Electromagnetics

<Chap. 10> Waveguides and Cavity Resonators
Section 10.3 ~ 10.4

(1st of week 7)

Jaesang Lee
Dept. of Electrical and Computer Engineering
Seoul National University
(email: jsanglee@snu.ac.kr)

Textbook: Field and Wave Electromagnetics, 2E, Addison-Wesley


mailto:jsanglee@snu.ac.kr

Chap. 10| Contents for 1st class of week 7
Sec 3. Parallel-plate waveguide

- Characteristics of TE and TM wave propagation
* Energy transport velocity

+ Attenuation in the waveguide



Chap. 10 | Parallel-plate waveguide and “TM” waves (1/6)

* Infinite parallel plate waveguide

- Two “perfectly conducting” plates separated by a “dielectric” medium (u, €)
- All TEM, TM, TE waves can be supported

- “Infinite in extent” in x-direction

oE oH
> Fields do not vary in x-direction — e 0, P 0 (E#0,H=0)

>~ Edge effects negligible

- TM waves between parallel plates

- Longitudinal components
H’=0,E’#0
- Phasor notation for longitudinal E-field

E, ( y,Z) = EZO ( y)e_yZ (no dependence of x!)

‘z-dependence taken care by )/2‘ (hz 2y’ 4 k2)

- Wave equation l JPE° (y) l
L WE? (v)=0
e 2 ()

(V2 +V2)E (0,2)+KE.(y,2)=0 — V2E'(0)+(r*+&*)E'(y)=0 —
- Boundary condition

E’ ( y) =0 at y=0 and y=>b (--E-field vanishes at the conducting interface!)

<



Chap. 10 | Parallel-plate waveguide and “TM” waves (2/6)

* TM waves between parallel plates

- Solution to the wave equation

d’E;(y)
dy’

~

\— J

Longitudinal E-field for TM mode

- Transverse E and H-field components

Transverse components
in terms of longitudinal components

~
Eg (Y) =A sin(hy) =A sin(%ﬂy), n=0,1,2---

| thg (y) =0 with boundary condition ES (y) =0 at y=0andy=>b

where A, ~ strength of a particular TM mode (not our interest here)

4 )
niw
hzj, n=0,1,2---
- J
Eigenvalues
(Depending on geometry!)
(E°=0
g7 9 EN(3)=Asin ")
" K2 9y
o _ JOE oE’ I
Y KB 9y
0 _
\ H =0




Chap. 10 | Parallel-plate waveguide and “TM” waves (3/6)

* TM waves between parallel plates

- Propagation constant

2 g 2 A
: : nw nw
72\/h2—k2=]\/k2—h2=jwa)2,u8 (b) — .'.,B:Va)z,ug (b)
- Cut-off frequency (y = 0) ~ /
4 ) * Cut- ' J
£ = h B n (Hz) f > fc: Propagate with a phase constant 8 Cut-off frequenc.y > determ.lr.ied by
c T o e "o e z o Evanescent wave geometry & material composition of a
Cs
\- J waveguide!
- Possible TM wave (= eigenmode, TMp) (Typically, microwave (0.3~300GHz) used in
nit waveguide for communications. Why?)

- Characterized by eigenvalue h = 7 ., n=0,1,2---

* TMo mode (n=0) K—lLongitudinalI ITransverseI x
[ EN(v)=0

( Zero longitudinal E and H-fields
Hg(y)zo Eo(y):—lA COS —nﬂ: :—lAO J .

J niy Y h? " b h2 Non-zero transverse E and H-fields
E (y)=A, Sin(—) =0 e 0\ e > rem mode!

L HO(Y):—] A cos Ay -/

i h " b h — fc = 0 (No cutoff frequency)




Chap. 10 | Parallel-plate waveguide and “TM” waves (4/6)

« TMo mode (n = 0)
- TMo = TEM withfc =0
- The mode with lowest cutoff frequency = “Dominant mode” of the waveguide (— lowest attenuation, why?)

