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* Lump Resonators

> Series resonant circuit

| R L
Z,(0) =R+ jol+— o——MM—TIT
JaC +
C -V
P, = %\I\Z R |—> ©
O
1, .2
W =—|I| L
n =gl 2, ()
1., 1. C 1,2 1
W, :Zvc‘ C :ZM 02C2 :ZM D2C Resonance occurs whe.n the\
average stored magnetic and
At resonant frequency , = 2xf, electric energies are equal, and
the input impedance is a purely
Wm :We - @, = 1 real impedance. -

Z (a)o) =R
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* Quality Factor:

Q is a measure of the loss of
a resonance circuit, and lower

02 me +W, o average energy stored loss implies higher Q.
P. energy loss/sec

At resonance o = @,

1,2
w2,
:a)OP—:w0 1,2 B R
R “JIfR
2
2, =
0o MW _, 4 @C 1
P, 1|‘2R @,CR
2
X]

—  where |X|=a,L or 1
R ,C

Q=
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 For series RL and series RC Circuits

L R X el
O—N—MWW—o0 Qz‘R—‘z%
o o ozlXl__1

3 R «CR

Although the Q is defined, but the resonant frequency can’t be defined
(they are not resonators).
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* For series resonant circuits, as o — o,

| L R
| 1 O——TIN—MW
Zin(a)):R+ja)L+_— +
Jelo C v,
1 _
Let w=0,+A0® Aw—0 a)ozf rc

Zin(a))zR+ja)L( =R+ joL|1

0% — P
_R+ja)L[ Za)oj
w

+
R+ joL 27 %) 2“) %) R |_2“’O Ao
® @,
:R+2jAwL:R+2jAw£Q—Rj where o=t
@, R




2A @

Wy

 Define the bandwidth BwW 2

Z —R+2] BWZ'“)O [QR]:R+jBW QR

" z,
when BW = 1 t
: \
Z,|=|R +R|= V2R A0,
z,/-IR+ R 5
3-dB Bandwidth = BW - @, = <2 R
Q o
1 Wy

3-dB Bandwidth in % = BW = 6

When resonance occurs, the absolute
value of impedance is minimum in the
series resonant circuit.
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> Parallel resonant circuit

+ O |
1 1 . L
Yin(”)zﬁ+ﬂ““’c V R LS ¢ ——
2
| o
i )
Y, (o)
1.,
W, ==
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* Quality Factor:

W, +W, a)average energy stored
P. energy loss/sec

Q2o

At resonance o = o,

Q:u where G== and \B\:a)oCori
G R w,L

Comparisons:

.B_R
W 076 Tl
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* For parallel resonant circuits, as @ — o,

Y, (@)= i+i+ja)(3 l+2jCAa)
R jolL R
2A
Define Bw 222¢
a)O

Y, (0)==+2j2 0 @ Q _ 1, pyQ

R 2 @R R R
when BW _1
Q
‘Yin‘: i"‘Ji =—
R 'R
3-dB Bandwidth =BW - @, = %
3-dB Bandwidth in % = BW :%

When resonance occurs, the absolute
value of admittance is minimum
(maximum impedance) in the parallel
resonant circuit.
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Loaded and Unloaded Q

 For series RLC circuit

a)OL 1 e N\
QA =RIR ~ @C(RR
TR @ ( + L) Resonant
Circuit R,
* For parallel RLC circuit Unloaded Q
RIIR,
= =w.C(R/IR
Q== -=aC(RIR)

» Define the external Q (Q,)

Q. = ol __ 1 for series RLC -~
Ri ol 1 1 1
- — =—+—for both cases
R Q e
Q =—-=wRC forparallel RLC -
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Goal: Z =R,
r. =0
; ok
MW——o0 Lo
v Matching
Vs _6/) Zo =R, Network “
O o— —O0—

 The matching network is ideally lossless, to avoid unnecessary loss of
power, and is usually designed so that the impedance seen looking

into the matching network is Z, (matched with the transmission line) or R,
(matched with the source impedance when no line connected).

