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General Impedance Matching
This worksheets discussesin detall the impedance matching with application to the synthesis of a highpass
L-shaped impedance matching network. The design of the maiching networks is performed in many textbooks usng a

amith chart. Inthisreport, the desian is performed
2 2 ZL

_ Vams _ Vims Virms = Vgms*<———
Ps= Rs = RL Zg+ Z|
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 S—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 viewinn the mxvpr dnnAs aswavesit is difficult to view areflection. when



the matching network consists 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 a transmission line, through an output
matching network, and finaly to aload, how is that you can provide maximum power ddivery to the load with a
conjugate match, but have zero reflections? The answer is: Y ou can't, " because this Stuation 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
Zg:= 2000hm - j»500hm Source impedance
Z| :=500hm+ j>250hm Load 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



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 wWei=2pxc w:i=2pX
The firgt step in synthesizing an impedance matching network is to deimbedd the source and load reactances.
Because the matching network consists of a capacitor in series with the load, the load impedance is converted into an

equivalent series resistance and capacitance. The equivaent series capacitance and resistance of load impedance are:

¢y = it%m(z,) = 0ohm, 1000F, — =9 ¢; =-7.074pF
e

wAm(Z|) &
Rs=Re(Z| ) Rg=50W
Deimbedding the source reactance is a little more difficult, because the impedanceis pardlel. The cdculaionis
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 ared processor isavailable. The equivaent pardld inductance and resistance of

source impedance are: Im(zg)
Qsi=—= Qs=-025
Re(z9)
Ro = 31+ Qs HRe(z9) Ro = 21250hm
) .
L= _fge 0, 10001, =5 x—lm(zs)g
1=1eQs=0, ’ w = Ly = - 150313nH

2
e Qs )

With the source and |oad reactances desmbedded, we can synthesize the matching network using the real 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 ather direction —
Z\gft = Zyight

The left Sde of the matching network conssts of a pardld resstance and reactance. This can be expressed in
asmplified form with the pardld resstance and the Q of the source.

1 _ 1 _ Ro
1,1 G Bt (1+ J'>Q|ert)
Ret et
The right Sde of the matching network consists of a series resistance and reactance. This can be expressed in a

amplified form with the series resstance and the Q of the load.

. =Rg+ Xfight = Re{1- Qi

PCiigh S right S>( ri ght)

Because the |eft and right resistances must be equa, and the reactances conjugates of each other, the Q's of the

left and right sides must be equal.  Setting the eft impedance and right conjugate equal to each other, and setting the
Q'sequd givesthefalowing equdlity.

Zigft =

— .
Zrignt = Rrignt +

=RX{1- |
1+ 50 X1- Q)

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

O:= l&-l 4O:1.803



Rs
This Q will serve as alower bound for \p')i 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

1 Ro
= = 1.962pF Lp = —— Lp = 20.845nH
Cs OwRs Cs p p w0 p n
The find impedance network is found by substracting the source inductance from the matching inductance and

the load capacitance from the matching capacitance.

C:= 1%, = 05 1007 s
- Csg
Lpt1 0
Ifafl Lo 0004 =2 (2B
This optima power matching network corresponds to an input and output rms voltage swing of
Rp
|2
Vo = I XT Vo = 2795Vrrns
Vi_lignt(w) 1 Vi_ligpt(wg) | 1i = 10625V,
I_lopt 1 1 1 ‘ I_opt\Wc, ‘ i =10 rms

— +

Zg L>‘j>W ﬁ +
e J>W>Cra

. 1 ZL
Vo_li = .

— + ZL +

Zs L>1>w ?% + eC
e J>W>Cﬂ

Outputs
C=1536pF Load Capacitance (in series with load)
L = 18.306nH Source Inductance (in parald with source)
Functions

Heres afunction to caculate the matching network elements. It is aduplicate of procedure above.

highL(Zs,Z(,f) = |w - 2p

Cy - ifg‘?n(zL =0, 1000F, — m(zL)
Rs- Re(zL)

In{(zg)
957 Relzg
Rp-~ &l+Qs Q>Re(ZS)
- 1+ (zs Im(zg)

Qs W




i3
wQ

1
QwRg

Cg—

C1Cs 0
C- if?%lzcs,looOF, =
e C1- Csgy

Loy &

L ity = Lp, 10004, —— 9
e Li-bpg

&k 0

CH=

cC-

eF g

Lol

Examples
x:= highL (Zs, 2, ,f)

L:= X1>H L =18.306nH
C:= X2>F C=1536pF



Zi= (o) 182, + - 1)(:9 Zj = 200 + 50i ohm |deal Input impedance a desired frequency
e jwCg

Zo:=Zs | () + Zo=50- 250hm |deal Output impedance a desired frequency

w>C

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  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 gtart by finding the impedance (2) parameters for the highpass L matching network. Z
parameters are found by driving a port with a current source, leaving the rest of the ports open, and measuring the
voltages at dl the ports.

