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Waveguide Introduction

In general terms, a waveguide is a devise that confines electromagnetic energy
and channels it from one point to another.

Examples

— Parallel plate waveguide
— Rectangular waveguide
— Circular waveguide

— Elliptical waveguide Square Double Ridge Elliptical

Waveguide Rectangular Waveguide Waveguide

Note: In microwave engineering, the term “waveguide” is often used to mean
rectangular or circular waveguide (i.e., a hollow pipe of metal).




Comparison of Waveguide and Transmission Line Characteristics

" | _____w

Two or more conductors separated by Metal waveguides are typically one
some insulating medium (two-wire, enclosed conductor filled with an
coaxial, microstrip, etc.). insulating medium (rectangular, circular)

Dielectric waveguide consists of
multiple dielectrics.

Normal operating mode is the TEM or Operating modes are TE or TM modes
quasi-TEM mode (cannot support a TEM mode).
No cutoff frequency for the TEM mode. Must operate the waveguide at a

frequency above the respective TE or TM
mode cutoff frequency for that mode to

propagate.
Significant signal attenuation at high Lower signal attenuation at high
frequencies due to conductor and frequencies than transmission
dielectric losses. lines.
Small cross-section transmission lines Metal waveguides can transmit
(like coaxial cables) can only transmit high power levels.

low power levels



Types of guided waves:

= TEM,: E, =0, H,=0
m TMZ: EZ #O, HZ =0
= TE,: E,=0, H,=0

= Hybrid: E, #0, H, =0

<
<

Microstrip
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Modes in waveguides

Modes: certain field patterns that can propagate independently

* TEM mode: Transverse Electromagnetic mode

All the fields are in the cross section or there are no Ez and Hz components
* TE modes: transverse electric modes

Electric fields are in the cross section (or no Ez component) Only Hz component
in the longitudinal direction. Also called H modes

* TM modes: transverse magnetic modes

Magnetic fields are in the cross section (or no Hz component).Only Ez
component in the longitudinal direction. Also called E modes



Propagation modes

H
TM mode TEM mode
TE mode Mix modes
Condition for the Existence of TEM Modes N -
* At least two perfect electric conductors K./l —

Yes Yes



Assume el time dependence and homogeneous source-free materials.

Assume wave propagation in the £z direction
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E (X, y,z)z[gt(x,y)Jriez(x,y)]e”kzZ Z/ & .

A
transverse J=0E
components

H(x,y,2)=]h (x,y)+2h,(xy)]e™



Assume a source-free region with a variation e
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Assume a guided wave with a field variation in the z direction
of the form .
F jk,z

e

Then all six of the field components can be expressed in terms
of these two fundamental ones:

(E.H.)



Combining 1) and 5) OE

1) Z24 K E, = - jouH,
oE -1 oH STy -9
= —=+ jk, | - (ijszX+ Zj:—ja),uHx )+ IKH, - P = JogE,
oy Joe, OX X
OE,_k oH, ( %
+ =| — Jou—- H,
oy wes, OX Joe,
= ja)gc aEZ + sz a(,;lz :(kz_kzz)Hx 5 5 1/2
. T kc:(k _kz)
:szk—Jz(a)gc o, F K, aa_lzj
¢ oy X Cutoff wave
number

A similar derivation holds for the other three transverse field components.
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©ok? y ° OX
- These equations give the
— ok cH
H, :—zjia)gc L+ k, —2 ] transverse field components
Ke OX oy in terms of
longitudinal components, E,
and H
— 0 oH z
EX:—ZJ tk, £+a),u :
K; OX
2 2
K* = ue,
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Field Representation,
Helmholtz Equation

Therefore, we only need to solve the Helmholtz equations for the
longitudinal field components (E, and H,).
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The electric field is “transverse”
—E. =0 .
z (perpendicular) to z.

In general, E,, Ey, H,, Hy, H, =0

To find the TE, field solutions (away from any sources), solve

(V2 +k?)H, =0

2 2 2
(VZ+k?)H, =0 3(§2+;2+§2+k2sz=0
X z
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Transverse Electric (TE,) Waves (cont.)

(az o>

ax2+6y2+az2+k2]szo

Recall that the field solutions we seek are assumed to vary as

e?ijzz .
= H,(x,y,2)=h (x, y)e
62 62 2 2 2 2 2
= ery_szrk h,(x,y)=0 kS =k -k

k2

C

o 0 Solve subject to the appropriate
= +—+k? |h (X,y)=0€e—mm J pprop
Laxz oy’ Cj (%) boundary conditions.