* Maximum power is delivered when the load is matched to the line

(assuming the generator is matched), and power los in the feed line is
minimized.

* Impedance matching may be used to improve the signhal-to-noise
ratio or amplitude/phase errors in some applications.
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Eight Ell Matching Sections (L-Shape)

o— i O—I I P o— ° o—TIN—e——
c— |z C,—— |z L3 |z L3 |z
(o, (o, (o, (o,
C C, L L,
ot el ey o
L |z —c, |z —c |z L |z
(o, (o, (o) (o,
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Lump Element Matching

 Two element (L-shape) matching

> Case (a) R, <Gi (orR, <R,)

RS
WW—O |X
.\ J | |
V., iB Y,| Y, =G, + B,
_= r J:‘ J:‘
Zin
- Z =R
X : matching reactance Goal: & ZS =
. ] [ = Zin s -0
B : matching susceptance 7 iR

We want to find X and B
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1-Shape Matching - Case [a) B, <R,

Z. =X+

. . = S
(GL + JBL)"‘ B When the impedances are matched,
the imaginary part of the input
Real part: R.G + X (B +B )_ 1 impedance looking into the matching
- s L L)

network is equal to zero.

Imaginary part: R (B+B_)—-XG =0

Use the resonator concept:

R, _ Parallel RC or RL
JX ?
+
V, Series RC or RL j(B+B,) G,
4 ‘W r il =
Qs Q/
X _B+B,
Qs — R Q/ - G
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1-Shape Matching - Case [a) B, <R,

Imaginary part: R (B+B_)-XG, =0

Real part: RG _+X(B+B )=1 and QS:R_:Q/:

- RSGL(Q2+1)=1 ) Q=+ L [Ori %—1]

Choose Q=Q,=Q, =+
’ 2 When Q is chosen, X and B are also}

decided.

X =RQ=R,

1 (>0, capacitance)
B=GQ-B =G, -1-B, _
R.G, (<0, inductance)

-1 (>0, inductance)
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1-Shape Matching - Case [b) B, > R,

» Case (b) R, >R,

ZL :RL+jXL

<
O~
=
1 Q
I||— a —0
X
= N —

Yin
| & ~
X : matching reactance Goal: 1 v
B : matching susceptance Y, = 1 = Rls ) =0
S —+Y,
N R, Y,

Again, we want to find X and B
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1-Shape Matching - Case [b) B, > R,

. 1 1
Yin = JB + . <,
(RL + JXL)+ X R When the impedances are matched,
the imaginary part of the input
Real part: BR, (X n XL) -R, -R, admittance looking into the matching

network is equal to zero.

Imaginary part: (X + X, )-BR,R, =0

Use resonator concept:

J(X+X,)
V iB Series RC or RL R,

— J——‘”' —

Q, Q
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1-Shape Matching - Case [b) B, > R,

Imaginary part: (X + X, )-BR,R =0 XX =Q,=BR,=Q, =Q

L

Real part: BR (X + X )=R,—-R

=) Q°R =R, ,-R, Q=+ |—=-1

R
Choose Q=Q, =Q, =+,/R—s—1
L 2 When Q is chosen, X and B are also}

decided.
1 R
B = Q_ = -1 (>0, capacitance)
R. R, \R_
X=RQ-X, =R, &_1_ X, (>0, inductance)
R, (<0, capacitance)
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series-to-Parallel Transformation

 Series-to-Parallel transformation

O— JXs WW—-O0 Qs =— Zs - Rs + JXS

Rp
W
Q:& :Rp pr
p .
‘ X | X, "R+ X,
X_ R
QS:Qp:Q: S:—p
I:QS X 2
P - R (1+Q%)=R
R_-jX ) P
Z.=Z =R_+jX =—2"—°P
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> Case (a) R, <Gi (orR, <R,)

