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matching.

ANT

These are critical
blocks forimpedance

T

XX

Mixer (1) LPF

Mixer (Q)  LPF
Duplexer

ADC

DAC
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Introduction to Impedance Matching

In typical wireless radios
(< 6 GH2), these will be
integrated on a single
chip, and impedance
matching between each
block'may not be
necessary.
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ANT
Z,=50 QQ

50 Q

Duplexer

(filter)

X

Z,=50 QQ

50 Q

LNA

PA

50 Q

<l

Rin=50 Q

Rout=50 Q 50 Q

Filter

2=
=

Filter

A
=

Z2,=50 Q }
Usually we call this E ]‘1 ™

as 50-Q system.

Ex: Wireless radio: Any interface with antenna needs
to be matched with 50 €2 . Any RFIC driving external
RF component (e.g. SAW filter, image rejection filter)
needs to be matched with 50 Q. Usually PAis
external component and needs 50-Q2 interface.
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Introduction to Impedance Matching

Q) Where do we need impedance matching ?

If integrated on a chip,
usually we don’t need
50-Q match between
interfaces.

Q) Why 50 Q
(not 500 Q2 for
instance)?
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Introduction to Impedance Matching

Q) Where do we need impedance matching ?
Usually we call this

Video transmitter g, i termination’ _ _ as 75-Q system.
Video "€Sistor (Rou)=75 Q Video receiver
Ll 750 750

amplifier i LNA
£ 2750 Lo F','E’ < =750
v s BAY
-~
% k ; ﬁ Rin=75 Q

Coaxial cable Microstrip line at
board levle

Ex) Video receiver (TV) system: Any interface with
antenna (for terrestrial TV) and coaxial cable (for
cable TV) needs to be matched with 75 Q2.

Q) Again, why 75 Q ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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RF Energy Flow from Antenna to Radio

ir: RF energy exists in.the for m of E- & H-field energy in the air, and it
" propagate by alternating its form between E- & H- field. The ratio of
strength of E- & H-field is characteristic impedance, Z,;, (also called

as “wave impedance”) TR T
characteristic impedance, Z,;= EMax I 0T -3770Q
Hmax €ofr

K= permeability of air=47wx 107 H/m

’l’

<L €,= permittivity (dielectric constant) of air= 8.854x 10-12 F/m
i 1= relative permeability, air: pL, =
€= relative permittivity, air: €, =1

Example numbers,

O If electrical field strength (E) is measured at a receiving antennais 1 uV,,./m.
Then, magnetic field strength (H) = 1 (uV,,,,/m) / 377 Q =2.65nA,,./m.
Power density (P/m2)=ExH=1x10%¢x2.65x 10 = 2.65x10-15W/m?2,

If receiving antenna effective area is 5 m?, the overall incident power into
antennaisP=2.65x101W/m2 x5 m2=13.25fW=-108.77 dBm

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 5
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RF Energy Flow from Antenna to Radio

ir: RF energy exists in.the for m of E- & H-field energy in the air, and it
" propagate by alternating its form between E- & H- field. The ratio of
strength of E- & H-field is characteristic impedance, Z,;, (also called

as “wave impedance”) TR T
characteristic impedance, Z,;= EMax I 0T -3770Q
Hmax €ofr

’l’

Gl Radio electronics : “RF energy exists in the form of V & I.
Duplexer 50 Q And characteristic impedance will
750 ited o o N8 L, Filter  beexpressed by the ratio of V/I.
~ 2y
" A4
500 Rin=50 Q
50 Q2 Filter

Basa GCuEy

Rout=50Q 50Q
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RF Energy Flow from Antenna to Radio

Air
characteristic impedance, So, antenna can be regarded as a “sensor” or “transducer”
N L T S, which transforms the RF energy from wave energy (in E- & H-
Ar\e |eoer fields) to electrical energy (in V and | forms).
ANT Radio electronics
Duplexer 50 Q)
i LNA :
2,250 Q (fﬂtr) 2,250 Q b Filter
x =
50 O Rin=50 Q
50 Q

PA Filter

Basa GCuEy

Rout=50Q 50Q
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RF Energy Flow from Antenna to Radio

Alr Now we have two different impedance systems, and we can

characteristic impedance, approximately model them as this; Electronics

S— =~y
R |HoMy Mental model
2= [—= =377 ) /
Al ‘/; ,‘Eoer of far-field airmediumi Lair

4
Antenna O
underwave propagation. Y

7

-
N
o
-
= o -

SV sfar _O}‘_
ANT Radio electronics PR oo/
iy 50 €2 Vs faris an equivalent source
_ (filter) _ LNA Filter s/farl uiv u
2,500 = =y L Le=50Q </l 2 that generate E-field in far-
R =50 O field air medium,
50 Q "

50 Q

2,=50 Q PA A
Y4
s

Rout=50Q 50Q
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Air

characteristic impedance,

Zir=_ |—= ’ =377 Q
air \/; EoEr
A

RF Energy Flow from Antenna to Radio

Now we have two different impedance systems, and we can

approximately model them as this;

Mental model ,"
of far-field air medium i
underwave propagation. Y

NT Radio electronics
Duplexer 50 QQ
. LNA :
A (filter) 2500 <J |_> Filter
= AV
~ -
50 Q Rin=50 Q
50 Q

PA

Basa GCuEy

Rout=50Q 50Q
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Electronics
oo =y ir = \\\
v |Antenna O,’ \
\
Zair : § Z :
Energy flow }; o |
" \ 1
s far _O\ (]
\\\~__’/ \\-,,'

Vs faris an gquivalent source
that generate E-field in far-
field air medium.