-. Dominant mode for parallel-plate waveguides = TMo mode (TEM mode)

* TMn mode (n > 0) h " /‘lﬁ in terms of fCI x
- Cut-off frequency f = (Hz)

27 ,u8:2b UE o\ o Y
o= o5 <o “‘Wl‘( )

- Each mode (n) has its own Ag, Up, Ug, and Ztmn

L % here 7271 =k\/1—(“;;j :"\/l‘(%j
g n 9) - T
B i=(£/1) k- fyue \_ /
Q) U
5 > Conclusion:
, = y 1d —u. |1— (Lj ZTMn =n,/1 (fc j ~.Each TM, mode has its own propagating characteristics
’B / @ V / V / with distinct fe, Ag, Up, Ug, @and Ztmn!




Chap. 10 | Parallel-plate waveguide and “TM” waves (5/6)

Example 10-4

* Longitudinal electric field for TM1 mode

JTY JTY
Ty _ﬁ( 0

Ez(y,z) = Ef (y)e‘yZ = A, sin(—jejﬁZ =
b 2]

(1) Plane wave propagating obliquely in z and -y direction

(2) Plane wave propagating obliquely in z and +y direction

y

H(e) X H
HX) H (e X
(2)

X X

Parallel plates lying along xz plane
Plane of incidence: yz plane

TM: wave propagating in z direction

Propagating TM+1 wave in a parallel plate waveguide =

2]

Jom -

Replacing
X with z
&

Z with -y

<«

Superposition of two plane waves bouncing back and forth obliquely between two plates

\_

Medium 1
(o1=0)

ITM reflection in Chap. 8 |\

Perfect conductor

0 Medium 2
(02 = o)

Z

j




Chap. 10 | Parallel-plate waveguide and “TM” waves (6/6)

Propagating TM+1 wave in a parallel plate waveguide =

Example 10-4

Superposition of two plane waves bouncing back and forth obliquely between two plates

- Total E-field for TM wave from Chap. 8-7.2
E (x,z)=-2E,| a,jcosO,sin(f,zcosb,)+a,sin6, cos(fzcos,) |e =

. . . — jP,zsin6;
_> L, (X»Z) =—Jj2E, cosb, sm(ﬁlz COS Hi)e o From previous page
/ (notation used in Chap. 10)

= axEx (.X,Z) T azEz (X’Z)

by replacing x with z and z with -y, Ex(x,z) becomes

4 )
Y : T o
E.(x,z2) — E.(z,y)=—j2E,cos6,sin(fycos,)e """ <fuuip | E (y,2)=A4 sm(%je P
\_ J
Solutions: ** Solution condition™*
r R 4 ) - 6 exists only if 1/2b<1
p,sinb, =[5 7\ 7\’ -at A/2b=1
B=\B:-| T | = Jore-(T| | —pp TS
< 0" V7o) b U 1
B, cos T %f=z=Zb\/—=fC:Cut—offfrequencyforn=1
> E
\_ Y, 080 :i:i where B 2z H (cosB;i = 1, sinB; = 0)
I 1
b'Bl 2b A — Waves bounding back & forth in y direction
(Here, A: wavelength in an — No propagation in z direction!

Unbounded dielectric medium) ) - Propagation only possible when A < 2b = Ac or f > fc




Chap. 10 | Parallel-plate waveguide and “TE” waves (1/2)

- TE waves between parallel plates

- Longitudinal components

E’=0,H]#0

=~
- Phasor notation for longitudinal H-field . 3\
Hz(y,z) = H? (y)e_yZ (no dependence of x!) «— . aHaZ (y) =0
X
- Wave equation - o ( ) ~
(Va4 VIH () + K H (v2)=0 = VIH! )+ +K)H!()=0 —| =5 Y s P H(y)=0
- Y ,
- Boundary condition
_jou dH(y)

=0

E(y)=

] h” dy
. =0 and y=b
; 20(v) — jou dH (y) ’ ’
N 3 OH (¥) =5 .
B0 — _ : Z L =) h dy (at the surface of conducting plates)

. Odx | E;)(y)zO *
(" )

dH () dH" (y)
HO — y < * < y — — —

\_ v




Chap. 10 | Parallel-plate waveguide and “TE” waves (2/2)

