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General Impedance Matching

This worksheets discusses in detall the impedance matching with application to the synthesis of alowpass
L-shaped impedance matching network. The design of the matching networksis performed graphically in many
textbooks using asmith chart. In this report, the design is performed using closed form expressions.

A few notes on matching networks before we start: Matching networks have two main purposes. Thefirgt is
to deliver alow the maximum power transfer from a source in series with a source impedance of Zs to aload
impedance Z; . The second isto provide a desired impedance to a circuit to achieve other desired characteristics, such
asto filter, to maintain adesred filter transfer characterigtics, to an LNA to provide alow noise figure, or to a
tranamission 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 gpplications, cable modems, backplanes,
ethernet, etc.

Let's gart with the available source power and load power definitions:

2 2 ZL
P = Vams P = Virms Virms = VS’mem
Rs R S L

The power gain of the network is afound by dividing the expression for the output power divided by the input
power.
2 A 2 2 ¥
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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
(Vpbp-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.



[#] useful functions and identities

[#] Units
[¥] Constants
Inputs
Z| :=2000hm- j800hm Load impedance
Zg:=500hm+ j@50hm Source impedance
fmin := 900MHz Lower edge of band frequency
fmax .= 900MHz Upper edge of band frequency
lj := 100mMA ms Input current
Vimax = Nms Input voltage congtraint Vi < Vimax
Vomax = Mms Output voltage condtraint Vo < Vimax

Calculations

The L matching network is only designed to provide maximum power transfer & one frequency. In other
wordsit isanarrow band matching network. Given aband of input frequencies, we set design the maiching network
for the center of the band.

~ fmin + fmax

fom——F—  fo=900MHz

fi=fc We = 204 w:=2p4
The firgt step in synthesizing an impedance matching network is to deimbedd the source and load reactances.
Because the matching network consists of ainductor in series with the source, the source impedance is converted into
an equivalent series resstance and inductance. The equivaent series inductance and resistance of source impedance
are:

Rs:= Re(Zg) Rs = 500hm
Lg:= in{zg Ls=4421nH
w

Deimbedding the load reactance is alittle more difficult, because theimpedanceisin parale. Thecdculaionis
easy to perform by converting the input impedance to an admittance with a complex math processor, such as Mathcad,
but is performed here assuming only area processor isavailable. The equivaent parale capacitance and resistance of
load impedance are:

Im(z,)

QL:=- @ Q=025

R =Re(z )pB1+ Q%) R =21250hm

CL — & CL = 0.208pF
Y 208p

With the source and |load reactances desmbedded, we can synthesize the matching network using the redl part
of the source and the load. Our goa hereisto size the L and the C such that source and the load sees the conjugate of
it'simpedance looking into the network. A matched network diced anywhere in the network will have a conjugate
impedance looking in ether direction —
Z\gft = Zyight

The right Sde of the matching network consists of aparale resstance and reactance. This can be expressed in
asmplified form with the pardld resstance and the Q of the source.

1 _ 1 _ Rp
1 1 Gy + Bright (1 + j’Qright)
3

Ziight =




Rright . j’Lright
The left Side of the matching network consists of a series resistance and reactance. This can be expressed ina
amplified form with the series resstance and the Q of the load.
~—=. 1
Z)eft = Rigft + - =Rg+ Xt = Reil- Q)
left = Rieft et S left = Re{ t)

Because the left and right resistances must be equal, and the reactances conjugates of each other, the Q's of the
left and right Sdes must be equd.  Setting the left impedance and right conjugate equd to each other, and setting the
Qsequd givesthe following equdity.

=R(1l- j
1+ H{1- Q)

Solving this expresson gives a generd expression for the Q of matching network. Note the Q valueisfixed by
the source and load impedance for the L matching network. For higher order networks, and for equa source and load
resistance, the Q of the network may be chosen

=|l— -1 Q:1803

This Q will serve as alower bound for pi and T matching networks, and as an upper bound for cascaded L
matching networks. Note the difference between network Q and component Q. Network Q isusudly on the order of
zero to three, to reduce sengtivity of the network. Component Q is much higher, typicaly 10 to 100, to

Given the Q of the left and right half sides of the network, and the effective source and load impedances, we
can find the matching network inductance and capacitance without source inductance deembedded

QRg
Lt =—— Lt = 1594nH
W
Cr:= —Q Ct =15pF
WX

The find impedance network is found by substracting the source inductance from the matching inductance and
the load capacitance from the matching capacitance.