Antenna is the device
to maximize this
energy flow.




W VirginiaTech

Invent the Future

Maximum Energy (Power) Transfer

Zin Zout

r=~

o -y ¢ ~

/’
Mental model / v Antenna

\
1
1
] . A !
of far-field air medium 1 Energy flow) 32 iﬂectronics
]
]

-y,

under wave propagation. \,

\\ s far
~ ~ Cd

--—/

/
-

N

Vsfaris an equivalent source
that generate E-field in far-
field air medium.

Energy Q) To maximize the energy flow from air medium to

= f Power Xdt electronics, what should be Zin and Zout?

Q) To maximize the power flow from air medium to
electronics, what should be Zin and Zout?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 10
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Maximum Power Transfer Theory

To answer the question, let’s review “Maximum Power Transfer Theory”

(A) For arbitrary load resistance, R,
Rs V § Vi=—L v Power delivered
Vv L Ry Rs TR to the load Rt
s '
A vii 1/ R 2
O - = (o <)
RL RL \Rs + R
Note, VLis jus %Vs at Ri=Rs; i.e. PLwill be maximum at Ri=Rs,
voltage efficiency is only 50%. aP
.. w —==0, @R = Rg.
This just what we can do best R L= TS
when maximizing power delivery. V2 V_Lz

P -
LMax™4Rpc ™ 4R(

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh R




W VirginiaTech

Invent the Future

Maximum Power Transfer Theory

For arbitrary source impedance of Zs and load

Q impedance of Zi,
ZeRaiX | | 1 i SV 75
Vv V1 [l] Z =R +jX, M 4Rg 4R
; .
O when Z.=Zs* (you can verify this easily).

Conclusion: For maximum power transfer to the
load, we need to match the load impedance ZL to
the conjugate of source impedance Zs. This is
called as “conjugate matching”, and when we say
“impedance matching” usually it means for the
conjugate matching for maximum power transfer .

Caution: there is also “impedance matching for
minimum noise figure”, called “noise matching”. We will
discuss it later in noise lecture.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 12
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Maximum Energy (Power) Transfer

Now let’s come back to this issue:

Zin Zout
r=~g
o 4 \
Mental model / \ |Antenna |~ \
£ . Y . I 1 _
of far-field air med!umu| air Power flow : ?Zo ! Electronics
under wave propagation. Y, | \ :
\\ s,far J
\-__,/ \\_Il

Vs faris an equivalent source that generate
E-field in far-field air medium.

Q) To maximize the power flow from air medium to electronics,
what should be Zout?

*In a strict sense, Ans)Zin should be Zin=Zair=377 Q, and Zout should be Zout =Z0o=50 Q.
it's not quite true,

and it's hard to This discussion provides another point of view of the antenna;

define exact i.e., it is impedance transformer from air characteristic
impedance at . . e

) : impedance to electronic characteristic impedance.
near-field region
of antenna.
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Objective Of Impedance Matching

Mixer (1) LPF

Until now, we have
considered maximum

Now, let’s examine how

power transfer in the )
ADC > we can make maximum
power transfer inside

antenna 5
ANT
i RFIC.
N
To do this, let’s think

about this LNA design.

DAC &

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 14
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Objective Of Impedance Matching

_
Typical LNA de3|gn is based on
common-source amp.

Let’s change NMOS with simple
15t -order model.

Objective) To maximize the signal power delivered to load, RL,
from input Vin.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 15
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Maximize Power Delivered to Load

First, let’s calculate power
delivered to the load, RL.

Pour = lig|* X Ry

= |gm‘{gs|zx RL

Apparently, to maximize Pout,

voltage across Cgs needs to be maximized.
(since, gm is constant for a given bias
condition of the NMOS)

Q) How can we maximize voltage across Cgs ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 16
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Power Transfer Through Direct Connection

How about direct connection ?

R,=50Q R,

\ 2 2 &,y
Cgs=—CoxXWXL=——><WXL

3 3t,,

£,,=3.97x8.85x10'"% F/em

t,,=50 nm

W=100 um mess) C,~84 fF ~ 950 Q @2GHz
L=0.18 um wC

R,=5 V. = g7 V.=0.95V
7 9 " Rs+Ry+wCys ° s

Virtually all of Vs appears across Cgs. Not bad !!

Q) Can we do better ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

17




W VirginiaTech

Invent the Future

Improved Power Transfer Technique

Think like this !

Voltage across Cgs will be maximized by maximizing current through Cgs (iin).
Maximum current through Cgs leads to maximum power delivered to input port.
Conclusion: We might be able to build more voltage across Cgs by maximizing
the power delivered to the input port.

Q) How can we do this ?

Cos7 Vs EmVgs

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 18
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Improved Power Transfer Technique

Think like this !

Voltage across will be maximized by maximizing current through Cgs (iin).
Maximum current through Cgs leads to maximum power delivered to input port.
Conclusion: We might be able to build more voltage across Cgs by maximizing
the power delivered to the input port.