- TE waves between parallel plates

- Solution to the wave equation

d°H’ 0
Zz(y) | th? (y) =0 with boundary condition aH, (y) =0 at y=0andy=5>
dy dy
g niwy )
s HZ(y)=B,cos(hy)=B, COS(T) , | n=0,1,2--- where B, ~ strength of a particular TE mode (not our interest here)
- Y

Longitudinal H-field for TE mode

- Transverse E and H-field components

( . 0 .
Eg(y):_];ﬂ dH;’ ()’):Manin(n_ﬂy)
y

2
Here, y:\/hz—kz :j\/kz—hz :J’Na)zlug (nﬂ)

dH’ . (nrm
HO(y)=— L) 7 Sm(u) b
| h™ dy h (Same as that for TM modes!)
- Cut-off frequency (y = 0) - Dominant mode?
h " »n =0 — All transverse fields vanish!
J. = rJuie =5 b (Hz) (Same as that for TM modes!) No TEy exists in a parallel-plate waveguide

»n =1 — However, TE; # dominant mode! (Why?)



Chap. 10 | Energy transport velocity (1/2)

unit length

* Energy transport velocity ds

- Velocity at which energy propagates along a waveguide

» Energy transport velocity (uen) = group velocity (ug) in “lossless medium” *
*In lossy media, group velocity loses its physical meaning (beyond our scope)

P2y [W = J/S]
- Definition
(We)av + (Wm)av [J/m]
, A (PZ )av B JS P, -ds Ratio of time-average propagated power across the guide (S) to
oW J [(W ) +(w,) ]dv time-average stored energy within the volume of unit length (/ = 1)
1% ¢ /av m7ay

Example 10-6| uev for TMn mode in a lossless parallel-plate waveguide

* Ime-average Poynting vector * Integration of Pay across the cross-section of a unit width (w = 1)

f b N
P = L Re(ExH") where - E=a,E)(y)+aE(y) |P,ds=w]| (Pav°az)dy=—5j0 E°H" dy

T2 H=a,H(y) f
! * * B ()==574, Cos(n_ﬂy)
:ERe(—aZE;)HS ayEgHS ) where -




Chap. 10 | Energy transport velocity (2/2) ~ P [P, ds
uen é ( Z),av — s &
Example 10-6| uev for TMn mode in a lossless parallel-plate waveguide . Wa J.S[(We )av +(Wm )av:|ds
* Integration of Pay across the cross-section of a unit width (w = 1) (( O O
E=a,E(y)+a.E.(y)
B b B 1 eb 0+ 0% < ;
LPM ds = wjo (P, -a,)dy= _EJO E H, dy H=a,H(y)
_ _ ( 0 . [ nmwy
1 ; E (y):An sm(—j
= —— [, Re| L5147 cos? (n—ﬂyj dy=2 4; [/ cos? (n—ﬂy)dy = PP e
29 | h b ) 2h 0 b 4h y iy
{E00) =T con{ "
- Time-average stored E and H-field energies within a volume of unit length (I = 1) H(y)= JwE A COS(”_”Y
1 1 : * - . ] ‘
w,=—¢E'=—¢E-E' — (w,) =-Re(E-E')=-A’ smz(m[y) b cosz(—nﬂy) -
2 2 @4 4 7| b h b )
1 1 . ) g’ (-
Wm:_ILLHZZ_uH.H — (Wm) =£R6(H-H )Z'U @ 28 Ajcosz(n—ﬂyj 0)8,BbA2
2 2 av 4 4 h b - A Q 4h2 n a)_ﬁ _ (9)(2
@) &b on 0 kB Lk )\ k
b eb ( k"A’
JV[(we )av + (wm )av}dv = leo [(we )av + (wm )av} ---(2) 4 h?

dy=2X ——k*A’
YZ et

T

dv = lwdy




Chap. 10| Attenuation in parallel-plate waveguides (1/4)

» Attenuation in any waveguide caused by...

