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LECTURE 2. IMPEDANCE MATCHING

Main principles
(conjugate matching, maximum delivered power)

D

nw

Matching with lumped elem
Matching with transrmission lines

Determination of active device

Impedances

6. Types of transmission lines

(coaxial line, stripline,microstrip line,slotline,
coplanar waveguide)



2.1. Main principles

Impedance matching is necessary to provide
maximum delivery of RF power to load from source

Ls lin lin :
| o o Zs=Rgt|Xs -
source impedance
Vs Vin [ Zin = 6@ Ys V'”[ Yin = Z =R+ X, -
v Zy ls ' Yi load impedance

2
Re[] - power delivered to load

l ( substitution of real and imaginary

parts of source and load impedances)

: - - power delivered to load as
2 (RS + RL) + (XS + XL) function of circuit parameters



2.1. Main principles

For fixed source impedance Zg, 5
to maximize out f ° Rs— R + (XL+XS) =0
put power
XL(XL+XS) = 0.

PSR P . o

| |

oR, X,
R.=R
1 R : - =7
P:_V82 2 - 2 {X = —X ZL=2s
27 (Ry+ R + (Xs+ X, ) g
l - Impedance conjugate matching
conditions
V2 . GS :GL :
P = _—_S | -maximum power B - _B Y sRla
8R. | delivered to load L= s
- admittance conjugate matching
conditions
W, =WS* - Immitance conjugate matching conditions (Z or Y)
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2.2. Smitn chart

Smith chart represents relationships between Z £ 1+ T
load impedance Z and reflection coefficient I Z, T

with real and imaginary parts of
R . X 1+ Fr + jFi 7 R X
— + J = - — + | — - i
2 Z, 1-T - L — z,  z, -z, =1

Equating real and imaginary parts:

2 2

R L2 Z, - constant-(R/Z,) circles: family of circles

TEEND Z, - Z, centered at pointsI', =R/(R+Z;)and I'; =0
with radii of Z /(R + Z,)

2 2
(F - 1)2 e N Z, _ Z, - constant-(X/Z,) circles: family of circles
' centered at points T, =1 and ', = Z,/X
with radii of Zy/X

In admittance form:

2 2
G 2 Yo Yo\ Vi
I + +il0e = g g O ety *| < O3
[r G+Y0j | [G+Yoj (Ff+l)+£ri+|3j _(Bj4




At Y Smith chart, curve from point C
to point D indicates admittance
transformation from inductive

admittance (20 - j20) mS to
conductance 20 mS (50 Ohm)

At Z Smith chart, curve from
point A to pint C indicates
impedance transformation from
resistance 25 Ohm to inductive
Impedance (25 +j25) Ohm




| At combined Z-Y

N i Smith chart:
- / e mi chnart.
\ / S~ /
\ ] S s
\ L / N /
\Y_, - ——\\\\\\ // \\\ S z
\ oo N4
N 1 ¢ b >
N 1 / & //
N . <
\ I 7 ~, P \
N _ V4 N - \ .
e/ B O ) ~ ) Z Smith char
/,\,4 ¢ \\\ 4 \\ > \ -
=\ D\ / A\ 2 \ P
= \ /I N\ 2 \ -
. -
- \ \ P -
- ' / . ovides
% ; p \ A Provi
/ N 4 / ~ \ =
2/ T II / - N < .
" O ’ < t f t
\ — \
Vo T~ > N W ransformation
s 4 / AN -~ )\/ Q \\
;L ! from Int At
e N - om poi 0
;- - - -
N~ 7 \ —
/I// X P Yl - \
NLo-

, o - : ‘ point C

Y Smith chart
provides
transformation
from point C to
point D




2.3. Matching witn lurped elements

L-transformer Impedance parallel and series circuits

R, X/ . R’X,
2 2 T J 2 2
R+ X, R+ X,

Equivalencewhen z, =7, R, + JX, =

. ]

R =R,L+ Q%) X, =X,[t+Q?

where Q = R/ | X, | =X, | /R,
- quality factor equal for series and parallel circuits



2.3. Matching witn lurped elements

For conjugate matching with
reactance compensation :

X2
O
R =R+ Q°
=Rfl + Q') = Z,=R || X R,
X, =-X,{ + Q?)
O
( X . R
Input impedance Z will be resistive ‘ 1‘ 1 /1Q
and equal to R; when : 9 ‘Xz‘ =R,Q
Q=yR/R, - 1.

where Q = R1I|X1|:|X2|IR2
- quality factor equal for series and parallel circuits



2.3. Matching witn lurped elements
Two L-type matching circuits
L, C,
O SOV || :
O 1 O Resistance R,
connected to
Rz ks i+ 57 R> R1 L, r, Parallelreactive
element must be
greater than
O o O O O resistance R,
a). b). connected to
series reactive
0 C =Q/R, o R ol =R /Q element
ol,=QR, R, ®wC,=1/(QR,)
|Zin| A

