Microwave Engineering

Chapter 6
Microwave Resonator
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Learning Objectives

= Understanding characteristics of rectangular waveguide

» Understanding characteristics of rectangular waveguide cavity resonator

* Rectangular Waveguide

» Rectangular Waveguide Cavity Resonator



Rectangular Waveguide

Metallic waveguides such as closed rectangular (cylindrical) conducting tubes support transverse electric
(TE) or/and transverse magnetic (TM) modes.

For rectangular waveguide, the radiation loss from an open-ended waveguide can be significant. Therefore,
waveguide resonators are usually short circuited at both ends, thus forming a closed box or cavity.

Electric and magnetic energies are stored within the cavity enclosure and the power is dissipated in the

metallic walls of the cavity as well as in the dielectric material that may be filled the cavity.

Typically, a rectangular waveguide consisted by a single Vi
conductor line — Cannot support TEM mode. b
For TE modes: £, = 0, H, # 0 — 5-field components
For TM modes: E, # 0, H, = 0 — 5-field components
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G Rectangular Waveguide

= Transverse electric (TE) mode in rectangular waveguide: Vi
“E.=0 b £:=0 7 o
= Y
- In free space, Ey=0 v
VxE=-jwB VxH = joD E. =0 a X
S - == z
a: a, a: a. a, a:
0 0 0 - - - 0 0 0 - - -
- - _:_ja)(Bxax +B ay +Bzaz) - - _:_ja)g(Exax +Eyay +Ezaz)
ox Oy 0Oz g ox Oy Oz
. B, L H. H, H,
- 6 variables (E, E , E_, H , H, H_) must be defined to know electromagnetic wave operation. — Difficult!!!
1 . OH. OE. 1 . _0E. ©oH.
E =——s—(Cjou—=-y—2), H =—5—F—jos Y =)
v+ ue oy ox v+ ue oy ox
1 OH OFE 1 oFE OH
F =— (jo Z— ), H=—— (—jos —= 2)
Y 7/2+a)2,u5(] H Ox 78)/) Y 7/2+a)2,u3( / Oy 4 ox

- It E, and H, are known, the remained 4 variables (E,, E,, H,, H)) can be easily obtained.




G Rectangular Waveguide

TE mode (continued)

yn
- Helmholtz equation (or wave equation): b E. =0
2 2 2 >
V’H +k*H =0, 8ﬁLIZJrasz+af]“rszZ:O —k=alpue E,=0 1
oOx Oy 0z 7 R
2 2 2 2 E.=0 a X
a?Z+afIZ+y2Hz+k2HZ:a?Z+af{2+(72+k2)HZ:0 7
o' x 0y o' x 9,
2
a@fl o H +k’H =0 (1) <k =y +k’=(a+jB) +k’=—p>+k’ (for lossless, a = 0)
X
- Separation of variables: H_ = X(x)Y(y)e””  (2)
o°X oY :
-(D =@ Y(y)e " —+X(x)e” —+k X (x)Y(y)e " =0
1 (e Zat X (e o kX (1) (1)e
1 azX 1 azy 2 2 2 2 2 2 2
+ +ki=0, -k -k +k =0 kl=k +k
X(x)ax* Y(y)o* o (or 2
. 0’ X 0*Y
- This leads to ——+k’X (x) = Y (y)=0

ox oy’




G Rectangular Waveguide

* TE mode (continued)
X =Acosk x+Bsink x

Y =Ccosk,y+Dsinky

- General solutions:

- Applying boundary conditions,

1 . OH, OF, ‘wu OH
ExE:o: 2 2 (—jou —7 ) =7 2/1
Z 7/ T ﬂg ay ax E.=0 kc ay
=12 X(x)m=0 @y=0,b (- conducting wall)
k. oy
SNCEA @y=0,0b
qy
oY ,
™ :—kstmknyrkyDcoskyy‘y:O:kyD:O = D=0
V1,0
a_Y :_k CSinkb:O :>kb:n7l' (n:O,l,z,...) :>k :ﬂ
ay b y y y y b

y A
b E; _
0 Ty
E.=0 a X




G Rectangular Waveguide

= TE mode (continued)

- Similarly,
1 . OH_ OF, jou oH
|, e ou—=—y )| =
: v+ ue ox oy |, ki Ox
jou 0X (x)
= Y :O X = 0, a
E = @
:%:—kxAsinkxx+kacoskxx:O @x=0,a
x
ox =k B=0=>B=0
OX |,y
oX .
™ =—k Asinka=0 =ka=mr (m=0,1,2,-)=>ka=mnr =k =
X x=a

S > <

mn

a

=Y




G Rectangular Waveguide

TE mode (continued)

- Finally, H, = X(x)Y(y)e’”* = ACcosk xcosk ye '"*

mr
=H  cos—— xcos— ye
b

Nz -ibz
a

-lf m=n=0,H_=H, (constant)

Then E, =E =H_=H, 6 =0 (No electromagnetic wave!)