- (1) lossy dielectric 4

- (2) Imperfectly conducting walls

\_

o =0O,+ O, where aq: Losses in the dielectric

ac: Ohmic losses in the imperfectly conducting wall

~

S

_J

- Assumed E and H-fields are not altered by such losses

* TEM modes (Mostly from Chap. 9)

1 R GR
oc:—(R+G\ZO\2): p —0
2R, 2R, 2

=a, +0,

- Attenuation in dielectric (aq)

GR, o |U O© . .
= =—,|— =-—_—1N foralow-loss dielectric
2 2\Ve 2

&,

- Attenuation in parallel plates (ac) [Frequency-dependent]

R 2 mfu. 1 1 |nfe | |
o, =——= e = (-non-magnetic media)
2R, b\ o, 2n b\ o,

g o 1 ﬂfSN o, —0 as 0—0
CETATEESTTN s | @50 as 0,
k C J C C C

L. 1 (R G| L |n

=, [—=|1+— =, [—=.]— =R,
C| 2jo\L C C E
w

R=2 [P |4 G c=g¥
\ w\ o w d d

* At high frequency (i.e. microwave), a. dominates and

TEM cannot be supported in a parallel-plate waveguide!

(—l Transmission line modeling in Chap. QI ~
for a low-loss line (R << wL, G << wC)
1 —1
. L R /2 G /2
Zo=R,+ X, =,|—|1+- 1+—
C JoL joC

) _




Chap. 10| Attenuation in parallel-plate waveguides (2/4)

 TM modes

- attenuation constant (aq) due to losses in dielectric at f > £

nm) o
2 E,=E+—
{5 ‘_G J‘w)
= j,|®° e( —j—G)—(ﬂT— @ e—(ﬂjz 1— jouo| o’ e—(ﬂjz
ke 1= )T\ ) TI@ e\ T ) |1 Tono| ke

2 ( § 2

. 2 ni 1 . ) niw

z]Va) UEe ( 7 ) 1—5]60,110 0 ue—(j)
\ - -+

- Let’s express above in terms of cut-off frequency (fc)
2 2 2

fc=2b\77 - %W}c ue  — Nwzue—(%) =a)\/E\‘1 (CZ)) =2a)\@V1 (fj
. a2y 1 )

o |U 1 , f _0 |H 1, £ L ,
Y = \/7 ]a)\@ 1—(—Cj o, = \/7 —> 1T = aq4 for TM!

2N e i-(£/¢) Vol 2N e Ji-(./7)

2

N | in

\_ )

y=Nh -k =]




Chap. 10| Attenuation in parallel-plate waveguides (3/4)

- attenuation constant (ac) due to imperfectly conducting walls

 TM modes
o, = PL(Z)
2P(z)

- P(z): Time-average power flowing through cross-section of width w

- P.(2): Time-average power lost in two plates per unit length

- From Example 10-6,

P(z)=| P, -ds= wjob(Pav a,)dy= —%JObESHS* dy

waeBb bA )2
= A =wwepPb . (1
4> " P (21171’ 2
- Surface current densities on two plates (of same magnitude!)
WEA ~ WEDA
o =|H! (y=0)=——"=——
h nrw

- Total power loss per unit length in two plates of width w

1
F (Z) = ZW(E‘JSZ

o)

WEDLA,

ni

(from Law of conservation)

) R (2

\_

(—l Chap. 9—3I

P(2) =2 Re[V(2)I'(2)]

- V(Z) _ Voe—(a+j,3)z
I(z)=1I,e""P"
Z =R + jX,

1 V.’

2ozf

/\

— 5 Roe—ZOCZ

Law of conservation

dP(z)

=P

: ' (z)=2aP(z) :Rate of decrease of P(z) with
Z

distance along the line = time-average

power loss per unit length

(—l TM in parallel-plate I ~

-

\

£ (3) = A,sin| "2 Cl &
ary) |00 e
E;) (y) — —?An COS(T)

H](y)= %An cos(%ﬂy)

X

J




Chap. 10| Attenuation in parallel-plate waveguides (4/4)

 TM modes
- By having Egns. (1) and (2) into ac, - ~
. _h (z) 2weR, 2R, |2 |mu, f
“ 2P(z)  Bb 7719\/1 (£./f) |\ o \1-(£./f)
\_ v,
« TE modes

- Since yte = ym — (Qd)Te = (Ad)T™ \/7 1 (Due to dielectric loss)
e Ji-(£./f)

- dc due to imperfectly conducting walls

= LPW -ds = wjob

1
P, (2)=2w| 5|5 "R

\)

=w|H"(y=0) R,

,-a,)dy= jEHO*dy_W

= wB’R,

oup (b b . o MY
2 niw 0

(—l TE in parallel-plate I

-

H?(y)= B, cos nry

<

E°(y)=L"E B sin| 222

niwy

Ho(y)z%Bn sin

.