Once the solution for H, is obtained,

k: OX k: oy
k: oy kK OX

For a wave propagating in the positive z direction (top sign):

15



—H, =0

In general, E,, Ey, E, H,, Hy 0

To find the TE, field solutions (away from any sources), solve

(V2 +k%)E, =0

2 2 2
(V2+|<2)EZ:O :(§2+§yz+§2+k2jEZ=O
X z
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Transverse Magnetic (TM,) Waves (cont.)

4 A
2 2
= 62+82—kf+k2 e,(x,y)=0
\ k&)
2 2 212 12
X

\ solve subject to the appropriate

boundary conditions
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Once the solution for E, is obtained,

o H, - ja)zgc OE, E -7 jk22 OE,
k: oy kS OX

= ja)zec OE, E, =7 jk22 OE,

k:  OX kS oy

For a wave propagating in the positive z direction (top sign):

E E k TM wave impedance

y X C Mz
ZTM —

WE,
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—E,=0,H,=0

In general, E,, Ey, H,, Hy Z#0

From the previous equations for the transverse field components, all of
them are equal to zero if E, and H, are both zero.

Unless k?=0

C

—  ForTEMwaves k’=k?-k’=0

Hence, we have

K, =K = w\/ ue,
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Need to find the fields components of the em wave inside
the waveguide

E,H,E,H,E H,

Equations3.5a to 3.5d express transverse components E, H,
E, H, in term of longitudinal fields components E, H,

assuming waveguide filled with lossless dielectric material and
walls of perfect conductor, the wave inside should obey wave

equation:
V’E+k?E =0
V?H +k*H =0
where k%=’ 2 2 2
©HE 8I—!Z+8I-22+8I-2IZ+k2HZ:O_)
OX oy 0z

Applying to Z component in TE : ,

%) .
V’H, +k’H, =0 - where— = ()" k" =k" - §°

"l 1N




Method of solution:
1. Solve Helmholtz equation for either Hz (TE) or Ez (TM).

2. Solve for the constants from the boundary conditions. In metal boundaries
which is tangential E = 0 on the boundary. Now you have Ez or Hz.

3. Use 3.19(for TE) or 3.23(for TM) to find transverse components from Ez or Hz.



d) “Guess” the form of the solution:
A h,(x.y) = (A coskex + B sin kiX) (C cos kyy + D sm kyy)

1. Solve Helmholtz wave equation:
1 The unknown constants are ABCD. Also k, and ky

2. Solve for the unknown constants from boundary conditions.
a) Define the boundary conditions
Tangential E fields =0 on the metal surfaces (walls of the waveguide)

:
—+—+k

jl 82
[ f - h,(x,y)=0
ox- oy

a) Use Method of Separation of Variables:

h.(x.y) = X(x) Y(¥) ex = 0 at y=0,b
b) Substitute into wave equation (Helmholtz equation): ey = 0 at x=0.a
=~ S b) Obtain appropriate expressions for the boundary condition fields
) 4 X 4iX & { +k’XY =0 From equations 3.19:
7d"' ’ "?' Ex =(-jou / k) H, / &y
where ko™ =ky" + ky Ey =(jop / k) 6H, / éx
c) Separate the Variables:
5 (IZ.\’ . o SD: } 7 . .
1 T +k X |=0 ex(X.y) =(-jop / k{) ky (A coskex + B sin kgx) (- Csin kyy + D cos kyy)
ey(X.y) = (Jop / ko) ke (-A sinkyx + B cos kx) (C cos kyy + D sin kyy)
18T,
X|—+kY |=0 » .
dy” c) Use boundary conditions to solve for ABCD:
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¢) Use boundary conditions to solve for A,B,C, and D:

Substitute e, = 0 at y=0,b into equations above.

€,(X,0) =(-joou /' k%) K, (A cos kyx + B sin k,x) (- C sin k,0 + D cos k,0)=0 So,D=0
e,(x,0) =(-jeou /K ?) K, (A cos k,x + B sin k,x) (- C sin k b + 0 cos k b)=0 k, = nm/b

Substitute e, =0 at x=0,a into equations above:
* &,0)y) = (Jou /KA K (-Asin k0 + B cos k,0) (Ccosky + Dsinky)=0  So, B=0
* e,(x,a) = (Jou /k?) k (-Asink,a + B cos k,a) (C cos k)y + D sinkjy)=0 So, k, =mz/a

Now we can simplify the form:

* e(x.b) =(-jou /k?) (nm/b) (-AC) coS( mmx/a ) sin (nmy/b) y
* E, =(jounn/bk2) A cos( mnx/a ) sin (nmy/b )eiFz b V
* E, = (-joumn/ak2) A, sin (max/a) cos (nzy/b) eis?