WW—0— jX ?
+
_ -

Y =G, +]B,

i <




JX |B

€q

S €q

Impedance matching at @ = @,
Series resonant circuit]

Z,(0=a,)=iX +_i+Req =R,
JBeq

: 1
Imaginary part: X +jB— =0 == XB, =1

€q

1
Let X=¢,L and B =w,C ,where o,=—
i T ° JLc
1 1 1
Realpart: R, =R. == — =R. and Q== -
p eq S GLl_I_QZ S Q GLRS
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* Define Q, and Q,, for RLC resonator

X | B
R
VS W % Req ) RS
= I_;_ Qin -
QL EQin
> Find 3-dB bandwidth for || Q, =2 =R.-[0-G, (1+Q%)=[q| }
eq

let X=wL and B, =aC

as w—>w, let o=w,+Aw where Aw—>0 and o, =

1
JLC

r Z —-R IBe, _ 2]LAw
2|]LAw + 2R,
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> 3-dB bandwidth for |F| (=2Aw) occurs when

JAAp=2R, = 20p=2ne_ 2Rt T
L X y N
1 1
2A
3-dB Bandwidth in % = BW 1| \ePhey
J2
qy 2o 2R 2 1 2
a)O X ‘Q‘ QL 1 _
R.G, o
Wy
» Similarly, for case (b) > Case (a) > Case (b)
Rs<i R, >R,
W =3 = =TT i
- iy _ R
RG, Q= {re: Rl= &1
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Example - L-Shape Matching (1)

Find element values and 3-dB fractional bandwidth of the two-element

matching network.
R, =500 R, = 20000
1 — MWW—0— —O0—
R, <—, choose case (a) + Matchin
G, V. /D g -
2 N Network :
O=1 1 Al /2000_1 o __ o
R.G, 50
_ + 6.245 Goal:Z, (f =100MHz) =R,
T, (f =100MHz) =0

st ion: = +6.245
> 15t Solution: choose Q R -500 L - 496.96nH
— WO —y——
X =R.Q =50-6.245=27-100x10° - L
' B=G,Q-B, =6.245/2000-0=27-100x10°-C +
v, /\,) C=4.9696pF —— |R,

L =496.96x10°(H) = 496.96 (nH)
— C =4.9696x10"2(F) = 4.9696 (pF)

H
7
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Example - L-Shape Matching (i)

» 2nd Solution: choose Q =-6.245

X =R,Q =50-(-6.245) = —1/(27-100x10° -C)
' B=G,Q-B,_=(-6.245)/2000 -0 =-1/(27-100x10° - L)

C =5.097x10%(F) =5.097 (pF)
L =509.7x10°(H) =509.7 (nH)

nd

1 2 2
BW, , =— -=32% and BW,, ~16%, BW,. . ~8%

® "0, |Q| 6.245

L-SHAPE MATCHING (TWO SOLUTIONS)

< 5 Al
< ™ T lim

R, =50Q C =5.097pF \;\ // ] M1=-2.9669E+00

I . VIX M (/ {;:G.Z.OOOEWE
—mw—o— | N1/
\ :

M2=-3.0351E+00
/ I1=115.00E+06

Vs +</\/> L =509.7nH é RL , I2-m

— BW =33 %

dB(S11)

-10.0

.
= ~ 50.0 MHz freq 150.0 MHz
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Three Elements Matching (High Q)

» Case (a) Pi-Shape Matching
R

X w—o—p— X, |
Vs ? jBl jB3 YL YL :GL + jBL
L . L = | =
[ =
Z, Z,=R, r:ili =
» Case (b) T-Shape Matching
R