_J

(Q) Eq. (9-26b)

a )
g - P(z) _ 2R, (n=m ’ 2R f? |2 [mu, f?
“2P() eBe\ b ) e i (rp) [N Ol P i (5 )
\_ Y,

~

_J
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Chap. 10| Contents for 2nd class of week 7
Sec 4. Rectangular waveguide

- Characteristics of TE and TM wave propagation

+ Attenuation in the waveguide



Chap. 10 | Introduction

* Previously in a parallel-plate waveguide...

- Two assumptions

oE oH
- Infinite in extent in x direction — Fields do not vary in x-direction > —=0, — =0 (E =0, H# O)
> Edge effects negligible Jx dx
- In practical cases <Parallel-plate waveguide>

> Dimensions are always finite (i.e. finite width)
> Fringing fields exist — i) EM leak through the sides of a guide, ii) Undesirable coupling to other circuits and systems
> Practical waveguide: A uniform dielectric enclosed by metallic skin

- Simplest structures - Wave behavior in such waveguides

> TM & TE modes are supported
> TEM mode CANNOT be supported (why?)

- Rectangular waveguide more commonly used in RF/

microwave than circular waveguide

> |t Is desirable to operate waveguides with only one
allowed mode (i.e. a dominant mode)
> Rectangular has a larger bandwidth than circular for a

<Rectangular <Circular
waveguide> waveguide>

single mode

Img src: Fairview Microwave



Chap. 10| TM waves in rectangular waveguide (1/4)

» Rectangular waveguide

.
-
-
-
-
-
-
-
-
-
-
-
-
-”
-

- A waveguide of rectangular cross-section of widths a and b
- Dielectric (u and €) enclosed by metallic skin y .=
- Longitudinal field components X al .- b

- H,% = 0 (By definition)

- Wave equation for E;°

.
-
-
-
-
-
-
-

Z
0’ 0’
ViyE?+h2E§ =0 = >y T2 h’ ES =0 ---(1) where Eg (xa)’,Z):E? (xa)’)e_yz
dx~  dy
- Separation of variables c.f.) EZO ()’,Z) = Ef (y)e_yZ for a parallel plate waveguide

E (x.y)=X(x)Y(y) -2

- By substituting (2) into (1), we have

2 2 2 2 :
Y(y)d ng) | X(x)d Y(zy) : X(x)Y(y)h2 —0 — 1 d XEX) _ 1 d Y(zy) e Both sides are equal to constants
dx dy X(x) dx Y(y) dy to hold for all x, y!
2 K 2 _ 12



Chap. 10| TM waves in rectangular waveguide (2/4)

 Longitudinal field components

- Two separable ODEs
A’ X (x
’ ) 4 k2x(x)= 0
X
Eg (X,Y) = X(x)Y(y) - 1, where h’ =k’ +ky2
d Y()’) 2
>~ T kY ( y) =0
dy a
- X
- Form of solution determined by boundary condition
-0 _ [ -0 \ 4
At the lateral walls, E. (O,y) =0 At the vertical walls, E. (x,()} =0
(x-direction) _Ef (a,y)=0 (y-direction) _Ef (x,b)=0
— X(x) and Y(y) should be in sinusoidal forms, because E-fields
vanish at both ends! .
— Other forms, sinh(kx) and cosh(kx) do not vanish, except at x = 0 Possible solution forms of d ng) : kzX(x) —0

Condition | k, X (x) . Exponential form

kl=0 i 0 A,x+ B,

k; >0 k i A sinkx+ B, coskx C,e’™ +De ™

k2<0 i jk | A, sinhkc+B,coshkx | C,e +D,e™

sinh(k x) )

<Hyperbolic functions>




Chap. 10| TM waves in rectangular waveguide (3/4)

 Longitudinal field components
- X(x) and Y{(y) _

r - Ef (O,y):O ~ ~
. . (m
X(x) - 81nkxx:sm(7x), m=1,2,3,--- +— E(a,y)=0 |- E)(x,y)=X(x)Y(y)=E, sin(m—ﬂx)sin(ﬂy)
3 : a b
Y(y) — Sinkyy:sin(ﬂy), n=123.- «— |E (x0)=0 e m=1,2,3,
) b 0 n= 1,2,3’...
. (x,b)zO _ y
- Eigenvalues -

2 2
B2 = k2 4 k2 = mp | [ nn Depending on the
x 0y a )\ p geometry of a waveguide!