WL jvL 0
Z\w ::g K
( ) (;j>W>L : L + ol =
e jpwC 7]

Admittance (Y) parameters are found by driving a port with a voltage source, shorting the rest, and measuring
the current at dl the ports. The admittance matrix isthe inverse of the Z matrix.

Y(W) = Z(W)- !

Y parameters are converted to a S parameters with a common impedance on al ports using this expression

from "Microwave Engineering” by Pozar.
04
vaqv.¥g) = [ vo& 09
e
(- ) +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.

Zsend - Zeni
Soonv(sa ZSbegin1ZSendeLbeginaZLend) = |Gs- ﬁ
ZLend - ZLbegin
ZLend t ZLbegin

D - (1- GS>61'1)>(1- G|_>62'2) - GSGLS, 6,

GL -

7

1- Gg _ >

Aq - 1o x,/1 (Jed)
~~.
1- G

P :\x\Jl'(‘GLDZ
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A <. gy ~. é
gﬂ [1- 608, 88y 1~ Csp* OU8y 5) Az 5,2t (eg))
aA1 D Aq D
e ¢ 2 1- G as, .Gt
6 A 2-(lad) K [1- 08 18, - Guf
& Ay 21 D A D
Zo:=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
éstop 0 _ .
fvector = fstartt Wi := 2pXyector. S, = PWi
efsat g '
S11 vs. Frequency S12 vs. Frequency
0 0
=l =l
20dog | wi)1,1]) _ 20dod | w)2,2]) _
- 10 - 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 0
Ry mmiil TR
-2 = -2
-3 -3
2040g | wi) 1)) :g 20dod | wi)1,2)) :g
- -6
K 3
-8 -8
-9
-9
-10 10 3 4 5
10 110° 10  1.10° 100 110 f 110" 110
fvector. vector;
|
MHz MHz

[¥] Grid



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

| am personaly not a big 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 7 - 29
g = |Gg| =062 B Gg=-7125° GLi== |GL| =0243 DG =-7594°
Zs+ Zg 7L+ Zg
Step 2: Using aprotractor, with an origin a the left Sde of the chart, acircleis drawn which includes the

source point. Thiscircuit is represents the sweeping of inductance from an infinite parale inductance to the proper
vaue for matching.

__ Lnumi
I-vectori =
' Zieit - Z
Z\gt = Zs | (J’Wc*-vector.) - left, 0
' ' left = ————
' Zeft, + 20
20
120 60
150 30
180 0
210 330
240 300
Griaz?"°
= Sweeping L
X X sourcel mpedance
Step 3: Using a protractor, with an origin a the right sde of the chart, a circle is drawn which includes the load

point. Thiscircuit is represents the sweeping of inductance from an infinite paralel inductance to the proper vaue for
meatching.

numi
Cvectori = N xC

1 Zrighti - Zp

Zight, = Zs |l (jXNC)L) e o
: J""’c’Cvectori Grlghti .

Ziight, * 20

[*] Q and VSWR contours
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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 usdless, unless you narrow the bandwidth just to the frequency of interest, which hides the filtering

properties.
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Sensitivity Analysis

All lements of ared circuit have process variations, which affects the performance of the circuit. The
following caculations cdculate loss due due to these process variations. The cdculationisinitidly performed with
purdly resistive source and load impedances. For purely passive networks with smal variations, the S and Sy,
sengitivities are the same, asarethe Sy; and S;, sengtivities. Two firgt order the sengtivity of S1 and S;4 to process
and center frequenciesis zero.

