Electric Circuits for Physicists

- __._.._aT-

=
'i',h;

201 6$F

Shingo Kﬁtsumpto‘

= .‘5,

-
- ~ -
. L y
d . '

BrOps 1

2016

| N EREAF
e 2 ﬂ%%ﬁnﬂ
' "WEE?EIQ
YIS RFFR
BAMES



E/\‘(Z/a/“/f BAEE

- Shinge Ketsumete ' ‘ '

H 248

BEOWHFET —~

im XY Ak

(A7 v MCBEMEREY | DETRIIRVFELE

E(C 1 EfEAREEEZLE — 28BEUAICHSZRG
TAMRRUTOXAS bEAA)LEfFUET
SVBR(FHAR L /R— b, SBRELEDETHRRUET



http://kats.issp.u-tokyo.ac.jp/kats/

A

2.1 S AT L LEEFES

2.2
2.3
2.4

2.5 U X [OlEs DA EE

2.6
2.7

=R
L4
AT (20 T4 EIRR

B 1%
REIFRT CHEFNFRT

5.

42 O
43 SR
4.4 BHNRNSDRY

waginpar- Ehiz

5.1 {mXi&

5.2 {mXIRDIEIBIRR

5.3 S1T5(S/\S A S)

54 a5+ >H—AER
LCA=IXES

/



Fq>4)
7.1 74’ /’S’JM.:T%}"_
7.2 iwiEo— b

7.3 miES — hODERE
7.4 miEEEOMLIR{E ERGELL

7.5 A-D/D-A 1> )\—%4

7.6 TA4ZFILT4ILT—

7.7 J\—RDIJ)75ih=5E : HDL



Syllabus

1. Electromagnetic field and electric circuits
1.1 About this lecture
1.2 What Is electric circuit?
1.3 Two-terminal devices
1.4 Circuit diagrams
1.5 Resistors
1.6 Capacitors
1.7 Inductors
2. Introduction to linear circuits
2.1 Linear systems and electric circuits
2.2 Power sources
2.3 Networks
2.4 4-terminal (2-terminal pair) circuits
2.5 Theorems in terminal pair circuits
2.6 Duality
2.7 Passive devices, active devices



Syllaus

3. Transfer function and transient response
3.1 Transfer function of passive two-terminal pair circuits
3.2 Two-terminal passive circuits
3.3 Transient response of passive circuits
4. Amplifiers
4.1 System control and amplifiers
4.2 Operational amplifiers
4.3 Transistors
4.4 Field effect transistors
5. Distributed constant circuits
5.1 Transmission lines
5.2 Propagation through transmission lines
5.3 S matrix (S parameters)
5.4 Schrodinger equation and LC transmission circuit



Syllabus

6. Signal, noise, waveform analysis
6.1 Fluctuation
6.2 Noise from amplifiers
6.3 Modulation and analog signal transfer
6.4 Discrete signal
7. Digital signal and digital circuits
7.1 Introduction to digital signal
7.2 Logic gates
7.3 Logic circuits implementation
7.4 Circuit implementation and simplification of logic
operation
7.5 AD/DA converters
7.6 Digital filters
7.7 Language to describe hardware: HDL



Ovutline Today

1. Electromagnetic field and electric circuits
1.1 About this lecture
1.2 What is electric circuit?
1.3 Circuit diagrams
1.4Two-terminal devices
1.5 Resistors
1.6 Capacitors
1.7 Inductors
2. Introduction to linear circuits
2.1 Linear systems and electric circults
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For what this lecture 15?

Experimentalists:
Knowledges on electric circuit are indispensable.

Purposes:
Understand how circuits work.
Design circuits along research plans

General physicists:
Meta physics



Coupled pendulum and neutrino oscillation

Pendulum oscillation
A

> time




Electric
Circuit

Electromagnetic
Field

Lumped constant
Circuit

Distributed
constant
k Circuit

Material

Signal Science

:Noise ] [ Metal ]

( Modulation] [ Sl ]
) conductor

 Discrete signal ]

[ Ferromagnet ]

Linear response System stability Analog and digital

[Transfer function ] [ Amplifier \ [ Fourier tr.- z-tr. ]

[ Resonance] [ Feedback ]

Analog filter

[Transient response] [ Nyquist diagam ]

- Digital filter




1.2 What is electric circuits?: Thunderbolt struck a pla




Your answer?

