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General Impedance Matching

Thisworksheets discusses in detail graphical impedance matching with a Smith chart. A few notes on matching
networks before we start: Matching networks have two main purposes. Thefirg isto ddiver dlow the maximum
power transfer from a source in series with a source impedance of Zgto aload impedance Z, . The second isto
provide a desired impedance to a circuit to achieve other desired characterigtics, such asto filter, to maintain adesired
filter trandfer characteridtics, to an LNA to provide alow noise figure, or to atranamission line to reduce reflections.
Here the matching networks are designed for narrowband networks, such as RF transmitters and receivers, but not
broadband applications, such as audio applications, cable modems, backplanes, ethernet, etc.

Let's gart with the available source power and load power definitions:
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The power gain of the network is afound by dividing the expression for the output power divided by the input
power.
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To optimize the power gain for a given load impedance the derivative of power gain with repect to the source
resistance and reactance is set to zero, and the source impedance is solved. Thisis easiest donein atwo step process

by firg finding the optimal source reactance, gTGp = 0, which gives an optimal source reactance of:
S

Xsopt = - XL

The source resstance can be found smilarly with :—Rep = 0, giving an optimal source resstance of:
S

Rsopt = RL

Thisimpedance is aso said to give zero power reflection That isdl of the power istransferred to the load,
and noneis reflected back to source. When viewing the power sgnds as wavesit is difficult to view areflection, when
the matching network consigts of discrete eements. When studying distributed structures, such as transmission lines,
we see the find that zero reflection occurs for true matched line and load impedance (not conjugate). So if you are
delivering power from a source through an input matching network, through atransmission line, through an output
matching network, and finaly to aload, how isthat you can provide maximum power delivery to the load with a
conjugate match, but have zero reflections? The answer is: "Y ou can', " because this Situation does not occur in
practice. In practicein order for atransmisson line to have an imaginary characterigtic impedance it must be lossy.

Impedance Transformation for Power Amplifiers

Careful! Output networks for power amplifiers are more commonly “impedance transformation” networks
rather than "impedance maiching" networks. The god of apower amplifier isto efficiently transfer power fromaDC
power supply to aload a an RF frequency; however an impedance matching network provides maximum power
transfer from an RF sourceto aload. In turnsout the two are the same for output powers less than
(Vpb-Vpssa)2/2/R, , which is around 100mW for a 50 ohm load and 3V supply. For powers above this, theload is
transfor med to an impedance, seen from the power amplifier, which is much lower than the output impedance of the
PA.



Impedance Matching with a Smith Chart
Increasing Series L Decreasing Series C

Decreasing Shunt L

| am personaly not abig fan of amith charts, but they have some historicd vaue, are commonly used in
network andyzers, and they dlow you to plot infinite change in impedance in afinite area. Here we describe a common
older method for graphicaly matching a complex source impedance to a complex load impedance is using a Smith
chart.

[#] useful functions and identities

[*] Units
[¥] Constants
Inputs
Z| :=50hm+ j>800hm Load impedance
Zg:= 500hm+ j>0.01ohm Source impedance
f := 900MHz Frequency W = 20
Zp = 50W Reference impedance for S parameters
Step 1: The source and |load impedances are converted to reflection coefficients and placed on the

amith chart. One of the two impedances is conjugated, so that a conjugate match is achieved. Herewe arbitrarily
choose the source to be the conjugated impedance.

~.
Zs- 2o . .5 ZL- 2o
Si= |Gg =10" 10 ° b Gg=89.94° GLi== |GL| = 0863 D G =-117.699°
Zs+ Zg ZL + Zg



Step 2-: Starting with a source impedance we can gradually add series or pardle eementsto provide
the necessary match and frequency response. Using the following syntax:

sp: seriesor paralld: s=series, p=padld (shunt)

L Ctype: element type: R=resistance, C=capacitance, L =inductance, T=tranamisson line

LC: element value: unitless value for ohms, farads, henries, or characteristic impedance in ohms.
g*l: propagation constant: if atranamisson line

Zong: end impedance of a shunt transmission line: usudly zero or infinity.

In the following example we use dl the possible dementsfor illudration

Network Elements

Shunt Inductors:
For parald inductors, a segment is plotted, which starts with the previous impedance and sweeps the

inductance down from infinity to the specified vaue.

LCtype1 ="L" spy = "p" LC, :

Series Capacitors:
For series capacitors, a segment is plotted, which starts with the previous impedance and sweeps the

capacitance from O to the specified vaue.
LCtype, :="C" sp,:="s" LG, = 20F _lcl_

Shunt Capacitors:
For pardld capacitors, a segment is plotted, which starts with the previous impedance and sweeps the

capacitance from O to the specified vaue.
1pF c
LCtype, :="C" Spy:="p" LGy = % y

Series Resistors:
For series resigtors, a segment is plotted, which starts with the previous impedance and sweeps the resistance

from O to the pecified vaue.
_ 00w —W—

LCtype4 ="R" P, = "s" LC,: R

40w
Shunt Resistors:
For parald resstors, a segment is plotted, which starts with the previous impedance and sweeps the resistance
from infinity to the specified vaue.
6
10°W
LCtype, := "R" ="p" LC.:=—— R
ype; Sps:="p 57 "W

Shorted Shunt Transmission Lines:
For shorted shunt transmission lines (which look like shunt inductors), a segment is plotted, which starts with

the previous impedance and sweepsin the dectrica length (j* g* len) from p/2 (which makes the line look like an open)

down to the specified vdue.
,Z,
RI=0MM g =_0 cl=2RF =0 —ow @
cm ohnpem cm mm 6

R+ jxwt | 1
LCtype. :="T" sp.:="p" LC.= | ————— — len = 27.8mm LC. =50
6 6 6" JGlI+jpwC W 6
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Open Shunt Transmission Line:
For open shunt transmission lines (which look like shunt capacitors), a segment is plotted, which starts with the
previous impedance and sweeps in the length from O to the specified vadue.