Q) How can we do this ?

LOSSLESS
NETWORK

Eventually, we will find that by inserting some lossless network, we can

maximize power delivered to the input port, and thereby, Vgs can be even
largerthanVs.

Let’s examine this !
ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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to the input port

R=50Q2

Wv
Vs

LOSSLESS
NETWORK

Impedance Matching

Recall “Maximum Power Transfer Theory”
If we design the lossless network such thatimpedance looking back from
NMOS to source is Zin*, we will get maximum power transfer from the source

Z= Zin*

We call this as “impedance matching” and the lossless network as “impedance
matching network”.

Let’s examine how to design the matching network !

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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source impedance

Impedance Matching

Let’s consider how to perform impedance matching for a general load and

Z=R+jX

Vs

LOSSLESS NETWORK

Z, =R +jX,

Zout = ZLX

If we design a lossless network such that Zout=ZL*, then Zin=Zs*.
The converse in also true, i.e., if we design the lossless network such that
Zin=Zs*, then Zout=21.*.

Can you come up with a simple intuitive explanation (without using
equation) as to why the above statements are true ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance Matching: The First Step

First, let’s cancel the imaginary parts of Zs and Z.. This can be done by an
appropriate choice of capacitor or inductor sizes.

Z.=R+jX. LOSSLESS NETWORK

=, [

CORE
LOSSLESS
NETWORK

Vs Z, =R +jX,

Zin:Rs Zout:RL

The problem is now reduced to how to design the core lossless network to
match load resistance RL to source resistance Rs.

We have two cases; 1) Rs > RL & 2) Rs <RL.
Let’s think about the case-1) first.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance Up-Conversion

Case-1)Rs >R

We need to convert the smaller load impedance to a largervalue of Rs (this is
referred as upward impedance conversion).

Think !

If we generate smaller voltage across R. using

the source voltage Vs, this would results in

smaller current being drawn through R.. This
makes R look like a largerR.

How can we do this ? Note we are only allowed to use lossless elements, i.e.,
inductors and capacitors.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 23
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Impedance Up-Conversion

Case-1)Rs >R

Let’s put an inductor in series with the resistor. This would increase input

impedance which would result in smaller current being drawn by the resistor.
L

_ iR1t>iRr2 /OO )
v IR1 Ir2
/ Viest R, - Viest R,

Now the impedance is no longer purely real value, and we need to turn the
impedance into a purely real value. How about adding C in series with the L ?

c -k NO I!!
| IRz The C will be resonated with L in series,
Viest R, and undo what the L was intended to do;
i.e., reduce current through the RL.

ir1=ir2, SAaMe as the original.

24
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Impedance Up-Conversion

Case-1)Rs >R

Let’s put an inductor in series with the resistor. This would increase input

impedance which would result in smaller current being drawn by the resistor.
L
iR1 > iR2 /00

IrR1 IrR2

Viest R, - Viest R,

Now the impedance is no longer purely real value, and we need to turn the
impedance into a purely real value. How about adding C in parallel with the L & R.?

- YES 1!
l Sy The C will be resonated with L in parallel,
Viest C Ry which gives pure resistance. irz is still smaller
1- than original, and therefore, effective R will

be increased. Let’s verify this !

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 25
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O_%%ﬁ\_? R,

Yin

Impedance Up-Conversion

Let’s calculate input admittance !

Z =R tjwL
SUVRE S SN N
ZIr Rptiwl R 240212 Ry 240212
Yin= YLRHWC
RL jwlL

= - +jwC
R|.2+(:\)2L2 R|.2+uo2L2

1 1 A 1
= — [ —m | +iw -
| 1 (00 HLTRE 1 (22)
RL RL

26
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ol
y,.,, 4

)

Roughly, RLis increased by a factor of
square of the impedance ratio of L & Rt
(impedance is up-converted) .

T iy

Impedance Up-Conversion

From the final form of the admittance,

et 1
+Hw ( C-
R,? 1+(w_t)2
RL

L
( E) =RL X Rjp,

Imaginary part will be cancelled
at this condition. Note (L/C)is
the characteristic impedance of
L& C.

27

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh




W VirginiaTech

Invent the Future

Impedance Up-Conversion (ex)

Let’s take an example.
In previous example, Rg=5 2, Cgs=84 fF, freq=2 GHz.

LOSSLESS
NETWORK

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance Up-Conversion (ex)

Let’s take an example.
In previous example, Rg=5 2, Cgs=84 fF, freq=2 GHz.

First, let’s apply Lg to nullify reactance of Cgs at 2GHz
through series resonance.

1
“’LB:WgS'@WZGHZ '» Lg=75.39nH

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance Up-Conversion (ex)

Let’s take an example.
In previous example, Rg=5 2, Cgs=84 fF, freq=2 GHz.

Next, apply L & C to convertRg (5 2) to Rs ( 50 €2).

2
Rs= Rg (1+ (:—;) ) @ w=2GHz W) 1=2.39nH

(VL/C)" = Rg X Rs ) C=9.56pF

30
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Impedance Up-Conversion (ex)

Now, let’s calculate voltage across Cgs, Vgs.
In previous example, Rg=5 2, Cgs=84 fF, freq=2 GHz.