Bandwidth properties

Q = f,/ 2Af,
F,=Q%n?- 1)
where F, - out-of-band

suppression factor =
n - harmonic number 0 1 f /£, 9

Rif—————
0.707R, [~---=----rfz==-3 )X arssarar:




2.3. Matching witn lurped elements

Connection of two L-transformers

7T - transformer

) T- transformer
Xs

O O O

 for each L-transformer, resistances R, and R, are transformed
to some intermediate resistance R, with value of R, < (R;, R,)

» for same resistances R; and R,, T- and #~transformers have better filtering
properties, but narrower bandwidth compared with single L-transformer
10



3. Mat

ching with lumped elements

7T -type matching circuits

wC =Q/R wC,=Q,/R,

ol, = Rl(Q1+ Qz)/(l + Q12)

R, 2 R
o-(Rle@)-1 Qs R

* widely used as output
matching circuit to provide
Class B operation with
sinusoidal collector voltage

 useful for interstage matching
when active device input and
output capacitances can be
easily incorporated inside
matching circuit

 provides significant level of
harmonic suppression

* with additional series LC-
filter, can be directly applied
to realize Class E mode with

shunt capacitance

11



2.3. Matcning witn lurped elements

T -type matching circuits

C
% H3 If O ol =R/Q ©C,=0Q,/R,
. 2 _
R1 L, C,— R ®C; = (1 + Q; )/[R2<Q1 Q, )]
Q=1+ Q)1 Q>
O L O 2 R1 1 1 R2

0L=R/Q 0C=QIR

Ri Ly C— R Bk = R2<Q2 B Ql)/(l * Qz)’

0 — 5 Q=\/%(1+Q§)—1 Q§>%—1

12



2.3. Matcning witn lurped elements

T-type matching circuits

Cl |_2
I YL
OS5 1
Rl — C3 R2
O o O

oC, =1/(RQ,) wl,=Q,R,

0Cy = (Qz - Ql)/[RZ(l i QZZ)]

Q1=\/%(1+Q§)—1 Q§>%-1

» widely used as input,
interstage and output
matching circuits in high
power amplifiers

e can incorporate active
device lead and bondwire
Inductances within
matching circuit

 provides significant level of
harmonic suppression

» can be directly applied to
realize Class F mode
providing high impedances
at harmonics

13



2.3. Matcning witn lurped elements

T-type matching circuits

OM ol = QR ol,=Q,R,
0C,= (@ + Q)[R,(1+ Q2]
R; — C3 R
R R
5 , o Q-|mlee)-1 o>
Cy L,
o—| Y YL wC, =1/(RQ,) wl,=Q,R,
: ; . oL, =R(1+Q)Q- Q)
il 3
Q=2+ Qi)-1  Q@i>2-1
O O R2 Rl

14



th lumped elements

ing wi

2.3. Match

174 MHz 150 W MOSFET

132

Matching design example

power amplifier:

three

-section input matching
1 L, Lz + L

Q

2

9 - jl
17

0

132
152/(174 -

n

4 =152 MHz
132) = 3.6

Q:

50 Ohm:

in = 0.9 Ohm and R,
R; =3.5 0hm

For R

= SRFE DT

R,

3=

Q=17

Two low-pass and one high-pass L-sections

15



For conjugate matching with reactance

2.4, Matching with transrnission lines

Transmission-line transformer
Z, 0

O)
\J

Impedance at input of loaded
transmission line:

Z, 1+T_exp(-2j0)

1n

Z, 1-T, exp(-2jo)

Input impedance for loaded transmission line with electrical length of @,
normalized to its characteristic impedance Z,, can be found by rotating this

Z, 1+ 1,

Z—0 1_FL -

e/

impedance point clockwise by 26 around Smith chart center point with radius |FL|

Z, + JZ,tand
"Z, + jZ tan@

compensation when Zg=2*:

For quarter-wave transmission
line with @ =90° :

z. =221Z,




2.4, Matcning with transrnission lines

For pure resistive source

impedance Zg= Rg : XLZO(l - tanze) U (Zo2 - Kz Rf)tan@ =y

|

Zy = |Z,| = JR¥+ X2 R, =R ——% —

For electrical
length @ = 45°

Any load impedance can be transformed into real source impedance using
A I18-transformer whose impedance is equal to magnitude of load impedance

_ Zon, A8 Zop, A4 Zog, /I8
To match any source impedance Zg O] 0]

and load impedance Z,, matching
circuit can be designed with two A/8- | &
transformers and one A /4-transformer

0O) 0)
\J \J

Lumped and transmission line single-frequency equivalence

O—ae—0
i ZO! ZOs
Cem = 0< 90° L o < 90°
< C - tan 6 1l = Z,tan @ T
w7, = = 17

()




2.4, Matching with transrnission lines

L-type transformer
Zo, 0

=

O |
O |
R1 e Wi 21—‘ |—Z:]

* O

Real and imaginary parts of
R, + jZ,tand
°Z, + jR,tand

]

