’

2 2
where kczz(mj +(n—ﬂ)
a b

substituing in for k.’

o (5] (5

Note: propagation (k, real) for k > k_

exponential attenuation (k, imaginary) for k <Kk_




Rectangular
Waveguide TE:

Case (E,=0)

Mz 2 2
f.= cutoff frequency of TE__ mode
C 272_ 272_ ,,Ll < [ j ( ( - mn )

frequency at which k,  (5.21)
becomes imaginary

exponential attenuation when f < f_

2r 27 _
Ag =—= (guide wavelength of TE,__ mode)

g k 2 2 mn
2 K-k wavelength at which k,  (5.20)

becomes imaginary

defines a doubly infinite set of modes TE




Rectangular
Waveguide TM:

Case (H,=0)

. mIX . NIV —ik
E =FE sin sin Y o Ik;2
Z 0 a b

Same k_,k fc,ﬂg as TE

z> ¢c?
For TM m 0 ; and n =0 lowest order (smallest /) is TM ,

The lowest order of all 1s TE,, called the DOMINANT MODE for rectangular
waveguides (no TEM possible)

(there exists a frequency range where only it can propagate)




Rectangular
Waveguide TE,,
mode (m=1, n=0)

X |
H, = Hycos e J%?
a

EX:_Ja)/uaHZ:O ’

k.> oy

_ _jkz al_Iz _ jk

x =

X |
. Z Hysin——e J?
ko ox kg a

H




Rectangular
Waveguide TE,,
mode (m=1, n=0)

Note: these are the eqns.
found in slide 5-32 and
5-33 with m=1 and n=0




Cross-section
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Physical
Interpretation TE,,

mode (m




w versus k, graph
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— {an f (function of frequency )
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where kz - \/k2 — kC2 and




Design of Practical
Rectangular Example 5.4
Waveguide




Design of Practical
Rectangular (Cont. e.g 5.4)
Waveguide




Design of Practical
Rectangular ( Example 5.3)
Waveguide

Time-average
Poynting vector

Total transmitted
power




Design of Practical
Rectangular (Cont. e.g 5.3)
Waveguide

Note:

e DO notwant b >% for bandwith

E,abk,

Do not want b small for power handling P =
Aou

Usual case




Design of Practical
Rectangular
Waveguide

X-Band Waveguide (8-12 GHz)

f.  =6.55 GHz

TE10

f._  =13.1GHz

TE92Q

f._ =147 GHz

TEp1

0.4”

Historical
standard design




Rectangular
Waveguide TE,,
mode

X o= ka7
d

H, = H,cos




Rectangular
Waveguide TE,,
mode

X i
E, = Epsin—e Jhe2
a

£, = P

m/a °

—k TX _
ZE,sin—e Jk?
a




Example

b

=Xample 5.5 & 5.6 /

Design a Rectangular waveguide with 10 GHz (1=3cm) at Mid-Band and b :%

8 8
BW — 3x10 Cfe 3x10

2a a

8 8
|et10x109:%{3><10 L 310 } — [a=225cm
a

b=1.125cm




Example

E,’ab b
4ZTE

Max power handling = P =

(Cont. e.g 5.5 & 5.6) /
l a

where Z. = % Q]

z

V
EBDair =2x10° {E:|

take E__ =2x10° [X} (safety factor of 10)
m

(27 x 10") (47 x107")

Jk2—(x/ay

Ze ~505.8 [Q]




Example
(Cont. e.g 5.5 & 5.6)

2mfi-(4/2a)°  27\1-(3/45)’

z

k,=1.561 | cm™ | ={156.1 | m™ |

_ (2x10°)°(0.0225)(0.01125)

4(505.8)

~5.004 [KW]




Rectangular Waveguide
Simulation




Coaxial Transmission
ES

Frain wire

insulation

ground

insulation

From Computer Desktop Encyclopedia
1E 1998 The Computer Language Co. Inc.




Cylindrical
Coordinates

(fig. 5.16)




Coaxial Transmission
MES

Maxwell Eqgns. =

k = w\ ue ( 5.49a)

77:

H
g

( 5.49D)




The “Del” Operator in
Cylindrical
Coordinates

( fig. 5.16)




Currents on Coaxial
=S




Short-Circuited
Coax

(Fig. 5.18)
forz <0

both Incident Fields and Reflected Fields exist

E — ﬁ(ﬁ e—jkz +£e+jkzj
I I

- L same place as in reflected

Negative sign comes from
Vo V1 e+jkz J J
yoly, £on H-field in Chapter 4

BCatz=0=tangentiAllE=0=E, =0=V, =V,




Short-Circuited
Coax

(Fig. 5.18)
E = 'aV_O( a ke —e”"z):,[)
o,

2]V,
o,

Similarly, H = 20 coskz ( 5.53b)

np

To measure standing wave pattern cut longitudinal
slot in outer conductor for moveable probe.

Note: H totally In ¢? direction so J. totally
INn Z direction




Example
(Example 5.8)

Calculate the transmitted power along a coaxial line.

E:ﬁe_jkzﬁ g

P TEM mode in a
Vo s coaxial line

H=—-=¢ "¢
1P —

1 1 V. .~ V. .~ V2
SY=Z=Re| ExH" |==Re{ e Mpx el }:z 0
) 2 [ | 2 {p - ¢ np°

P= ”:7/02 '”@ [W]




Transmission
MES

2 or more conductors

v' TEM possible
v along with TE and TM

thrge-wire two-wire
(shielded) (shielded




Transmission
MES

2 or more conductors

v' TEM possible
v along with TE and TM

Parallel Plate

—7

Microstrip Stripline

—Conductor —Dielectric




Waveguides

4 |

Rectangular

o B

Ridged

Dielectric Slab
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