Now after matching,
Rout=Rg

fiwe | Vg

Rout=Re = V= — :
Rs+1/jmc 1+JwCRg

WAV—O0

VTH @ w=2GHz

v }
Change to Thevenin Equivalence

31
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Impedance Up-Conversion (ex)

Now, let’s calculate voltage across Cgs, Vgs.

Rout=Rg Lg

‘\MO-’WO\—’W\/—F-L
Vs +

VTH= m, @ w=2GHz VTH

In previous example,
C=9.56 pF, Rs=50 Q, Rg=5 3, Cgs=84 fF, freq=2 GHz.

2

_ 1 x 1 Vs

- ]ngs ZRg 1+jWCRs
More than 15xV, using
impedance matching !!

. 1 Vs
ige= -
857 2Rg 1 + jwCRg

Vgs=

1 .
fcgs ™ s

32
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Impedance Matching for Analog Design

Q) Why is impedance matching not used in analog circuits?

In this example, just change freq=2 MHz (from 2 GHz)
Rs=50 2, Rg=5 Q, Cgs=84 fF.

2
L
Rs=Rg (1+ (;’—g) ) @ w=2MHz W) 1[=2.39uH These values are
> almostimpossible
(\/L/C) =Rg X R ) C=9.56nF torealizeinlC.

Also, note that large values of L imply large values of parasitic
resistors to the inductor. This large parasitic resistor will take up
most of power delivered by the source; hence, only a small fraction
of the power will be delivered to the transistor input port
(impractical for most cases of analog IC designs).

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance Down-Conversion

Impedance up-conversion

Impedance down-conversion is
just reciprocal of the up-

conversion.
Rs 3 T7¢ Rs>Re § Ri Q) Canyou explain intuitively how
& ~ the impedance down-conversion
\ work ?

Impedance down-conversion

We call this type of L-C matching
circuit as L-matching circuit.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 34
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Impedance Down-Conversion

Let’s think about this !
L
+ When we apply very small test signal across the L & C series
Ve ==C V. Circuit, alarge voltage will be developed across C dueto a
series resonance.
L

When we place resistor, Rs, across C, the capacitor will
Ve provide a large current to the resistor. This current can be
-1_ much larger than that driven directly by Viest.
This makes the Rslooks smaller effectively, when looking at
10 compare irs the source side.

C

Irs
This is the behind logic of the downward impedance

conversion.

35
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Impedance Down-Conversion

Let’s drive input impedance Zi.

. Y&‘ L YRc = Ris+jwc
‘ _ R jwCRg>
Rs § C ZRC = 1+(wCRg)2 1+(wCRg)2
Zin ) 5
O 7 Rg jwCRg sl

" 1+(wCRg)2 1+(wCRg)2

. 2
= Rs 5~ ijRs 2 +ij
1+(wCRg)” 1+(wCRq)

2
- Lz +joo [ L- Lz
1+(wCRg) 1+(wCRg)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 36
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Impedance Down-Conversion

(impedance is down-converted) .

Yrc L From the final form of Zin,
- SHO0—0 )
Rs . CR¢
‘ e
R, 3 C 1+(wCRg) 1+(wCRg)
Zin
o V4 v
R Rs
Ri.=— S L=C X )
in~"~ ( CRS)Z 1+(wCRg)
=CX Rs X Rin
Roughly, Rs is decreased by a factor of
square of the admittance ratio of C & Rs .2'

L
( E) =Rs X Rin.

Imaginary part will be cancelled
at this condition. Note (L/C)is
the characteristic impedance of
L& C.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Impedance up-conversion

Impedance down-conversion

Rs form

___ Ry nge

A Che b itance
(wCRs) to adm

YL =Ys(1+(wCRs)?)

Impedance Conversion Summary

Up-conversion:

2
L
Rs =Ry (1 + (‘;—L) )= R (1+ Qg %)

] INote for similarity !
Down-conversion:
Y = Ys(1+(wCRs)?) = Ys(1+Qgc?)

QrL: Quality factor of series of L-RL
Qrc: Quality factor of parallel of C-Rs

Impedance (admittance) up & down
conversion is always related with a
factor of (1+Q?2).

Q) WhatisQ ?

To answer this, we need to consider frequency
response of the matching network , first.

38
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Frequency Response of Matching Network

Let’s drive in-out transfer function, V./Vs.

ijn =ic+iL
( Vs-Vi Vi
Rs  J9%Yin* R yjuL
V n = 1 X VS
1+}wCR5+R ol
R
V| (w) - L
R
2 . RL 1 XV
R, +R<)+ (R R (2 ) —4R, (R, —R< (L) ~ Rp+jwl >
(RL+Rs)+(RL-Rs)(gy,) ) ~4RL(RL-Rs)(cy,) 1+jwCRs+p—S 0
where w =
’ o~ \/E.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 39
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Bandwidth of Matching Network

A Typical simulation result
(conceptual)

Voltage across RL

W=0o Freq (o)

Observation: Circuit delivers power to the load at other
frequencies around w=mo which is resonance frequency of the
circuit. This means there is a power loss around at @=mo+A®.