Fell down and crashed

Nothing happened




Plasma frequency

I i

E = FEpe ™™ 1 =10 = mw?zy = ek
0 , 0

3
SRS
+ +

2
Electric polarization: p — _peg, = — 2 Lo
mw?
D P 2 w2
e(w) = (€ =1+ ) 1 _q_
o (w) eo ' (w) €01MwW? w2
o ne’ .
w; = —— : Plasma frequency
€Eom

Cu;: n=8.5x%x10%2/cc m" =13m,
fo = wp/(27) = 2.3 x 10*° Hz A = 130nm Near ultra-violet

Metals are super-screening materials! Equipotential lines



Picture diagram
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Various circuit diagrams

Parts + Wiring
= Wiring (Circuit) diagram
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Wirings In electric circuits

4
4 C
% fot FE 12 foe FEBEHE
Connected Not connected Not connected

Violate electromagnetism theory

Concept of local electromagnetic field
= Lumped constant circuits (5 2 7€ £ [2] &)




Circuit symbols for two-terminal devices

FEHEHLE O UAEHR® arF o RES AN

giaqn  WIEHAD



Basic concepts In electric circuits

Electromagnetic

Boundary  system
condition

Metallic wiring (node,
equipotential line)

O
Terminals Local Terminals
(input) electromagnetic  (Output)

fields



What Is current-voltage characteristics?

T

(a) - (L (b)

Resistor

1, A

(c)




What Is current-voltage characteristics?

Curve tracer




Variable resistors

Rotary switch

Carbon helical  Helical :
potentiometer

potentiometer

iy

Resistance

Rotation angle

Cermet trimmer

trimmer



Fixed resistors

Chip resistors Carbon film resistors ~ Metallic film resistors (spiral)

K-
T % f,‘
i Lo 7 \\
P
(=

!1

! | .
(dgkl‘ll W(e)

Metallic film resistors (meander) High power type



KhigeD 7 —a— R

B | F18F | F2HF | 3T | F4HF | EO5HTF
=2 0 0 0 10° X
PAS 1 1 1 101 +1%
Din 2 2 2 102 +2%
Bl i) 3 3 3 103 X
4 4 4 10 X
53 5 5 5 10° X
H 6 6 6 106 X
S 7 7 7 107 X
R 8 8 8 108 X
= 9 9 9 109 X
& X X X 101 +5%
iR X X X 102 +10%
i1 32 X X X X +20%




Color code for resistors

4-Band-Code

2%, 5%, 10% 560k Q +5%
I 1 [ Ml. 1 [ |

I | -
| . | | . | Big
COLOR 15T BAND | 2"° BAND | 3*° BAND | MULTIPLIER | TOLERANCE /
Black ' _/ boyS

Brown : i ! 1%  (F) — [aCe

— our
. | Y ) [ | | e

N, young
Vot | 7 | 7 | 7 | oMo | . ;ﬁ‘_'-__\\\\\\sﬂrh

;A : | \but
Gog o | e @ Violet

] generally

16 1 WInS.
237 Q +1%

[ 1 [
0.1%, 0.25%, 0.5%, 1%

5-Band-Code



Variable capacitors

\ .

(b) (¢) (d)

Steatite Tandem Poly-Ethylene Ceramic

Air capacitor



Fixed capacitors

Ceramic capacitors

' ' ' Stacked type
Single disk pair type

Film capacitors
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Chemical capacitors

1) — F#R(5%F)

FILI) =R

nichicon

0E 85
LR
400v4700pf

I =R

i &
nichicon

CE 85°C
N X
150y 300

(CEO4%!)

(mef(Ebon—))

5 4 » THiE

B1ESR

Bissx 2 ILVEF
(P51%)

(b) E—JLRH

(CE04%EY)

TeH
(ELosh—)

CE69®Y
(EARBILE 1)

1) — FARER Y 14
TDIeHILATL
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Surface mount chip capacitors




Variable inductors

N2
L:Kx,uTS:KxunNSJ

4 1 —k? 1 — 2k?
K (Nagaoka coef.) = P [ 13 K(k) — 12 E(k) — k]
L  v1—-k?
2a k

RLCa7) (Kvk-37)
(= =R -
r—2
&=

R=2 - REV)

I




Fixed inductors

Toroidal coil

W R
B

.

Chip inductor






2.1 Linear system and electric circuit

2.1.1 What is linear system?
f(Ciz1 + Comz) = C1 f(21) + Caf (22)

Input Output
(Cause) X S s (Result)
>
u; (t) w; (1)

Y Cuilt) Z Cw;(t)



Linear system: definition

w(t) = Z{u(t)} :Response

Requirements

Invariance: Vi, w(t —t1) = Z{u(t —t1)}
Causality: u(t) = () (t < tl) — w(t) = ( (t < tl)
~

@ Principle of superposition:

VC’l, CQ < C, %{C’lul(t) -+ Cz’dz(t)} — C’lwl(t) + Cz’wg(t)