- Field components

‘wu OH . jouk . iy
i :_];’u a@ e J k'Lzl ~H,, cosk.x-sink, ye 7P
C y &
_ ]a)/’l aI{z _ .]a)ll’lkx : - .ﬂmn
S H,, sinkx-cosk, ye”
< C C
H k : y
i :—7;{”’2” a@ ~ = 7’};”2 “H,,sink x-cosk, ye m
C x C
H k , »
, :_711”12" 68 = 7”]:’2 ~H cosk x-sink ye TP
c y c

z

z

<~ m=n=0 excluded

where <

yn
b Ex:O /Q
E,=0 s
E.-0 a  x

(TE, mode: TE mode according to m, n

ynzm :kcz_k2 :kcz_a)zﬂg’ ymn :_Jﬂmn

k. :ﬂ’ =17
a b

2 2 2
k2 =k k]




G Rectangular Waveguide

= TM mode in rectangular waveguide:

-H.=0
- Helmholtz equation (or wave equation):
2 2
E OFE
g Z+—Z+k’E, =0 (3)
ox oy

- Separation of variables: E_ (x, y, z) = X(x)Y(y)e7#

2 2
%f+ijzo and Zf+k;y(y):o
X v

- General solutions:
X =Acosk x+ Bsink x
Y =Ccosk, y+Dsinky

N\

=V




G Rectangular Waveguide

= TM mode in rectangular waveguide (continued)
- Wall boundary conditions:
E =0 at x=0, x=a > X=0atx=0and a
A=0,ka=mrx, m=1,23,--

E =0 at y=0, y=a ->Y=0at y=0and b
C=0, kybzmr, n=I1,2,3, -

- This leads to

— 1 ] _jﬂmnz
E =E, sinkxsink ye

. mx . nT
=BDsm—xsm?ye JPm
a

o <

=<V




G Rectangular Waveguide

= TM mode in rectangular waveguide (continued)

- Field components,
(. joudH_ jouk,
LKy K

z

1 _jﬂmn
H,, cosk x-sink, ye

o OH ok . y V4
g o JOuOH, _ jopk .o osk e~ ibw
Yk ox k> " * Y
J c c b
8H k . -7 z
x:_7;€mz" 8xz zy”ZZXHmnsmkxx-coskyye TP E.=0

N\

__ymn a[{z _]/mnky

1 _jﬁmnz
H,, cosk x-sink, ye

y o 2 o 2
Kooy K 7
where <kx=@, kyzlK
a
m=0orn=0 — TM, or TM, mode.

-Ifm=1andn=0(orm=0,n=1),then £, =0 and no electomagnetic waves.

=<V
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G Rectangular Waveguide

Mode characteristics:

Orthogonality: Power can’t be coupled between two different modes, among TE and TM modes. Coupling
may exist between the same TM and TE modes.

Vi
=  Cutoff frequency:
R=k+y « K=k +k b
P =k kR =k kR =k MU, &
c X y
>
—>y:a+j,6’=\/kf—k2=\/a)fy8—a)2y8=«/y5«/a)f—a)2 0 d X
z
1) w>w, y=jpf: Propagation mode, o =0
11) w<w, y=a : Evanescent mode, f=0 A, _c_olk :iﬂ’
m) w=w, y=0 : Cutoff Je /e ¢

| @ @

2 277 > 5 where k=w.\ue =—, c=—
k =k=w.\us = mr + n =S = ! mr + nw. c k
TN b © Jue W a b A,: cutoff wavelength

=>» 1. Rectangular waveguide is a high-pass filtering device. 2. Cutoff frequency is depended on modes (m, n).

12



G Rectangular Waveguide

Mode characteristics:

- Dominant mode: mode with the lowest cutoff frequency.

2 2
k3=wjyg=kj+k2=(@j +(ﬂ’j
g a b

| mi ? nrw ?
. J( H j 0> b
27| ue a b
Ny B | (mﬂjz_l_(nﬁjz
c¢_TE10 27[\/% a b

C
A _TE10 :7 =2a

I S om 1
., 2mjusa 2a \/78

n=0

4

- Higher order modes: other modes except the dominant mode.
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a Rectangular Waveguide Cavity Resonator

Propagation constant of TE _ or TM, , mode of rectangular waveguide cavity
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Resonant wavenumber for rectangular cavity
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6 Rectangular Waveguide Cavity Resonator

Unloaded Q of the TE,,, mode:

- Unloaded Q with lossy dielectric material filling but perfectly conductor wall

1
O = tans

where tano: loss tangent of dielectric material

- Unloaded Q with lossy conducting walls but lossless dielectric
_ (kad ) bn 1
© 22°Ry 2Pa’b+2bd’ +1Pd’d +ad®’

i e

where k& = o\/ 1 : wave number d

R, =\/wu, /20 : surface resistivity of metallic wall z

n =+/ i/ & : Intrinsic impedance

-1
1 1
- Total unloaded QO: Q, = (_ +_j
Qc Qd

=V
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6 Rectangular Waveguide Cavity Resonator

Example:

- Rectangular waveguide cavity made with copper WR—187 for H-band waveguide (a =4.7 cm, b = 2.2 cm)

- Filled with polyethylene (€, = 2.25, tan § = 0.0004)

- Assumptions: f, = 5 GHz, (surface resistivity) R, = 0.1 €, and (wavenumber) £ = 157/m.

- Find required length d and resulting unloaded Q for m =1, n =0, and / = 1 resonant modes.
Solution: V4

- From dominant mode (TE,),

b

ki, = \/ng2 +(O)2 +2(Zj2 f 4
(ke

=y
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6 Rectangular Waveguide Cavity Resonator

Solution (continued) I
- O due to conductor loss b
 (kad) by ! ) ‘s
©  2x°R, 2I’a’h+2bd’+1’a’d +ad’ K &
where 77 = 317 251.3 Q for polyethylene. d
~0 - 0.024 1

© 1.9739 (4.5682x10°°) +(4.7492x107) +(2.2944x10™°) +(5.0731x107 )

_12.1586x107°

= =4339.74
2.8017x10°°

- O due to dielectric loss - Unloaded Q of cavity resonator

1 1 h :
tand  0.0004 2 [Qc 0, 4339.74 2500 |




9 Review

= Rectangular waveguide

= Rectangular waveguide cavity resonator

=V

=V
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