TEM RESONATORS

Voltages and Currents: 0~z | ——

M

v(t,z) =V, cos(ot - kz) + V_cos(ot + kz) a D g
Boundary conditions: v(t,z) =0atz=0 = V.=-V,

v(t,z) = v V, [cos(mt - kz) - cos(wt + kz)] = %/V sin ot sin kz *
I(t,2) :( j[cos(o)t - kz) + cos(ot + kz)] = 2[—*] cos ot cos kz *

+

Z Z

0 0

Resonant Frequencies o,,: o

2V, sin(ot) sin(kD) =0 = i(t,z)
kD=nm, n=0,1,2,..

k.D = (0, /c)D = nx —
®, = Nnc/D = 2xrc/A, = n\/2=D

*cos a -cos B =-2sin[(a + B)/2] sin [(a - B)/2]

cos o + cos B = 2 cos[(a + B)/2] cos [(a - B)/2] L



MORE TEM RESONANCES

Resonant Frequencies o, .
ni
on =g 5 O

DC Resonance (o = 0):

Current flows in loop,
Voltages are zero
w,=0, w_#0 [J]

Open-Circuit Resonator:
n/2=d, n=0,1.2,... =

A, = 2d/n o, = hrnc/d = 2rnc/h,

Ay = © - 0,=0

M =2d —> o,=nc/d

A, =d > o,=2rc/d -z
Ay =2d/3 » o, =3nc/d
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ANOTHER TEM RESONANCE

Quarter-Wave Resonator: i ——

1O

+

D =)\4, 3M4, 5M4,... = I:: Zp,C V]
D=A/4)2n-1) [n=1,23,...] a D il

A, = 4D/(2n - 1)
), = 4D

), = 4D/3

)y = 4D/5

A, = 4DI7
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ENERGY IN TEM RESONATORS

Electric Energy Density W, = Cv?/2 [J/m]:
v(t,z) =V, sin o tsink z i(t,2)
W, (t,2) :%cvc?(s,in2 o t)(sin*k z) [Im]

v(z,t)

= %CVO2 (1- cos2o,t)(1—cos 2k z) >0

Magnetic Energy Density W, = Li%/2:
i(t,2) _ Yo cosw,t cosk z
’ 2 203,

<

v
i Win(t,2)

Z
W, _(t,z) = %L ° | cos®wt cos’k z [J/m]
1 (1+cos2m,t)(1+ cos 2k, z)

zZ,
VO

2°\Z,
Total Electric and Magnetic Energies w, and w,,:
1

(W,) = %Cvj(l— cos2k z) (W, )= ZL(%] (1+ cos 2k z)

2
A _ 2 _ [ Vo 2_L
Over nZ we have (w,)=(w, ) because CV; = L( > j (recall Z; = 5)

4
* < e > gignifies time average of e.

(0]
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TEM RESONATOR LOSS AND Q

Distributed Losses: RAZ LAZ v = V.cos of
ANAA (m - ()]
P..(tz) =i"R+Vv°G [watts/m] — __éGAZ i
~ CAz| R (ohms m-1)
Py [W] j < dlss> . Az e (Siemens m1)

= [°(V,/Z,) (cos?o,t)(cos’k,z)Rdz

+ ]y Vo7 (sinw,t)(sin,z)Gdz  (for EJ)

RD 2 GDVO2 d
P, = ] =—=(V,/Z,) + i [watts]
Example of Q Calculation (n =1):
0oW _ 7CCZy° 1 _C(L/C) _

Q=Qu= P, RD J.c RD RD

TC
oao(n = 1) = F V(Zm
W =2(w,) :%CVOZD |:i Z c v T ::|

2 1
P, :@(Lj 5

4 (Z

0
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LUMPED LOSSES IN TEM RESONATORS

Calculation of Q:
_ @iy
Q= P,

Perturbation Technique:
Find P4 using unperturbed v or | | i
Need (Aviv,) << 1, (Aifi)) << 1,T =T, 1=(V,/Z)cos(nz/D) =~

D

Loss Computation Examples: uUse unperturbed V, |

- 1 - 1 -
a Pd: E |lz:O|2 Ra C IDd: 2Rc |\—/OS|nk8|2

Br=_1iv,. [@r=1iyz)sinke R,
2R, 2

When is a perturbation too large?

al WantT',_,=-1= Zn—1
Z,+1
B wantr, ,=1 = R,>>Z, (Z,,>> 1)

C] Want R, >> |-]Z _sin k9| = R_.>~Z, (if 2nd/A << 1)

= R, <<Z (Z,<<1)
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COUPLED TEM RESONATORS

V

Example: computation of Q: o 2o V()|
Q joaded = BT 5§f/’_0_12\\
nhextor foade Pd:intext,or loaded :'O/E: Z,c vt j
CIV, |2 Zo,C_~—X—D
woz%g Wy =2<W¢>=2D léJ =4 R ohms m-!
NG D\2
o B Vo Sm(ﬁ 0. = (g)
d;ext — ZZO ext = oo
2
_RDVo =g
Paint =74 Z, = Q= Rp Py(®)--1
Example, perfect coupling:
RD® ©

Qint = Q ext = 0= anzo &

(0]
Resonance

Q. Q L Leg

R
Aw= D0 2 2% _5R_Teqr,
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COUPLED TEM RESONATORS

Resonator equivalent circuit V(@)
S, -

0o _ 20, _ Regq [r/s] ) /\:

QA QL . z:WL: Z,c vt |
0l

o >Eqn R oﬁms m-L

o=

D JLeqCoeq 3
Unk
Req _ I:)d;ext _ Q|
Rin Paine Qe )

Aw =

Z(o=0,)=

R.-R
STatw, ([=-3_T")
RegtRm

Imperfect coupling if Qg # Q,
Lossless bandpass filter
If both lines are Z, and 3, = 9.,

Lossless
bandpass filter

Then Q, = Qg = perfect coupling
and perfect match at o,
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