WW—O0 le T JX3 I
+
Ve ? 1B, Z | Z =R+ X,
i




R, Xy =Xoa+ Xy
N MW—0 ! X X2 ! |
V, jB, ]B, Y | Y. =G +]B
L < i i - 4
1
R, <R, R, R, R, <—
C;'L
R, :virtual resistance (designed by yourself)
Splitting into 2 “L-shape” matching networks
R, R,
+ W0 ! X2 X ! | Y. =G + B,
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L [W—o— X . ! |
vS%) iB, %RV + VS(? By |V,
1 |* I 4 r = =

BW = min(BW,,BW,)
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T-Shape Matching

RS
| wW—o—{ X, —¢ 10X
Vs 1B.a 1B, Z Z =R+ X,
= = I = =
R, >R, R/R, R, >R,
R, :virtual resistance (designed by yourself)
Splitting into 2 “L-shape” matching networks
R, _ R, _ Z =R +]X,
WW—O0 X, t WWA 1 X, ]
JBas Z,
L L
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T-Shape Matching

R, R, Z =R + X,
WV—O0 ]
. X, t . W X,
Vs JBZa RV + Vs JBZb ZL
= T L 4 - i L L
Z =R, I'=0 Z =R, I'=0
R R

Q== RV—l Q, =+ R—V—l

BW = min(BW,,BW,)
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Example - P1 and T Matching Networks

Use Pi and T matching networks to achieve a matching BW<5%.

R, =50Q R, =2000Q
—VWW—O0— —O0——
+
Matching
\Y,
_C/\D Network R
_OIZ o

Goal:Z, (f =100MHz)
I, (f =100MHz)

RS
0
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» Pi-section matching network

Q =max(|Q, |,|Q,[) = max(y/50/R, —1,/2000/R, -1) =,/2000/R, -1

BW = 2 <5% =R, <1.249 O
J(2000/R,) -1
R. = 500 Ry =1.249Q —1.2490 G, =
> MWW—o ~ ~ 2000Q
n T J 2a J 2b T
Vs JB1 JB3
L [T T I
Z, (f= 1OOMHZ) 1OOMHz =1.2492Q
[(f =100MHz) = 1OOMHz

=t = —+\/ -1=46.247 == = —+\/ 2000 —-1=+40
1.2492 1.2492
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R, =500 R, =1.2490

. WV—O 1 X,
\A %} B, % R,
T r T

Z, (f = 1OOMHz;
)=0

I'(f =100MHz
=L_-p»pC  C=198.85pF
Q, = +6.247 ™==)
X, = VQl—a)L L=12.42nH
-1
——  L=12.74nH
a)
= —6.247 —»{ -
X,.,=R,Q,=—— C=203.95pF
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R, =1.2490Q

) X1
- 1
Vs Bs %szooog
I 11

Z,, (f =100MHz) =1.2492Q
I'(f =100MHz)=0

B,=G,Q,-B =»C C=31.83pF
Q, =+40 ‘{
X, =R,Q, = a,L L =79.53nH
1
B,=G,Q,-B =—— L=79.58nH
Q,=-40 wmp 9 L
X, =R,Q, = C =31.85pF
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31.85pF
50Q 12.42nH 79.53nH 500 12.42nH N
WW—o——TI IN—e—— —WW—o—e—{I | | Py
+ +
v,(\) 198.850F ——  3183pF Z= Sokq V.(\) 198:850F —— 7958nH S E2kQ
o—¢- ¢ o—1¢- ¢
00 203.95pF 79 £3nH 00 203.95pF 31.85pF
o AR e |

+

V. /\,) 12.74nH§ 31.83pF — §2kQ V., @, 12.74nH§ 79.58nH §2kg
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PI-SHAPE MATCHING (FOUR SOLUTIONS)

0.0

dB(S11)

-10.0

oF!