Z =7

In

1+ tan®é
°22 + (R, tang)

R, = ZR

Zir= R’
Z: + (R,tan@)

X, = Z,tan@

Matching for
any ratio of
R,/R,

Conjugate matching:

R1X12 =1 P R12X1

R — jX, = L S el A
in J in R12+X12 JR12+X12

Rl = Rin(l + Q2>
X, ==X, (L +Q?)

where X; =-1/o C

C=Q/wR,
Z R
1+ | =2 — 2 sin?@ cos’*éd
R1 _ RZ Z0
R, cos’d + (R,/Z,) sin’@

Second implicit equation :
numerical or graphical solutior118
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2.4, Match

Matching design example

860 MHz 150 W LDMOSFET

470

power amplifier:

I—in

& — On

Zo3,

-section input matching
Zoy, &

three
ZOll 01

Q

j1.3)
635 MHz
470)

A+

(1

470-86
635/(860

0=

1.63

Q:

k2

=500/
16.2 Ohm

1R2=

1.7 Ohm and R;

5.25 Ohm

in —

3

For R.
R

50 Ohm =

For Zy,= 2y, = Zy3
6, =30° 6,=7.5° 6;=24°

30° = Z,, =50 Ohm, Z,, = 15.7 Ohm, Z,3 =5.1 Ohm 19

:02:03:

For 6,



Ccchol(

N
U1

. Determination of active device | moedrlr CES

Analytical evaluation

Output resistance in Class B :

Output capacitance :

Vv v
1+—°)
»

v, =E, + Vsinot = i.=C,(v,)

R(B) _
out
2 I:)OU'[
where V is defined from load line analysis
Cout — CC - bipolar device
Cout = Cys + Cy  -FET device
Large-signal collector capacitance
C(Vo)/Ce(Eo)
- junction L5 y
capacitance . //
o . I 1/3
dt
0 0.25 0.5 0.75 E
cos’mt A1)
(1+¢&sinmt)” o 6= Vel (B 0)

o—Y

(Vcc B Vsat )2




ZL:ZO

2.5. Determination of active device impedances
S-parameter measurements
u Ve 4_:_ VIR
Vir|1nc _:> VoithC 1
Zs =2 Iinl i i Iout>
'T:— R
Vs Ly Vin ! | Zin Zowt | | Vout Zo
Oo—| —— :—¢|
refl
Z _Vin _Zl+rin F_Vin
i = | = 4L —1 T where T —V inc
in — Lin in
refl
Z L VOUt — Z 1 + FOU'[ h 1—‘ _ Vout
out ~ ) LR WAL out 7 inc
out % out out
To define Z_,,, source with nominal power is placed instead of load,

and load becomes source

21



N
U1

. Determination ¢

r

Of

)
aC

tive device impedances

Power measurements

Source

Directional
coupler

Impedance
transformer

I
Incident power

Power meter

L

Impedance

transformer

Power meter

* tune input impedance transformer to maximize incident power,
l.e., power delivery from source to active device

* tune output impedance transformer to maximize output power

delivered to load

*» measure transformer impedances seen from the active

device input and output, l.e., Zg and Z,

 calculate input and output active device impedances according to

/.

*

:Zs

In

22




2.6. Types of transmission lines

Coaxial line

Main wave type for
coaxial line - transverse
electromagnetic TEM

wave
Yo = 1 n b
27 \a

- characteristic impedance

- wave impedance of lossless line
equal to intrinsic medium impedance

» widely used for hybrid high power applications:
combiners, dividers, transformers

23



2.6. Types of transmission lines

Stripline
Main wave type for stripline -

4 transverse electromagnetic
b TEM wave

Zo, Ohm
& |
100 :\\‘&_42
\\6:: ——
W e P e N S Y
E 20~ TN
s Y
10 \\\§§\
3072- b \\\\\\\ \\.\
ZO e \t‘\‘ .::
Je W, + 0441 TSR
r ‘\\_‘
- characteristic impedance 1 W/b
0.1 1 10
0 for W > 0.35b _
W, W] . b * provides lower
] W . . -
b b (0.35 l V_V) for ™ <0.350. characteristic impedance

24



2.6. lypeso

[ transmission lines

Microstrip line

A

A
h
5 120z h 1
0 ~0.0724 —0.836
6 Je, W1+ 1.7355 27 (Wi/h)
- characteristic impedance
Zy
& =
~—~— 6 T I~
100 =g ="
— 10 ——]
20— \‘~?\\ SN D
~L S OSNN
\\\t\ aNY
SNNORNY
\\\\ES
10 N
W/h
0.1 1 10 25



2.6. Types of transmission lines

Slotline Coplanar waveguide

W
L W S W

A
A

Characteristic impedance

Zo, Ohm
Bl 0 /] . .
%77  provide higher
77 . . .
//é% characteristic impedance
90 4
__ - widely used for hybrid
Z 4 and monolithic integrated
Bz — circuits
—
30, o . Wih

26
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