\. y

- Meaning of integer m, n

2 2
sin(kxx)zsin(m—ﬂxj — A :k_”:_a
a m

X

m = 1 m = 2 m = 3
~ m and n: Number of half-cycle variations of the fields in x, y directions
‘ ‘ ‘ > A combination of m and n determines TMm», mode characteristics!
” a \_/ \/



Chap. 10| TM waves in rectangular waveguide (4/4)

* Transverse field components

- Cutoff frequency (y = 0)

rEO——i 8EZ+w%) : '

R CAF 7 H’(x,y)=0 B j
mmg ). (nxw

E}(x,y)=E, sm( ) jsm(7YJ E;)(x,y)=—;l/2(anEosin(—x)co (—ﬂ )

—X

b
——— < WE( nrw . nw
_J ( )EO s1n( )cos(—

where ¥ = jB = jNk> — i’

b
s (mEY_(nm) 0 __JoE( mn "y
_J\/CO UE ( y ) (b) H) (x,y)= | jE cos( j ( Y

a

h
()= 573 Jm(

- Cutoff wavelength
u 2

(), =

REEG

- Lowest cutoff frequency

- |If eitherm=00orn =0, E:°=0 — TMoo, TMo1, TM10 = TEM
- TEM mode CANNOT be supported by a single-conductor waveguide!

-. TM+11 mode = lowest cutoff frequency “among TM modes”

— |s it a dominant mode or not? (— cannot know yet)



Chap. 10 | TE waves in rectangular waveguide (1/2)

 Longitudinal components
- E;0 = 0 (By definition)

- Wave equation for H;9

R
ox> Jy”’

where H? (x,y,z) = H? (x,y)e_yZ

VLH+h’H =0 — [ :hszf=0 (1)

- B.C. provided by transverse fields components

---------------------------------------------------

---------------------------------------------------

( 1({ OH"
E'=—— ARy ) <2 ( 0 2
: < : ax a) Y ,y
| o 1( oE# . OH! ) - 0y JOH
E' =——|v — joou (1) : VL ;2
h y ox - . _ 0
\ : a . Ey (Cl,y)
) k o (a.y) JOH
oo ol Eel)
: | x(-x y) 2\ g o €OS . X |SIn b Y E aaliz N sinkxxzsin(
: : X
\ES(x,Y)=—Z/2(HZ)EOSin(mTﬂx)cos(%y)

> At the lateral walls (x = 0 and x = a)

0

min
—X

a

.
-
-
-
-
-
-
-
-
-
-
-
-
-
-

.
-
'ﬂ

-
-
-
-
-
-
-
-
-
-
"
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
"
-

.
-
-
-
-
-
-
-

> At the vertical walls (y = 0 and y = b)
( j2E 2
M 1 po(r0)=0
ay (x,o) .]a)ILL
) oH’ h
: -—F’ (x,b) =0
\ ay (x,b) .]a)al’t
BHS —  Sink y= sin(ﬂ )
0y » b o
-
mit niw
- H)(x,y)=H, cos(—xjcos(jyj
a
- ,

~




Chap. 10 | TE waves in rectangular waveguide (2/2)

 JTransverse components

~

J

-
4 0 ("
ES:_L(;ZJFJ@uaH j E;(x,y)=0 E)(x,y)= ]a),u( )Hocos(m—ﬂx)sin(ﬂy)
ox dy (x.9) - - > b a b
H>(x,y)=H,cos| —x |cos| — :
) 0 aHO Z 0 ( a ) (b ) 0 B ]a)ﬂ(mﬂj . mit ni
E'=—— %z ol E)(x,y)=- H, sin| —x |cos| —
| y hz(y y JOHU axj < g h2 a ’ a b
0 . (e = L[ b1 sinf T cos| E
o) || B[ (2
2 2
1( oH] . OE — i |lw? LA I H’(x,y)= y(mt jH cos(m—n )sin(ﬂ )
] R | e H {2
Y -
- Cutoff frequency

- Either m or n can be zero (Not both! = Why?)