2{ [~ cauta.ode} = [ clo@iuta.)dg

—O0




Transfer function

Variable g — time t c(t)
<
(t) = 1 |t <6t/2,
0 others - t
—6t/2 ' 6t/2

u(t)= Y ult)elt—t) > u(t) = /_ T ()t — 1)

d(t—t)=06(t—1t)

w(t) = B{u(t)} = & { /_ T w5t — )t

— /_ ) u(t)Z{o(t —t')}dt' = / u(t')E(t, t")dt’

— 00



Transfer function (Impulse response)

E(t,t) =2Z{6(t —t')} :Impulse response, weight function

Invariance — &(t,t1) = &(t — t1)

w(t) = /_ Tt — )it = / u(t — VW) dt

— OO

_ Convolution
Fourier transform:

X (w) = /_ T aWedt,  a(t) = /_ i X(w)ei“tg—:
W(w) = Uw)E(w)

Transfer function




Metals: super screening material
Circuit diagrams
L ocal electromagnetic field

2. Introduction to linear circuits
Transfer function



B oligam 55200

HP SRR - YIEEE IR (V1EAZTPT) BANMES

fppt;co'm &



J— b - BEREDOESETS
http://kats.issp.u-tokyo.ac.|p/kats/

74 BAEEE
Wy,

&
N Shinge Ketsvmete

H 2
BEOWMET —~

g U AL

I AR7 v FMICEBEEREZ | PEOACRVELE

ikam| smas /~— b (2015 Oct.—-2016 Jun.)

28I 1 RIFELGHEEREZEHE — 2E8MUANICHEE TR

AERITHRLAN— . HREBMELELETRRALEY

T/


http://kats.issp.u-tokyo.ac.jp/kats/
http://kats.issp.u-tokyo.ac.jp/kats/
http://kats.issp.u-tokyo.ac.jp/kats/

Review

-
Ch.1 Electromagnetic field and electric circuits

Metals: super-screening material

(but not superconducting. The difference is importantin
designing superconducting circuits.)

Local electromagnetic field

— Lumped constant Circuilts (& & %ka )
local magnetic fields (parts) are connected by

metallic wires — Circuit diagrams
Resistors, Capacitors and Inductors

N\

Ch.2 Introduction to linear response systems



Outline Today

1.
2.

B2 WO

Transfer function (f=2EJ%X) (continued)
Representative passive devices In the linear
treatment

Impedance, admittance and other
parameters in the linear treatment

Power sources

Circuit networks

Four terminal (two terminal-pair) circuits

. Circuit theorems



Linear response: Transfer function
response Input

EI(?) _ BT - % { /_ Z w(t)5(t — t’)dt’} _ / T ()Rt — )Yt

—Oo0

_ / > W(tVE(E — )t = / > ult — V() impulse response

—00

Transfer function

X@ = [ s@e il W) = U

Laplace:

X(s) = /OOO e "tz (t)dt Wi(s) =U(s)=(s)

Expansion to the complex plane: S — 0 + 1w
On the imaginary axis (the frequency space)

W (iw) = U (iw)=(iw)



Impedance

Current to voltage Viz = Rf” o resistor
Vi, = Al Vie = %,) =3 / I5(t")dt'  capacitor
- Vie = L% inductor
’ /_ " et RS()] dt = N ——
=) = / T g [ / 5(t dt] — c srpvadiion
| /_ st [L o o(t )] dt = iwL inductor
v

Impedance Z(iw)




Admittance

\oltage to current

J(iw) =Y (iw)V(iw)

Admittance Y (iw) Y (iw) =




Example of equivalent circuit [ Z&{fi[=1E& | D4l

Spring pendulum (I&X43#kYF)

4 X b e = e
M dr T (t)

RLC circuit with electromotive force

R EiEzx R L-RLC[E )
d? dg 1
V(1) “eq p,4 -
L% Lo+ R+ =g =V(D)
C Parallelism

VAN

4 174 T 57




2.2 Power sources

An active device: electric power source, electromotive force
Realistic power source: ideal power source + non-ideal factors

Ideal voltage source

—0 —O
— @ —> o0, C— o0, Vz%zconst. N
—0 ——o0
\oltage source | R TR J= V R
+resistor — T R+ R; Vout = R; + R

Ideal current source

R — 00, V = o0, J:%:const.