M1
M1=-2.9993E+00

[1=97.750E+06

2=

M2

2

M2=-2.9692E+00
I1=102.12E+06

I2=1

90.0 MHz

freq

150.0 MHz
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Example - T Matching Network (i)

» T-section matching network

Q =max(|Q, ||Q,]) = max(y/(R, /50)-1,\/(R, /2000) -1) = \/(R, /50) -1

BW = 2 <5% = R, >80050 Q
J(R, 150) -1
500 R, =80050Q R, = 800500 R =2kQ
ww—o—{ X, + L X,
VS jBZa RV VS jBZb I:QL
Z,, (f =100MHz) = 500 Z,, (f =100MHz) = 800500
(f =100MHz) =0 ['(f =100MHz) =0
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Example — T Matching Network (il}

500

WW—O0 X, 1
+
V, ? 1B, %R\, = 800500
r L

Z,,(f =100MHz) = 50Q
['(f =100MHz) =0

X,=RQ,=a,l L=3.183uH

Ql =440 - Q
B,,=~=aC  C=0795pF

X, =RQ, = _é C =0.796pF
Q =-40 == { “
T L =3.185uH
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Example - T Matching Network (1)

R, =800500

. W 1%,
T I" JT_

Z,, (f =100MHz) = 800500
I'(f =100MHz) =0

B,, =%:a)oC C =0.124pF

Q, = +6.247 —»{ v
X;=RQ,-X =@l  L=19.884uH
B,, = Q _ 1 L =20.394uH

R, ol

Q, = —6.247 w=m) { .

X,=RQ,-X = _c C =0.127pF
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Example - T Matching Network (V)

<
AL

<
i

500 3.183uH 19.884.H 50 3.183uH 019"
—WW—o— T —o —WW—o— T
+— T 11
+
D 0.795pF 0.124pF 2k v,(\) 0.795pF —— %20.39%4 S 2kQ
O J__ ® -O J__ ¢ ®
500 0.79|6pF 19.884H 500 0'79|6pF O'llszF
—w—o—] | 0 —W—o—| |—+—1—|
+
D 3.185.H é ——o.124pF 22k v,(\) 3.185.H § %20.394/1H 2 2kQ
N O ®
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Example - T Matching Network (W)

T-SHAPE MATCHING (FOUR SOLUTIONS)

oF!

! — g —
\ ;
M1=-3.0028E+00

1 11=97.750E+06
P Iaz.

0.0

M2
M2=-2.9652E+00
I1=102.12E+06
I2=-|

dB(S11)

BN = 4.4 %

-10.0

—1
50.0 MHz freq 150.0 MHz
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» Case (a) RS<R\,<Gi

. Ky X 1
Vs B, B,
=

AL}

in S RV RV

YL :GL + jBL

- <

Splitting into 2 “L-shape” matching networks
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R, | R, |
.\ X, I . X, !
VS r JBl RV + VS r J (BL + BZ) GL
= Zin = Rs Jr_ — — Zin = RV Jr_ —

-+

le

R_V_1 Q, =+ 1 -1
RS GLRV

We want to have the maximum bandwidth (find minimum Q)

Let [Q]=]Q,]=Q == R, - 2_
2 2 NG
BW = = =
QV2 Q 1
RS(3L
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> Case (b) R, >R, >R,

RS
. MV/—0—+ X, T X |
Vs jBl sz Z Z =R + X,
=T = = =
el
IQV IQV

Splitting into 2 “L-shape” matching networks

?\/\N\/‘ o—1 X, % WW—O0 1 X, IL
B R |B Z

v + ? L

<
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RS Rv .
we—o——{ i, + - W—o———{ (X, + X, )
VS JBl RV VS JBZ IQV
T [T I T | I [
Z =R, I'=0 Z =R, I'=0

R R
S LA =+ | 1
Q. R, Q, =

We want to have the maximum bandwidth (find minimum Q)
Let ‘Ql‘ - ‘QZ‘ =Q == R, = V R,R,

2 2 J2
BW:Qﬁ_Q_\/ 1

-1
R.G

s~ L

Department of Electronic Engineering, NTUT



Example — Gascaded L-Shape Matching (1)

 Use Cascaded L-shape matching networks to achieve BW>60%.