- Lowest cutoff frequency: If a > b, TE1o0 mode has the lowest f.

h mY (n)
U = 2 e 2\@\/(Zj +(3)
[ 1 y ) [ )
(), = Y Hz) | < | (4),=2a (m)

J

* Is TE10 mode a dominant mode?

- Yes! (Although it was not shown why yet)

- TE10 has the lowest at

L ongest wavelength that can propagate!

fenuation coefficient (Shown later)



Chap. 10 | Surface current for TE mode

Example 10-8

- Surface current provided by boundary condition for the H-field, J = a, X H

- Expressions for instantaneous field components are given by

( E) (x,y,z,t) =0

E;) (x,y,z,t) = w‘g(ﬂ)Ho sin(zx)sin(a)t—ﬁz)
h \ a a

E](x,y,z,t)=0 <«— By definition

/\

.

| H(x,y,2,t) —hﬁz (E)HO sin(%xjsin(a)t—ﬁz)

a

4 H;) (x,y,2,£)=0

H(x,y,z,t)=H, cos(zx)cos(a)t - fz)
a
( )
D J,(x=0)=a,xa H,(0,y,z,0)=—a,cosfz
2)J,(x=a)=-a,xa,H(a,y,z,0)=—a,cos fz
3)J,(y=0)=a,xa,H (x,0,2,0)+a,xa.H (x,0,z,0)
=a_H, cos(zx)cosﬁz— a, ,[32 (E)HO sin(zxjsinﬁz
a h™\ a a
(DI (y=b)=-J.(y=0) )

For TEo1 mode, obtain the surface current on the guide wallsatt =0

wall (2) -

<Surface current for TE1o mode>




Chap. 10 | Operating frequency range for TEo1 mode

Example 10-9| Obtain the range of operating frequency for a standard air-filled waveguide for radar bands “X”

WG-16 for X-band, a certain type of the rectangular waveguide, has widths of a = 2.29 (cm), b = 1.02 (cm).
WG-16 has to operate only in the dominant TE1o mode & its frequency should be 1.25(f.) < f<0.95(f.)

Here, TEmn is the mode of the next higher cutoff frequency.

1E,

1 2 2 2 2
(fc) = (ﬂ) +(ﬁj o (ﬂj +(Ej where c is the speed of light
m 2 Jue \\a b) 2\\a b
mn (fc)mn
_________________ 1 0655gHz<— Lowest: “Dominant” mode 125(f.),, <f<095(f.),
01 14.7 GHz
---------------------------------------------------------------------------------------------------------------------- —1.25 X 655 (GHz) < f <095 x 13.1 (GH
_________________ M| tereH (GHe) =7 (GHe)
20 13.1 GHz <«— Next lowest
02 | 29.4GHz ~.8.19 (GHz) < f < 125 (GHz)
filem 022505 10 234 6810 20 40 60 100 200, 300GHz 600 THz
IEEEHF VHF UHF L S C XKgK K, v w- Fp-¢6go 40
%j / Sl K g . ] IIL‘I“_ X band (8.0~12.0GHz) is used for radar, satellite
Naadar laar
s A B C DEFGHIJ K L M N o Ul communication, and wireless computer networks.
I I
Afem] 300150 60 30 15 755 3 15 075 05 03cm 15mm Imm 0.5 pm

<Microwave frequency range>

Img src: radartutorial.eu



Chap. 10| Attenuation in rectangular waveguides (1/4)