Q:= Rz 1 Q=17
= [7el) =1

Comm b C=2042pF
QweRe(Z)
RelZ
= (29 L = 2042nH
weQ
Dw w:=0 DRSRS:=0 DC.C:=0 DL L:=0 DRL_RL =0

We = WC>(1 + Dw_w)
L:=01{1+DL_L) c:=c{1+DC O
Re(Z) := Re(z.){1 + DRL_RL)

Re(Zg) = Re(zg)X{1 + DRS R9)

2
we A% Re(Z) JRe(Zs

j We >(Re(Z|_)>C>Re(Zs) +1)% + ERe(zg) + - (Re(zg) + Re(z,)) i 0oLt
J>W>L>§?2e(z|_) O

J>W>C!a

SQlc(Wc) = 5

Zj n(W) =

Zin(wg) = 200w

L + Re(Z,_) + -
Zin(w) - Re(ZS) l _
mi Sll(Wc) =0
2
Siy = %DL_L N %Dc_c conwe DRL_ZRL>Q . DRS_2R8>Q

Q2+1

s11(w) =

4

1 2 1 2 2 1 2 1 2
D21 521 = ~ 5050l L2 - 10Poe & 2w w? - 1prs RS- LORLRL
8 8 ) )( P 1) 8 8

First order sengtivity to process variationsis zero

0 1|
W
| -10
SwEyo)
- -20
-30
110° 1.10° 110" 1.10%
Wi
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Amplitude Constrained Impedance Transformation

Often amatching network of this nature are designed with a given input power and has congraints on either the
input node or the output node voltage swings. This Stuation is present in every recalver typicdly a 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 rdative to 50 ohms, and supply voltages are reduced to prevent device damage.

Given a condrained input swing, the output swing should be maximized.

7L R|_2 + X|_2
Vo V”'ﬂax>< 1— = V|max C = 0859p|:
j>W>C+ZL R+ 2 L_LO L := 22.344nH
e wC g

The output is maximized under contrained input swing when the matching capacitance resonates with the
reactance of the load.

_ 1
- WC>4TT(Z|_) C=7.074pF

Thus the output voltage is congtrained to be

2¢
Vomax = Vimax%1 +QL g

This capacitance corresponds to an input swing of Vi = 10625V
Vi = Ii>< ;"3\, = lix 2 -
+ PprweCs+ —— 0+ &, 1 0
e wrsl By +Bees s
= and Cg:= o5
where Gg and Cg are the paralldl equivalent input impedance Gs= Re(zs)>€1 + Qszf 7 W >4m(Zs)§1 N Qszf
7 c ¢

Solving for the inductance gives two possible solutions, we choose the one with red inductance vaues.

L= ! L =-66.806nH
2
e i o
We ’CS ch\/(‘ I 6%‘5*' 9
&Vimxg & (ZL) 2
1
L:=
! 0 2 L = 35.368nH
We >CS+ Wex (' E%S*'
&Vimxg & e(ZL) 2
. . . . . lj li
Note that this expresson isonly vdid for smal Vinmax congrants. Vi < —'l —'1 = 4,048V
Gs+ +
Re(ZL) G Re(ZL)
1 8 .
= (jwed) |3‘%L + O 7z =47059 + 11.765 0hm
@ PweC g
Zo=Zs || (jwet) + - Zo =128+ 79 ohm
JweC
Vi_li(w) = 1 IVili(we)]| 1i = 4Vims
- 1. 1 1 -

14
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Zs Lyw B 18

e nC g
; — 1 ZL
Vo_II(W) = 1 1 ‘Vo_li(wc)‘ lj = 4472Vims
——t—t Z + -
ZS Lyw ﬁL + 1 9 PwC
e >C g
15
Vi_ti(w;) [ 4 AN
:% |TO_|I(W|) } >4i 10 //' .‘\
g Ivodio(w) AN |
|ViLligpy(wi) | # 5 A= = NN
L 7 p /
o o
1-10° 1-10° 1100 10
Wi
2p
Frequency (GHz)

15
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Layout Notes for the Highpass L Matching Network

The figure at the beginning of this report shows a single inductor placed across the source impedance use to
resonate out it's reactance. Inred life, thereis no such thing as atwo-termina inductance, as inductance is a measure
of reactance around aloop. Inthefigure, 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 resstance are asingle lumped
eement): A sourceloop 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 easly seen, and is the same number as the number of equations for circuit analyssusing KVL. The number of
inductorsin acircuit is equa to the number of loops, with mutua inductances between every inductance and every o
ther inductance. In asmplified 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™ termind is placed on
only one node asin red life only one point in space can truely be caled ground, and in the end it doesn't matter which
point that is. The partid inductances are distributed around the entire loop, so it is ingppropriate to think of the source
ground and the load ground as the same point.

Sgnd Lgnd

Fig. 1: Highpass L matching network with al partial inductances.

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

C
Vs Tl Vi
? 1 |
! R+ (W (L, ) L R A WAL L, )

v

These paragitic inductances can be minimized by routing the sgna path from the matching network to the load
very close to the ground return path from the load. The same istrue 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 themsealves.

%

YHighpass L malching network

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, 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 Sageis prohibited.

16