R, =50Q R, =2000Q
— MWVW—0— —O0—
+
Matching
V
S_/\D Network R
_OIZ o

Goal:Z, (f =100MHz)
I, (f =100MHz)

RS
0

Choose R, to let Ry <R, <R,
R, = /R.R, =+/50-2000 = 316.23
J2 V2

BW = =
\/ RlG 1 +4/2000/50 -1
s L

=61.29%
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Example — Gascaded L-Shape Matching (11

R, =500

— R, =316.23Q R, =316.23Q _ R, =2kQ
X, WVW—0— X, ?
+ +
Vs \ JBl RV + Vs (A/\E JBZ %RL
Z,, (f =100MHz) =50Q Z (f = 1OOMHz) =316.23Q
I'(f =100MHz) =0 f =100MHz) =0
R, /2000
=+ |- 5 ~1=+2.3075
Q== R—V—l:i,/316'23 ~1=142.3075 Ry
R, 50
X,=R.Q =o)L L=183.63nH X,=R,Q, =L  L=1.161uH
Q, =+2.3075 = 0 Q, =+2.3075 = 0
B,==t=0C C=116IpF B, =~2-B =  C=1836pF
-1 -1
X, =R.Q,=— C =13.79pF X,=R,Q,=—— C=2.181pF
Q, =-2.3075 =) “1’0 Q, =-2.3075 =) { “ .
81:&:— L =218.11nH Bzz%—BLz_— L =1.379uH
R R oL
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Example — Gascaded L-Shape Matching (i1

500 183.63nH 1.161uH 500 183.63nH 2.]i8|lp|:
—WW—0— TN ——FIN—— —W—o—TI—— |—1
P 4
v,(V) 1161pF —— 1.836pF = 2 2kQ 10 11.61p0F —— 1.379.H % = 2%Q
O ® ® -O ® ®

13.79pF 1.161uH 500 13.79pF  2.181pF

o | o
Vs+<’\/> 218.11nH§ 1.836pF —— 3 2kQ) VS+C/\,> 218.11nH§ 1.379yH% S 2kQ

O O
O ® ® O ® ®
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Example — Gascaded L-Shape Matching (IW)

CASCADED L-SHAPE MATCHING (FOUR SOLUTIONS)

o B A 1
e~
= ™\ \ AE1 M1
\ } ______________________ M1=-2.9575E+00
M 11=70.000E+06
- —_— £l 1-m

/| 4 w

M2=-3.0750E+00

I1=137.00E+06

dB(S11)
“--...,__\
- s

\ IEE.
) \ /1] .
? \\ /i jl BW = 67 %

PinN
50.0 MHz freq 150.0 MHz
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Matching For Larger Bandwidth

* Use multi-section L-shape matching networks to extend BW.

R, =50Q
—WW—0— — o o o — —O0—
+ L-Shape L-Shape L-Shape
VSC’\D Matching Matching Matching R,
Network Network | o e Network

CASCADED L-SHAPE MATCHING

P [+ Il
— —

0
9

™\ AN M1
\ / [ M1=-3.0707E+00
N I1=63. 000E+06
/\ 2=
-~ N=2
& M2
oz
= N=3 M2=-3.0546E+00
= 11=169. 00E+06
0 2=
)
BW(N=3) = 106 %
- BWN=D = 6T
S BWCN=) = 337
n

1.0 MHz freq 200.0 MHz
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siimmary

« Impedance matching is a procedure of transforming the
complex load impedance Z, to match with the source
impedance Z, or characteristics impedance Z, of the
transmission line (Generally, Z,= R, = Z)).

« The lossless lumped element matching networks that are
commonly used include L-section, Pi-section, T-section,
and cascaded L-section. L-section has medium but not
adjustable matching bandwidth. Pi and T sections have
rather small and adjustable matching bandwidth.
Cascaded L-section can increase bandwidth as the
number of stages increases.
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