» Attenuation for propagating modes

- Loss in dielectric

- Loss in imperfectly conducting wall

. Loss in “dielectric” For derivation, please refer to last lecture note

> > é )
O , s mr nmw , on
£ — g =e+— = Y,=jb,=], |0 UE, ( ) ( ) =, + jp SOy =
J \] a b f 2
21— (Cj
VLS
- W,
o, where o: conductivity, n: intrinsic impedance

of a dielectric

Monotonically decreasing




Chap. 10| Attenuation in rectangular waveguides (2/4) = B . |
P(z) - ' P(z+09z)
* Loss due to imperfectly conductingwall -~~~ @&
- Attenuation coefficient is given by (—I Chap. 9-3 Law of conservation I ~
P(2) V()=ve
o, = LA (-Law of conservation) ] d W 0z (a+jB):
2P(Z) P(Z)_ERe[V(Z)I (Z)]_ 2‘20‘2 Rye S I(z)zloe

- P(z): Time- I rfl thr h cr ] .
(z): Time-average power flow through cross section [ aw of conservation

0P (z)
0z

- PL(z): Time-average power lost in the walls per unit length

- ac for TMmn is very complicated and not useful

- ac for TE1o0, the dominant mode, is more important!

=P, (z)=2aP(z) :Rate of decrease of P(z) with

distance along the line = time-average

power loss per unit length

- J
. P(z) | T2 (xa)=0 \Field for TE1o mode [~
b pa
Pz)=| P, -ds=| P -a ds= —Re(EXH )-a,dxd /
=]~ P o= [ SRe{m ) i == (e
_ a a
1 " . (T . (T g —0
ERe(EXH ): a,C sin ;x xXqa, C sin Zx +a,C > :(x,y)=
‘ - Y (x9) =25 2 |, sin[ %1
:aszCysinz(—x) h™\a “
a 4 H;)(x,y):O
b pa y/a H ?
P(Z)=Cxcyj J Slnz(—x)dxdyza)uﬁab(a O) .-+(1) Hf(x,Y):HOcos(zx)
0 70 a 21 L a y




Chap. 10| Attenuation in rectangular waveguides (3/4)

* P.(z): Time-average power loss in the walls per unit length

- Consider surface current flowing in all four walls J =a, X H

() J,(x=0)=a,xa,H’(0,y)=-a,H, (A/m) wall 2) _
2)J,(x=a)=—a,xa H(a,y)= —-a H,
3)J,(y=0)=a,x|a,H!(x,0)+a,H (x,0)] X

iPa

T

U
= axHO COS(Z

a.J

X SX

a.J

Z S

(y=0)-a,J (y=0)

eyl

@ J (y=b)=-J,(y=0)

- Total power losses in the walls

P, (Z) = 2|:PL (Z):Ixzo +2 :PL (Z):Iyzo
b1 b
where I:PL (Z):Ix:O = JO 5 J (x= ())‘2 R dy= EH‘?RS
[P(2)], = 517 6=0 R 4317, (y=0) R.d
LZ)’=O_02 o\ Y = szszy_ Ay
a_ _
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wall (3)
((Eo(x y)—() |Field for TE1o model—\
<E§(x,y) —]a;'u(ﬂ)Hosin(zxj
h™ \a a
E (x,y)=0
. (x9) =28 2 |t sin[ 2.1 ]
h™\ a a
] H;)(x,y)zO
H(x,y) Hocos(zxj
a




Chap. 10 | Attenuation in rectangular waveguides (4/4)

* Attenuation coefficient ac for TEp1 mode

4 _ -
2b ) i
P (2 Rsll(a)[]}j R bZIba2
(), =55 = = fwhere R = [ (@) ety (o), = =
10 2P(z) f N O, 11 /fc
nb,|1—| =< nab| — A P ]—| =<
. vl a VLS
Please try it at home!
. For WR-16 copper waveguide * Analysis on ac

witha =2.29 (cm) and b = 1.02 (cm
cm) (cm) -bl — ac!l with a given width of a (Good!)

- But, bl — fcl of next higher order mode (TM11 or TE20) (Bad!)

TM1 — Available bandwidth for TE1s, a dominant mode, reduced
/ (Bandwidth: frequency range where only TE1o mode alloweq)
TE10
/ -~.Compromise made at b/a = 1/2

(fc )TEm (fc )TM11 f - (ac)tet0 < (ac)rm11 for all frequency

(6.55 GHz) (16.1 GHz) — Reason why the dominant mode is used as an operating
mode over others