L:=Lt- Ls L = 11519n
C=Cr-C_ C = 1.292pF
This optima power matching network corresponds to an input and output rms voltage swing of
T
2B + —— ]
é rZ + 9[:
o é e PW>C () o
| ——
, jnC
Zg+ Lyxv + 1
%L + - 9
e PwCg
Vo li (W) = ‘s S
ZLX— ZL +
. nC jC
Zg+ Lyxv + 1 -
@L + 9
e W Cg
Outputs
C=1292pF L oad Capacitance (in pardlel with load)
L = 11.519nH Source Inductance (in series with source)



Functions

Herés afunction to cdculate the matching network dements. It isaduplicate of procedure above. Itisussful
for performing sweeps or references from other routines.

LO(Zs ZL 1) = |w - 2pf

Im(z,)

AT Rz)

Rs- Re(Zg)
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Example Calculation

x:=L0(Zg,ZL,f)
Li=xpH L = 11519nH
Ci=x)F C=1292pF

As a check of the matching network, we caculate the input and output impedance of the network to seeif they
are the conjgate of the source and the load.

L s
Zi=jput + 7 |E—0° Zi=50- 250hm Zs=50+ 25W
epwCg
_ 1§ . .
Zo:=(zs+ ) | =2 Zo =200+ S0iohm 7 =200- S5GiW
epwCg



S Parameters

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.

? 1 i 1 9

XL XL -

Y =& T T
9-— w>C + :

e jwi ol g

Y parameters are converted to a S parameters with a common impedance on al ports using this expression
from "Microwave Engineering” by Pozar.

a 06

y29Y,Yg):= |1 Y ~

v ¥o) 0% 19
(- ) +Y)

This scattering parameter conversion routine (to convert to arbitrary source and load impedances) isgiven
"Applied RF Techniques I" lecture notes, but isincorrect. A correct version of the routine is found on page 31 of
"Microwave Amplifiers and Oscillators,” by Chrigtian Gentili.
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Zq:= 50W Reference Impedanace for S-Parameters
Sso(w) = Y2 (w), L 0 S-parameters of idedl matching network
e 200 with actual load and source impedances.

S(w) := Seonv(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, as they do not reflect the change in source and load impedance vs. frequency (for exampleif driver output

impedance is capacitive).

numi := 200 Number of pointsin frequency plot
i :=1.. numi
fstart := % fetop := 60 Starting and stopping frequencies for plot
i
.. numi
. adstop O . o
fvector. == fstart>C + Wi = 2pyector, S, = PWi
' efstart g '
S11 vs. Frequency S12 vs. Frequency
0 0

ﬁog( |S(wi)1,1) 10

ﬁog( |Swi)z2) 10

20 3 4 5 20 3 4 5
100 1-10 1-10 1-10 100 1-10 1-10 1-10
fvector fvector
MHz MHz
S21 vs. Frequency S22 vs. Frequency
0 y 0
i \ -1 \
3 \l 2 ‘1
20t0q(| ()2, 1]) =4 \\ 20loq{|w)s. ) =2 |
-6 :6
-7 _g
3 9 l
—10 l 10 3 4 5
10 11068 110 110 100 1-10f eml-lo 1-10
fvet:tori Ve
MHz MHz



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 anayzers, and they dlow you to plot infinite change in impedance vs. infinite frequency in afinitearea. Here
we describe a common older method for graphically matching a complex source impedance to a complex load
impedance is usng a Smith chart.

Step 1: The source and load impedances are converted to reflection coefficients and placed on the smith chart.
One of the two impedancesis conjugated, so that a conjugate match is achieved. Here we arbitrarily choose the
source to be the conjugated impedance.

Zs- 2o Z/|_ - Zg
gi= |Gy = 0243 B Gg=75964° GLi== |GL| =062 DG =7125°
Zs+ Zg 7L+ Zo
Step 2: Using a protractor, with an origin a the left Sde of the chart, acircleis drawn which includes the

source point. This circuit is represents the sweeping of inductance from an zero series inductance to the proper vaue
for matching.
i
Lvector = ——1
! numi

. - Zigfit. - 2o
Zeft = Zs+ PWerlvector. Gias = i
' ' T 2 + 20
1.
I

[¥] Grid
120 60

150 30

1QN n



210 330

240 300
Gridz2"°
= Sweeping L
XX Source Impedance

Step 3: Using a protractor, with an origin a the right sde of the chart, a circle is drawn which includes the load
point. This circuit is represents the sweeping of inductance from an zero pardld capacitance to the proper value for
meatching.