VL(W) 1

-3dB frequency can be calculated by equating this, Vs(w) =72

1 w, w,
Mw_sap= 2 w)  BW=2x 0w s

Rs | Rs 4

R R

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 40
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Bandwidth of Matching Network

A
—l
o
A w
E . BW = 2 X Aw_3dB=R—O
S ' s,
[+ 5} R
o0 L
S
2
. . |
W=0o Freq (o)

Observation: For a fixed impedance transform ratio (Rs/RL), the
bandwidth (BW) is fixed.

In many RF systems, narrowband operation is preferable, since
we don’t want to lose any input power around signal bandwidth.
Also, narrower band means more filtering of unwanted signals.

Q) Can we design matching network to have more narrower band
operation (red-curve) for a given fixed impedance transform ratio?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Quality Factor (Q)

To answer the question, we need to introduce a very important
concept in RF systems, referred to as “Quality Factor (Q)”.

In its simplest form, Q is used to measure the “quality” of
capacitors and inductors

- Aninductor/capacitor with large resistor has poor Q

- Aninductor/capacitor with zero series resistance has infinite Q

Let us now define the quality factor for a general network :

Q - 211 X Maximum energy stored in network per cycle
N Energy dissipated in network per cycle

Maximum energy stored in network per cycle
Average power dissipated in network

= 271f X

Recall, Energy (J) = Average power (W) x Cycle period (T)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Q of Lossy Inductor

Let’s consider simple example of a lossy inductor.

i L R
O—)FW"—'M—O

Maximum energy stored in L per cycle = % X L X ipkz

Average power dissipated in the network = % X ipkz X R

Maximum energy stored in network per cycle

Q =2nf X

Average power dissipated in network

L LXi 2 WL
- 2 pk_ _
=2nf X 5

1. 2.p R
ZX!pk XR
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Q of Lossy Capacitor

Let’s consider simple example of a lossy capacitor.

i C R
o—— | M—O

2
Maximum energy stored in C per cycle == >< C X vpkz X C X (:’:—z)

1
2
Average power dissipated in the network == >< 1pk X R

Maximum energy stored in network per cycle

Q=2nf x —— _
Average power dissipated in network
1 ipk 2
eox(22)
2 c 1
= 27tf X =
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Q of Series LCR Network

Let’s consider another simple example of a series L-C-R network.

O——000~— —W\—0

2
Maximum energy stored in L & C per cycle =% X C X (L’:—:) + % X L X ipkz (???)

Average power dissipated in the network =§ X ipkz X R

Maximum energy stored in network per cycle

Q =2nf X

Average power dissipated in network

;2
1 PR 4l pwin 2 1 L
szx(wC) + Z X LXipk ~ octwL _ ZXJ;

1. 2
EXka XR R R

= 2mf X @resonance (777)

This is not correct ! What was wrong ? Don’t apply the formula in a blind manner!

45
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Q of Series LCR Network

Note: in inductor and capacitor, voltage and current have 90°
(quadrature, or orthogonal) phase relationship.

Ipk L C R
O——"100— }—W\—O0
inductor current,i; =iy coswt 90° phase difference

. 1 /. ipk .
capacitor voltage, v = Ef ipdt =C”—msmmt

Maximum energy stored in L & C per cycle =1 X L X iLz + 1 X C X v,2

2
—L(tpkcoswt) + - C( smmt)

1
M , @resonance

mthenetwork——lek X R ‘ 0= \[7c

@resonance
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Q of Parallel LCR Network

Another example of parallel LCR network.

+O—@ @
Vi g'— —=C 3R
-O—e o

Following the same manner with applying AC-voltage, Vpk, you
can verify that the Q of the parallel of LCR network at resonance

frequency will be given as,

R
Q= = @resonance

L

Note, \/(L/ C) is the characteristic impedance of L-C network.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Series L-R to Parallel L-R

Itis quite useful to change series network to parallel or vice
versa, which allow great simplification of circuit analysis.

O Zin, parallel If Zin, ?eries.= Zin,pa.rallel, t.hen
%'— ' O two circuits are identical.
S
r Lp g Rp Zin,series= Rs + jwlg
. . Rp xjwlL Rp(wlp) +jwlyRp>
px/Wlp _ Rp( p) JwlpRp
Zin, series § Rs O Zin,parallel™ Rn+iwL
O—-

Rp=Rs X (1 + (";';5) ) tp= s X (1 * (u?fs) )

=RSX(1+QSZ) =|.5X 1+@
Resistance is increased Inductance will be about
in parallel from by a the same in parallel form,

factor of Q.2 (if Q, >>1) if Q >>1
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Parallel L-R to Series L-R

Itis quite useful to change series network to parallel or vice
versa, which allow great simplification of circuit analysis.

. z . 2
RpijLp _ Rp((DLp) +](I)LpRp

() o o)) Tar)

in series from by afactor ~ the same in series form,
of sz (ifQ, >>1) if Q,>>1

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

Rp’ +(wlp)’

O Zin, parallel If Zin,?eries.= Zin,pa.rallel, t.hen
% ) ' O two circuits are identical.
S
r Lp g Rp Zin,series= Rs + jwlg
Zin,series § Rs O Zin,parallel™ Rp+iwlp

O—-

R R L L
Re= P __Rp _ P __b

Resistance is decreased Inductance will be about ~ You can also verify that,

Qs=Qp
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Series C-R to/from Parallel C-R

You are encouraged to verify this.

1

O O I Rp=Rs X (1 + (mcsns)z)
Cs

=R5X (1 +Q52)

Cp=Cs X (1 + (wCsRs)?)