2/ : *

ex(X.y) =(-jou / k) Ky (A coskyX +Busmtiptisn(- Csin Ky + S-eosterr
ey(X.y) = (Jop / k) Ky (-A sinkyx +=Bemstes (C cos Kyy + ooy



TE mode

mz nr .
H =A_ COS——XCOS— - I
a

—JBoHz _ )p

mrz Nz
H, = Amn—sm—xcos

K2 ox K a a
_—poHz _p
H y 2 2
K2 oy K b a
we get at previousslide that

N mzx nz
) _ Jopnz A COS—2 xsin—y e 1
KZb a b
— joumrx . mrx nr_ i
E, = ) f A_sin——xcos—— Yy .e
Ksa a b

mr nrz
A, N7 cos M xsin M2

y .e_jﬂz

y .e_jﬂz

From these equations we found that:
TE,, does not exist as all E components=0 there
So either m or n allowed to be equal to O.

TM modes has components fields m,n start from 1
i.E TMy, TM,, TM,, does not exist(pagelll)and lowest
order TM mode to propagate is TM;



k. =k? - p?

S =+k?—k.,° — for propagation £ must be real or k? > k_*

or f > f_i.e operating frequency > cut off frequency y
Cut off frequencyf, :
b
k> = e =k, +k,” = (C0)2 + (0 0)?
a b
1 mz Nz
—>f = \/ >+ (5)?
27 e ( " )" +( . ) .
phase velocity:
v, = O, 9 phase velocity is greater than speed of light in filling material
L o\ ue
wave impedance Z.. = E, _kn _ n
TE Hy ,8 TE

where 7. is intrinsic impedance of the mode

n7 is intrinsic impedance of material filling waveguide = Lud

E



* phase velocity is frequency dependent so waveguides are dispersive.

Group velocity : Is the velocity at which the energy travels.

V. = 1 Oy
YT -

Dispersion Relations

™y,

s slope=v =do/dk,

C TTT—slope=c

slope=v, =o/k,
K,

The guide wave length is defined by the distance between two equal phase planes along wave guide

> ] .—— This is the “free space”
wavelength

g for guide —

The lowest cut off frequency called the dominant mode. Assume a>b dominant mode is TE,,
Wave guide is said to be overmoded if more than one mode propagate
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Rectangular waveguide dominant mode (TE,,)

E Field[¥/n]
L BYS e +EE2 l
 63228+005
B=TSEE TR ]
L 3245e+R@3
CAM57 e 4003
R LET: GE]
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Electric field intensity

¥

H Field[a/n]
7.2853e+000
. §300e+000
. 3747 e+000
. 9134e+000
. 4641e+000
,0938e+000
. 5536e+000
.B953e+000
. 64368 +000
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.559Ze-001
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E Field[¥/m]

3. 4466e+003
. 2330e+003
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. 586%e+023
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,9398e+003
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.B777c¢+023
.6214e+002
 4661le+092
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. 1554e+882
. 0000e+022
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Waveguides

Here are some standard air-filled rectangular waveguides with their naming
designations, inner side dimensions a, b in inches, cutoff frequencies in GHz,
minimum and maximum recommended operating frequencies in GHz, power
ratings, and attenuations in dB/m (the power ratings and attenuations are
representative over each operating band.) We have chosen one example from
each microwave band.

name a b fe fmin fmax | band P X

WR-510 | 5.10 | 2.55 .16 | 1.45 2.20 L 9 MW | 0.007
WR-284 | 2.84 | 1.3 2.08 [ 2.60 3.95 S 2.7 MW | 0.019
WR-159 | 1.59 | 0.795 | 3.71 | 4.64 7.05 C 0.9 MW | 0.043
WR-90 0.90 0.40 6.56 8.20 12.50 X 250 kW | 0.110
WR-62 0.622 | 0.311 9.49 | 11.90 [8.00 | Ku 140 KW | 0.176
WR-42 | 042 | 0.17 | 14.05 [ 17.60 | 26.70 | K 50 kW | 0.370
WR-28 0.28 0.14 21.08 | 26.40 40.00 Ka 27 kKW | 0.583
WR-15 0.148 | 0.074 | 39.87 | 49.80 75.80 V 7.5 KW | 1.52

WR-10 0.10 0.05 59.01 | 73.80 | 112.00 W 3.5 kW | 274

Characteristics of some standard air-filled rectangular waveguides.
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X-band rectangular waveguide