Ci
Cuector, = ——
i numi
N Zright, = Z0
— - e 1 0 — i
Zright. = (ZS"' J’Wc*—) I Civ o~ = Gright. =z o
: éJ’Wc>Cvectori o ! anhti +Zp
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S-Parameters on Smith Chart Plots

Hereisaplot of the S parameters for the highpass L matching network vs. frequency on the Smith chart.
Ugh, | find this usdess, unless you narrow the bandwidth just to the frequency of interest, which hides thefiltering

properties.
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Sensitivity Analysis

All eements of ared circuit have process variations, which affects the performance of the circuit. The
following caculations calculate loss due due to these process variations. The cdculaion isinitialy performed with
purdy resigtive source and load impedances. For purely passve networks with smal variations, the S, and Sy,
sengitivities are the same, asarethe Sy; and S;, sengtivities. Two firgt order the sengtivity of Sy; and S;4 to process
and center frequenciesis zero.

Dw_w:=0 DRSRS:=0 DCC=0 DLL=0 DRLRL=0
We = WC>(1 + Dw_w)

L=0X{1+DL_L) c=0c{1+DC

Re(z.) = Re(z){1+ DRL_RL)

Re(Zs) = Re(zg){1 + DRS_R9)

S11 as a Function of Mismatch

R_ Rg+ jxwi
Zin:j)W>L+ - — Zout = ( )
1+ RCW 1+ pwC{Rs + jwid)
Zin- Rg
Syp = — R=R{1+ DR R)
Zin+ Rs

(Pt - Rg){1+ RUCW) + R L=1{1+DLL)

= - +
o1 (L + Rg){1 + RLCWHS) + Ry c=chroed
5, 2 2 U
L[ w2ed Goc- =90 o2
o 55Rs 0 é ng 0
11 ‘. g 2 )
ER (1. w2id) + {1 s Brocs L0
eeRs a e Rsg @
2
S11= w ©  duetoRL variation
e 2 o
2
s, =FBRRO Gueto RS variation
e 2 o
2
s = L0 duetoL variation
e 2 9
2
Sllz%x%:‘_? dueto C variation
2
2 2
oy < ERRO  @RRY @D LY 2 DCCY
2 g e 2 g e 29 e 29



S21 as a Function of Mismatch
) RL (RS+ j>w>L)
Zin=jpwl + ——— Zoyt = - -
1+ R CW 1+ pwC{Rg+ jwid)
{1+ RUCWK) + Ry
1+ R XCOW
leﬁ W>L>C+J><W—>LO Rsﬁﬂx—o
: RL g e Rs g

e
Zin = Z t =
n 1+ R >XCwWH o

in=

2
1- wHbC + ROW
V2 _Zin- Pt Vi Zin \ 1

Vg Zin+ Rg Vs Zin+ Rg V1 1- W>L>C+j WXL
RL

4 Rs R =RY{1+ DR R)

oRs L=1{1+DL L)
&S L1 wAic? + Frgow+ WL
SR PN R c=c{1+DCc_0
>
S = (1+ DR R)FE - BLRO
e 2 g

O
o
Y

et

W>Lo

Sp=1- :31 DR_R due to RS process variations

Sp=1- :31 DR_R dueto RL process variaions

Sy =1+ iQZDL_LZ dueto L process variations

Sp=1- :11 Q50 ¢ dueto C process variaions

S =1 due to frequency variations
43 4 2 2¢ 1 _2a 2 26
Sp1=1+ gz"éSDR_RL +SpR RS ¢+ ZQ ®SDC C *SDLL gh

First order sengtivity to process variationsis zero
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Amplitude Constrained Impedance Transformation

Often amatching network of this nature is designed with a given input power and has congraints on either the
input node or the output node voltage swings. This Situation is present in every receiver typicdly at internd interfaces,
such as between an LNA and amixer, between aVVCO and the mixer, and between intermediate stages of a power
amplifier chain. These voltage limitations become more evident with process advances, where impedances become
high relative to 50 ohms, and supply voltages are reduced to prevent device damage.