1

= 1+ —

csx( +Qsz)

o, O R __Rp
Cs I ° (1+(prRp)2) (1+Qp”)

Cr §RP ; .
N L P
° (e ) ("o

Point s that if network Q is large enough (Q,=Q, >>1), there will be
little change in the capacitance, but big change in resistance between
series & parallel forms (key to impedance up/down conversion).

50
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These L-C will be resonated at the target
frequency. As a result there will be pure
matched resistances, Rs and Rp.

Q of Matching Network (Z up-conversion)

Let’s revisit this matching circuit
(Rs>Ru).

Impedance up-conversion:

2
Rp =Ry (1 + (‘;—LL) )= RL(1+ Qg %)

~ R X QRLZ, if Qr>>1
= RS

R 2
Ly = L 1+(—L) =1+
P wlL QRL2

~L,if Qg >>1

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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“Loaded Q” vs. “Unloaded Q”

-------------
...........

LT ., Let’s use this matching circuit to illustrate
O——M0—O % between “loaded Q” and “unloaded Q”.
R, % —C ?RL Unloaded Q: the driving source
\ impedance is notincluded in the
O ® O measurement of Q.
. — / R
O @ —O Qunioaded = ﬁ , @resonance
C
Rs 3 T¢ : gL § Re Loaded Q: the driving source impedance
o— o Lo ¢ is included in the measurement of Q.
".""-....... Rp//Rs

, @resonance

Qioaded = \/r
Lp
C
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-------------
..........

LE T

Tagy
L
»

SL
RS R>R. C
o—e o
Rs S TC L,

Various Forms of Q (unloaded)

When we call Q (or network Q), it usually
means unloaded Q.

- !Expre§sed
in series R-L

__Rp _ Ry Expressed in
wolLy Lp parallel R-L
C
Expressed in terms
- [Bs _ 1 "> ofimpedance
Ry transform ratio

1
where w, = —
’ 0 \/’L_C

53
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Impedance Matching With Higher Q

Revisiting bandwidth consideration A
(RS > RL) . E|
- A
O *—000—O ©
V, 2
O ® O
Q= %_1 BW = 2 X Aw_34p= :o =%
L Rs_,
R

The higher the Q of the network, the narrower the BW of the matching network.
For a given impedance ratio, the BW is fixed.

Q) How can we design a network with higher Q for a given Rs and RL ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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An Idea for Impedance Matching With Higher Q

Let’s propose this !

- The network Q depends on the impedance ratio.

- Forsingle L-C matching circuit, the impedances of Rs and R.are fixed, and so is Q.

- What if we down-convert the R to a smaller value of Ri (intermediate impedance),
and then up-convert to the desired Rs in second stage (2-step conversion) ?

This is higher Q path Ri=2 Q

than direct conversion ~
Indirect (2-step)

conversion

= <€ =
Rs=50 () Direct conversion R1=10 £

Let’s examine this idea to see if this would allow us to design a network
with higher Q for a give impedance transform from R. to Rs.
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Implementation of Higher Q Impedance
Matching (t-Matching)

Let’s cascade two L-matching networks such that first L-matching (L1-
C1) down-converts the load impedance to Rl, and the second L-matching
(L2-C2) up-converts the impedance to the desired value.

Apparently, R’'=Ri (why ?)
Let’s continue the analysis.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

L2 L1
O @—/000\ H00—e—O
R
’ +—C2 Ci- §RL
Vs
o- —e —O
Rs Ri Ri RL
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Q of [I-Matching Network (Up-Conversion)

amummEE . .
;" "ra. M
K R 2 - 1 B LEL LT T
* . - o
0 . M D
g

Maximum energy stored in network on the (left+right) sides

Q =2nf X

Average power dissipated in network on the right side only

R R W, (L1+L>) (|
. L S _— Wol\L17Le2)
QLeft Qnght JRI \/Rl Rl NO(C1eq//Czeq)R|
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Q of T-matching Network (Down-Conversion)

Similarly, we can think 2-step high Q matching network to down-convert
from high load resistance to smaller source resistance; First, up-convert
to higherimpedance, and then down-convert to the desired impedance.

This is higher Q path Ri=5000 Q
than direct conversion ~
Indirect (2-step)
conversion
Rs=60Q <€ Ri=500 Q

Direct conversion

58
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Q of T-matching Network (Down-Conversion)

L1-C1 up-converts Ri to Ry, after that, C2-L2 down-converts Ri to Rs.
(Students are encouraged to verify this.)

L2 L1
O—T00—9 “L —T00—O0——
Rs 171
+C G §RL
Vs 1

O —=2-—0e O

Maximum energy stored in network on the (left+right) sides

Q =2nf X

Average power dissipated in network on the right side only

R,
wo(Lleq//LZeq)

R R
= Qreft T QRright = ‘/R_ll__ 1+ \jR_;_ 1=w,(C;+C3)R =

59
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So far we have seen that I'1- and T-matching networks provide more
flexibility in choosing Q of the network. This is yet another example for
higher Q matching network, and called as “capacitor tapped resonator

transformer”.