R |:= Oﬂ1 Gl:= 0 Cl:= 2p_F L |:= O5nH Zend. = 106W ﬁl’z"
cm ohmrem cm mm 7
R+ jpwt | 1 len = 2mm
LCtype, :="T" sp-,:=="p" LC,=|————— LC,=50
©7 7 < G|+ pwC | W <
d7:=\(R 1+ pwL_)XG 1 + pwC_I)%en g;=1131" 10 4

Series Transmission Line:
For series tranamission lines, a segment is plotted, which starts with the previous impedance and sweepsin the

length from O to the specified vaue.

I, Zy
RI1=02MM g=_0 cl=2PF |20 o V4
cm ohmrem cm mm
T
LCtype8 ="T" SPg = "s" LC8 = M 1 len:=4mm LC8 =50
Gl+ pwC W
dg:= (R + pwt_I){G_I + jw>C_I)#en dg = 0.226i

Series Inductors:

For series inductors, a segment is plotted, which starts with the previous impedance and sweeps the inductance
from O to the specified vdue.

" n — T " . — nH
LCtypey :="L spg="s LCy:= O.1F _{Y!n_

Overall Circuit Schematic
Asyou add or remove circuit e ements above the following picture will update to reflect the actud schemetic.

[#] Images

[*] Q and VSWR contours
[#] Curve Generation
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S Parameter Frequency Response

S-parameter is an abbreviation for scattering parameters. S-parameters are ameasure of the power gain of a

network. The term scattering comes from the concept of a cue ball scattering other bals as it transfers power to them
S;j isthe measure of power gain from port j to port i. Specificaly, the square root of power gain. For example, Sy,
the mogt useful S-parameter, is the measure of the ratio of output power to the available input power.  Thisisan
important sentence. This sentence is used to perform hand calculations. The output power is easy to explain, it is
Vormd/R . Theavailable input power istrickier to explain. Available input power isthe maximum power that can be
delivered from a source. For a source impedance of Rs, and a source voltage of Vg, the available input power is
(Vsrmd2)2/Rs. Why, because maximum power is delivered isto aresistance of R, Thus avoltage divison of two for
the voltage, when delivering maximum avalable power. Thus the power gain of a network, S,;, isfound by dividing the
two powers 2*V /V* sart(Rs/R, ).

S-parameters are most conveniently calculated by converting an impedance or admittance matrix into a
S-parameter matrix. So we start by finding the admittance (Y) parameters for the lowpass L matching network.
Admittance () parameters are found by driving a port with a voltage source, shorting the rest, and measuring the
current a dl the ports.
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ABCD(w) := | ABCDprey - géo 1%
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ABCD -~ ABCDXABCDprey

ABCDpre, = ABCD

ABCD
ABCD to S parameter converson with acommon impedance on dl ports using this expresson from
"Microwave Enginesring” by Pozar.
ABCD2Y(ABCD, Zp) := |A ~ ABCD, ,

B - ABCDl,Z
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This scattering parameter conversion routine (to convert to arbitrary source and load impedances) isgiven

"Applied RF Techniques I" lecture notes, but isincorrect. A correct verson of the routine is found on page 31 of
"Microwave Amplifiers and Oscillators" by Chrigtian Gentili.

_ _ _ Zsend - ZSbegin
Sconv(siZSbegln'ZSend:ZLbegln’ZLmd) = |Gs~ Zsend * Zebogin
ZLend - ZLbegin
G~ ——
ZLend * ZLbegin
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1- GS 2
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Sso(w) := ABCD25{ABCD(w), Zo) S-parameters of ideal matching network
with actual load and source impedances.
S(w) = Sconv(Ss0(w) . 20,25, 20,21 ) 50 Ohm S-parameters of ideal matching network.

Plots of lossy and ided S-paramaters of the matching network verses frequency. Be careful when using these
plots, asthey do not reflect the change in source and load impedance vs. frequency (for exampleif driver output
impedance is capacitive).

fetart := % fetop := 60 Starting and stopping frequencies for plot
i
numi
Eéstop 0 _ .
fvec’tor = fstart € Wi = 2pyector, S; = Wi
efstart g !
S11 vs. Frequency S12 vs. Frequency
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Copyright Information

All software and other materidsincluded in this document are protected by copyright, and are owned or
controlled by Circuit Sage.

The routines are protected by copyright as a collective work and/or compilation, pursuant to federa copyright
laws, internationa conventions, and other copyright laws. Any reproduction, modification, publication, transmission,
trandfer, sde, digtribution, performance, display or exploitation of any of the routines, whether in whole or in part,
without the express written permission of Circuit Sageis prohibited.