Given acongrained input swing, the output swing should be maximized.

Assuming the matching capacitance is lumped into the load reactance, the optimum inductance is found, when it
resonates with the load reactance

—7
_ \I Rl_eff2 + XLeff2 - lm(ZLeff) PCwW L
Vol = Vi S

L= —w Z| et = Rugit + PXLeif =

(Wi + Xpetr)” + Reetr” 2L

J>Cxv
Now the input amplitude is
o Rear(Rs+ %9 | i Ruary RS + X<
[Vimad =] RLeff + Rs+ s 2 2
\/(RLeff + RS) + Xg
Solving for RLeff we get
([ Vimad )
1\2 2
Rigi’ + 200R g Rg+ XZ& =0 Where  x:= (4]) {‘ZZS) X =-1.049
(Vimad)”
2 2
(J)A{|zd)
u
t _
¢ XoRe(z s)zb R eff = 130.116W
With R+ known we can solve for the required matching capacitance
R = Re(zL)A{1- 1m(z)weC) + Im(z( ){RLwC)
| eff =
(1- 1m(z )w0)® + (Re(z() o)
e 2 .U
C::ngl-\/l-?e‘ZL 98%-%9.9 C = 0.454pH
we2])2 € emZ)g & Rt g
Putting this cgpacitance in parald with load gives the effective load impedance
; : ZL
COwe .
Z eff = —————  Z| ¢ = 130116 - 1035351 W
, : +Z
]POwe
Which is used to find the desred m chingginductance
-1mZ
L=t
We

If the output swing is congtrained

14



Thus the output voltage is congtrained to be
where Gg and Cg are the pardle equivaent input impedance
Solving for the inductance gives two possible solutions, we choose the one with red inductance values.

11.726

ViLti(wi)| 4,
g |voti(w) |4

? | Vo_ligpr(wi | 4
|Vi_tigpywi) [ %
0.235

1.85 10° Wi 45 107

2p

fe Frequency (GHz) '
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Layout Notes for the Lowpass L Matching Network

The figure at the beginning of this report shows a sSngle inductor placed across the source impedance use to
resonate out it's reactance. Inred life, there is no such thing as a two-termina inductance, as inductance is a measure
of reactance around aloop. In thefigure, the two-termina inductance represents a partial inductance. The word
"partid" is used, because the inductance is only part of aloop. So where isthe rest of the loop?

In this circuit there are actudly two loops (assuming the source current and resistance are asingle lumped
dement): A source loop and aload loop. In the absence of the matching inductor asingle loop exists between the
source and load. The matching inductor acts as a shunt in the middle of the loop. The number of loops a circuit has
can be easily seen, and is the same number as the number of equations for circuit anaysisusng KVL. The number of
inductorsin acircuit is equd to the number of loops, with mutud inductances between every inductance and every o
ther inductance. Inasmplified form, the mutua inductances between touching loops may be omitted. Thusthe
complete matching network is shown in the following figure. Note that the ubiquitous “"ground™ termina is placed on
only one node asin red life only one point in space can truely be called ground, and in the end it doesn't matter which
point thet is. The partia inductances are distributed around the entire loop, o it isingppropriate to think of the source
ground and the load ground as the same point.

LSgnd LLgnd

Fig. 1. Lowpass L matching network with all partial inductances.

When designing a matching network it isimportant to add the paragitic inductances of the source and load loop
to the source and load impedances. It is extremey common to design an RF circuit and then find out in testing that the
power is matched for alower frequency, because parasitic inductances were neglected.

L'LS'LSgnd
Vs \A
1 '
ls Rs+j*xs - C RL+j*(XL+Wk(LL+LLgnd))
v YT

Fig. 1: Lowpass L matching network

These paragitic inductances can be minimized by routing the sgnd path from the matching network to the load
very close to the ground return path from the load. The sameistrue for the routing of the source to the matching
network.

Also to be included in the matching network design is the deimbedding of the parasitic capacitances of the
meatching dements themselves.

16



Copyright Information
All software and other materias included 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 federd copyright

laws, internationa conventions, and other copyright laws. Any reproduction, modification, publication, transmisson,
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 Sage is prohibited.
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