. Down conversion .
1 [ 1
P i
: I C1 :
- I Rs>RuL
1 N

SR | L1 Y
] C2 | % RL
- )
T b

Up conversion

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

Other Matching NWs: Tapped Cap. Resonator
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Other Matching NWs: Tapped Cap. Resonator

Note, without C2, itis a simple L-C matching circuit. But with C2, the C2
will reduce RL effectively by a factor of (1+Q?2), where Q is unloaded-Q
formed by C2-RL parallel network.

Down conversion
—

C1
—

1 |

o |

T 1 ! Without C2 RL
i C1 i Rs>RL
| 7N

§ Rs i Q L1 \E’ C1 Ceq

i C2 i RL —

® @ With C2 Req
[ ] _ [}

Up conversion

61
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Other Matching NWs: Tapped Cap. Resonator

This is similar concept of 2-step conversion in I1- or T-matching network;
i.e., RL. 2 Ri(=Req) 2 Rs.

Rs R,

S - Ry'= 2\ 7RI
Req (1+Qpc2) / (1+Qoverall ) (1+QRC ) C1
Ce = CZ 0O _-I
| (1+ 1 2) = Without C2 RL
Qe

L
l —H

R 1
C1
,where L. - Rs>Ru
Qrc=woC2RL Rs 1 ~ % C1 Ceq
| C2 RL
re \ ]

~ I* O : Re
Rs With C2 q
= |—-1
Qoverall Req
_ |Rs 2 R
-JRL (1+QRC ) ‘1 In case of without C2, Qgyerall= ’R_i-l
62
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Other Matching NWs: Tapped Cap. Resonator

Also, it can be easily verified that the impedance transform ratio will be

given by the capacitance ratio, approximately; i.e. 2

’ c
RS ~ (1+c—2) ,if Cy # 0.
L 1

Down conversion
—

N
!

Up conversion

C1
—

Without C2 RL

C1

Rs>RL

C1 Ceq
% R —

With C2

MWV
o

C2

Req

=Y mmm D

Ve A—

This tapped capacitor resonator is used popularly in “Colpitts VCO” designs,
which we will discuss later.

63
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Other Matching NWs: Tapped Ind. Resonator

Using the same logic and mathematical flow, you can verify that this
transformer network, called as “tapped inductor resonator”, also
provides higher Q-matching.

Down conversion
—

1 1
1 1
3.
1 1
: L4 posr
[ i AN
SR | T v
! L2 | RL
b—s 0
| (|
Up conversion

This topology is not popular compared with previous topology, since it needs two
inductors which will take more space than previous one in IC designs (But students are
encouraged to develop math for this).
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Other Matching NWs: Transformer

Transformer is also widely used forimpedance matching at board level
as an external component, mainly at low-frequencies.

Transformer basics:

- Voltage will be amplified by a factor of turn ratio (N) at the output; i.e.,
Vout=N X Vin.

- ideal transformer is pure passive and no loss, therefore there will not

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

be any power loss; i.e., Pin = Vin X iin = VoutX iout =Pout & iout=iin/N (Why ?).
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Other Matching NWs: Transformer

Let’s find input and output impedance relationships.

lout

——
1:N
Rln Rout
Vv
out
pooVin N1 Vow 1o
M iy Nxigye N°7 gyt N

Maximum input power will be delivered to the load via transformer when input
impedance is matched, i.e, Rs=Rin (recall “maximum power transfer theory”);

Rs =Rin= iz X R W) ﬁ — N2 | Once Ruand Rs s given, you can
N Rs determine N for maximum power
delivered to load.

66
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Other Matching NWs: Transformer

Let’s find input and output impedance relationships.

lout

out
R: =Vin= N =ixvout=ixR
in — . N xi NZE N> L
in out out

Q) How much is voltage gain in this system?

1
Vout =N X Vin= N X (EVs) ‘ Vout — 1 N:l ﬁ
2

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Similarity btw Transformer and LC matching

Transformer matching L-C matching

Note: N in the transformer and Q in the LC matching network play similar role.

68
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Transformer Matching Example: Audio App.

One popular use of transformer matching is in the loudspeaker driving
systems.

HiFi Audio Amplifier Speaker Ioad/n

[A)

HE ZT 1N

v \

Speaker cable \U Typically 4-8 Q
Outputimpedance is

very low, <0.1 Q, for = For maximum power

V4

maximum efficiency. transfe;,NB o
Nz = =40 ~ 80
010

In RFIC (< 5GHz), impedance conversion using transformer is not popular,
because of unavailability of good quality on-chip transformer.

69
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50 Q2 Question ?

Very often in RF IC designs, it is required that the input & output ports
are matched with 50 Q. One might ask

- Why 50 Q?

- Whynot 500 Q?

Once we understand the reason for 50 €2, we can judiciously choose
when to follow the 50 2 match, and when to choose another level of
impedance match condition (500 €2 for example).

50 Q -cable (why ?)
Axer (filterx LNA
] D A |—() (">’
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Maximum Power Delivered Using Coax Cable

Let’s examine a coaxial cable with a characteristicimpedance of Zo:

Dielectric (Air, Teflon,
Polyethylene ...)

Maximum power (P) delivered to the load using such a coaxial cable can
be expressed as:

Maximum power will be delivered to the load when
- Vis maximized, and
- Zois minimized.

Let’s calculate the characteristic impedance of the coaxial cable.