Fora=2.29 cm, b=1.02cm
Find (a) first 8 mode of propagation

(a)

X-band=~8-12GHz

(b) S and Ag at 10GHz

mode Fc [GHz]
TE10 6.55
TE20 13.1
TEOL 14.71
TE1l 16.1
TM11 16.1
TE30 19.65
TE21 19.69
T™M21 19.69

Air filled i.e. er=1

(c¢) B and Ag at 6GHz

29



(b) atf=10GHz It propagate at TE10 mode

N 2
B=JkZ—KZ= \/(2” D — (=) =158.25 rad/m

(3%x108)2 0.0229

2T
/1g = ?=3.97 cm
(c) at f=6 GHz

7z |@mex1092  ( m )2__.
B =vk*—ke \/ (3%¥108)2 0 02z0) ~12204
it is converted to attenuation with a=55.04 Np/m

So no propagation and 4, not defined



For fundamental mode

A rectangular waveguide measures 3x4.5cm internally and has a 10 GHz signal
propagated in it. Calculate the cut off frequency (A . ) and the guide wavelength [lg )

2
Ans: A_= , _J 4=4.5cm
|[ m ]
1 = 21 2T B 21 B A

TE,umﬁdemzl.n_{] g B k2 — k2 £\2 N\

z e
4 =22 = 2%0.045=0.090m mf ke f 1

m

5

AR=|;_ where A=-—200__ 0.03m

[,V 10x10°
|I—| ]

V2

A, =0.0318m.
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In a rectangular waveguide for whicha=15cm, b=08cm, 6=0, u=pu, and e=4¢

and
(mx ) (37 ). 11 A

Hy = 2SIDLT s( > )Sm(nxlO t—Bz) /m
Find

(1) the mode of operation

(i1) the cut off frequency

(iii)  phase constant

Ans:

(1) TM,; or TE;

!
@ fo=oJue

Or f. =28.57GH,

[
OJ

°.:|=
.::-lﬁ

L

I
=0) l_ —

(i) f UuEe f
C f

S =1718.81 rad/m
Where w =21f =2x10" or f-%-SOGH



Find the following:
(i) the possible transmission modes in a hollow rectangular waveguide of inner
dimension 3.44 x 7.22 cm at an operating frequency of 3000 MHz.

(i1) the corresponding values of phase velocity, group velocity and phase constant.

(7)
3 8
Ans:Free space wave length, 4, = " = ol — metre
f 3000x10
=10 cm
Also, we know that the cut off wave length

Possible modes.
(1) For TE, mode ie. m=0,n=0, 4 =0, (i.e. 4> A4,) and hence there will be no

propagation.
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(11) For TE,, mode i.e. m =1, n= 0 and A =2a=2x7.22=14.44 cms. Hence this
mode will propagate because A_ = A,;.
(111)  For TE,, mode i.e. m=0,n=1, and A =2b=2x3.44=6.88 cm. Hence this mode
will not propagate because A_ < A,.

Obviously the higher TE mode will not propagate for A < A, for other values of m & n.

Also for TM
the frequency.

... mode the lowest value of m & n i1s unity hence no TM mode is possible at

Remember
_2m
b= 7
w 2nf Ay

vphzﬁzzn/lgzlo*c

if the medium is free space

Since the guide wave length A = |' ;LE' = = | 0.1 = = 0.141 metres.
||1—‘ < ]_| |
1'4 ) Vool 144
= 01941 5.10° = 4.23%10° m/sec.
Ay ) 0,100
And group velocity, v, = i = mx?xl[}ﬂ 2.28x 10" m/sec.
5
A, ) T 0.141
2 3.
The phase constant, 5 = 7 _2x314
A 0.141

2

— .2
then vypv, = v
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3.5 An atienuator can be made using a section of waveguide operating below cutoff, as shown below. If
a = 2.286 cm and the operating frequency is 12 GHz, determine the required length of the below-
cutoff section of waveguide to achicve an attenuation of 100 dB between the input and output guides.
Ignore the effect of reflections at the step discontinuities.

Propagating K_A Wr—

wave Evanescent

Propagating
waves Peg o

wiave

@ %WMMOFMOFM , the TE,,

“* = AT (i3, 000) — 2503 w! VY
oo

VG A B GT e

To oflan. 100dR atlivoatlion (J-?w-w-? /L@Lé’t&ffaaé.))
—/00 AR = ao,&;e

5 . —oc._ﬁ

/0~

A =_5_ g, /03 m = 10.3cm ¥
e —