71
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Characteristic Impedance of Coaxial T-Line

The coaxial transmission line can be represented as shown in figure
below:

L I
ZCxZo 1

C Zo ZO = ZL -+ m, where Zc=jm—c, ZL=](.|)|.

~ [JZeXZ) = % ifﬁ»w

L & C represent line inductance and capacitance with infinitesimal length
(this is common technique to extract characteristic impedance of a T-line).

72
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Characteristic Impedance of Coaxial T-Line

The capacitance and inductance of a coaxial cable are given as
(refer to any microwave textbook):

Ro: outer diameter
Ri: inner diameter

‘ R
In (=2
ZoC» -l-C “Zo Zo=j£=\/gx ng:_i)

To maximize power delivered to load, V needs to be maximized in the
coaxial transmission line. But there is a limit of V because of breakdown of
the dielectric beyond some point of V across the inner and outer diameter.

e
e
-
.....
e
e
-
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Maximum Electric Field in a Coaxial Cable

When we increase V, electric field will be increased between inner and
outer conductors. And the maximum E-field depends on the radius of the
inner and outer conductors as well as the voltage across the conductors.

&Y )™

What happens when we decrease the diameter of the inner conductor?

- Ans) The electric field increases significantly as the radius of the inner
conductor, Ri, is made smaller and smaller.

- Ans) This increase in E-field strength eventually causes a breakdown of
the dielectric between the two conductors (at a fixed voltage).

v Ro
R - Vmax = Emax X Rix ln (—)
0 R;
Ri X In (F) |

|

Emax =

74

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh




W VirginiaTech

Invent the Future

Zo for Max. Power Handling

Now we have everything to re-evaluate the maximum power deliverable to
the load.

Ro\\
Vmax” _ (Emax X RixIn (ﬁ)) _ Emax” \ ., 2 (Ro)
P x = = [—MaX_ ) g.2In (-2
7o n®) ) s
ﬁx Ri 21 €
£ 21

The condition for maximum of power delivered can be obtained by
differentiating the P with respect to Ri and setting it to zero:

(gl (R)) o =

21

This result gives the optimum characteristic impedance for the maximum
power handling capability as:

| Ro
L :: ‘."’n ﬁ ln(\[@)
o = —=':\/EX3-%=ﬁX—= 3002
C N € 27 £ 21
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Minimum Attenuation using Coaxial Cable

Let’s re-examine the coax cable from the standpoint of signal attenuation.
The metal conductors used for the coax cable have finite resistance which
causes signal attenuation, even for the case of perfect matching.

&Y )™

The resistance of the cable keeps increasing as Ri and Ro decreased (note
that at RF, current flows through only the skin of the conductors). As the
resistance of the cable keeps increasing, the signal gets more attenuated.

1 1 1
Resistance per unit length = R = 2700 (R_| t R—o)

where, d=skin depth, o=conductivity of metal

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Zo for Min. Attenuation

1 (1.1
. . R 2méo (Ri Ro)
The attenuation constantis givenby: o = =

)
2 E>< Ri
To find the optimum condition for the £ 27
minimum attenuation, we differentiate
the expression for attenuation with
respect to Ri:
_1 (1 + L) A\
da d [ 2méo\R; Rg - Ro\ Ro
] T ()
p, \Ri/ R
z\ﬁ X 2m B °_356

This result gives the optimum characteristic impedance for the minimum
signal attenuation as:

| Ro
’L ’,u . Ri ’,u In(3.6)
20= E: ;X—Zn' = ;X Y- =77 Q
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Conclusion from Analysis of “50€2 Question”

Some conclusions (and conventions in RF systems) can now be drawn:

- ForTVreception, signal attenuation is an issue because the signals are
weak , therefore, TV equipment uses 75-Q system to minimize
attenuation.

- Forsystems involved in pure transmission, a 30-Q systems allows
maximum signal handling capability.

- Forsystems involved in both transmission and reception of signals, both
signal attenuation (for received signal) and signal power handling
capability (for transmission signals) are important. And therefore, 50-€2
system (approximate average of 30-Q2 and 77-Q2) is chosen.

/8
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Conclusion from Analysis of “50€2 Question”

Typical wireless RF systems (including measure instruments) use 50-Q
systems. And 50-Q2 interface needs to be followed with external environment.

However, if signals are not going out of the chip, 50-€2 specification need not
be followed. Note, in IC environment typical interface impedance is 0.1~ 1 kQ
range. So, if you try to match every interface with 50-C2 inside chip, you might
end up with wasting a lot of signal power.

One of main philosophies in IC design paradigm of SoC is to minimize 50-Q
interface and hence to save power. In old days of radios based on discrete
elements on board level, each function blocks need substantial power
consumption to drive 50-Q2 interface to other external blocks
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ANT

Y

Filter Characteristics Vs. Impedance Matching

Typical insertion loss of duplexer will be 1~2 dB range and its performance can
be significantly affected by the degree of the impedance matching between LNA.

50 Q

7,=50 0 Duplexer (filter) L n_LNA

-

>

Loss (dB)

A ()—>>

,', Typical duplexer characteristic

L]
(] «
......
............

L] L]
" & L]
......
'''''

If not matched well to 50-C,
duplexer characteristic can be
poor. Loss can be higherthan
3-5 dB, which will do
detrimental effect on the
entire system NF.
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