Power consumption

Energy dissipation per unit time: P = V]

Vo [ w Electric power consumption

V(iw) = F{V} =2nVid(w — ')

= W
Z (iw)

ezw t

o Z(w') Z(w)

dv Vo e VI(W,1)

5(&) . w/)eiwt

J(W't) = 27r/
V =Vycosw't W, t)=V(W,t)J(W,t) = Vicos*wt/Z (W)

Complex instantaneous power

L Effective power
T Ve  PW)=ReW(W)  (fzhdED)
Ww') = 57

(W) N o T [T Reactive power
QW) =W e




Power consumption (2)

= cos |arg(W (w'))| = cos ¢

Moment (F13K)

¢ Phase shift between voltage and current

W(w') = |W(w')|e"® :generally holds

W (W) = V*(w')J (W)

2R —02 . effective value



2.3 Circult network

2.3.1 Kirchhoft’s law

At all nodes Z Ji = 0 Kirchhoff’s first law

(/

T Charge conservation % + divd =0
—
For all looping paths ZVj =0 Kichhoff’s second law

J
T Single-valuedness of electric potential



2.3 Circuit network (2)

From Kirchhoff’s law, synthetic admittance and impedance are

n n —1
for parallel connection:  Yige = » Vi,  Zit = (Z Zf)
i=1 i=1
1

n o n
for series connection: Yig = (Z Y;1> . Zew= Y 7
1=1 1=1

EX.)

1 - 1
Z(tw) = (E + iwC’) ;Y (iw) = 7 + wwC
. 2
VO % ! P(w) — ‘% (3052 wt, Q(w) = wCVOZ COS2 Wt
P 1
ﬁ = —— =tano : Dissipation factor

(w wCR




2.3.3 Superposition theorem

Network: node, (directional) branch : directional graph (digraph)

All the branches: electromotive force E;, resistance R,

Ji By Ry
AR | =] ¢ R=| :
I E., R,

Superposition theorem:

The total current distribution is the superposition of those for
single electromotive forces.



2.3.4 Ho (Jl) — Tevenin’s theorem

Pick up two nodes in the network under consideration.

The voltage between these two nodes is V.

Set all the electromotive forces to zero and measure the
resistance between the two nodes. The result is R,.

Now connect the two nodes with resistance R and reset the
electromotive forces to the original values. Then the current
through resistance R is

] =Vo/(R+Ry)




2.3.5 Tellegen’s theorem

i =1,---,n:index of nodes, j = 1,---,m: index of branches

1: ¢ is the start of j,

a;;j = —1: ¢isthe end of j, Incidence matrix
O : others

Vg : En:%- =0 :redundancy in{a;;}
1=1

— (n—1) X m matrix D : irreducible incidence matrix
Kirchhoff’s first law: DJ = 0 J;: current along branch |

W: W; electrostatic potential of node i, V: V; voltage across branch |
io—j>ok Vg =W; — W, = Cbz'sz' — akjWk:
V ='DW (*D: transpose) (Kirchhoff’s second law)

Y ViJi = (DW) - J = ‘WDJ =0 V.1J

=1



4-terminal (2-terminal pair) circuits 4% - [m] %

Terminal pair (G +-Xx1)
Current: circulation, no net current

J__ 5 ¢

Je—— o

2-terminal pair (4-terminal) circuit

j]'" “‘rnut

A B
' D Tynut

e
s
_h..
1




F-matrix of 4-terminal circuit

Vi) _ (A B\ (Vo) _ 1 (Vou = =
("Tin> B (C D) (Jouz) =F (.fguz> V:T_ F{C D] iot
(a) Jin Jout

Efin
vr:-ut

I“’in
Jc:-ut

Jin

(7

pout

() () (), o
Jq:nut.:ﬂ Vn:rut.:[] Jc'ut:l]

Vour | _ (A1 Kz (Vin) _ 7 (Vin
Joue ) o1 Koo ) \Jin) Jin
J: Jnut
* i —
L= {er }

VinT Y= { Y.{j } ‘Vnut
Al —— J_P"
(b} Jin out




Impedance matrix, Admittance matrix




Examples with impedances

A B C D
Z
—
1 VA 0 1
1
‘ 1 0 Iz 1
_l
7 Z;
1+ /1 L1+ ZoZqg+ Lo/ i 1+é
Zy Zo Zo Zo 79
Z1+ Zo+ Zs 1+ Z1
A VA Zo




Connections of 4-terminal circuits

Cascade .

Series

in

Jiin
Parallel —s=




Theorems for terminal-pair circuits

Superposition theorem

oIl IR en I

(a) J = Ji

Ho-Thevenin’s theorem

O S
oIl [ N OTI i

(b)

I

I~ |
N




Norton’s theorem

I~ |
<

Q1 |t O |

Js
Y +Y,




Duality AUt

[ERZEE5 i DIBZUEES T
Ea)iye RIS
H hid 255
FIVe Ry 70 2E0] | FberRy 7O 1R
&I EER
A E—H A VREIvAEVA
#Hi ARG R A
i R Y AVET R A
-7 7 > DOEH J—kVOEM




Duality

Series Parallel

Open Short

Voltage Current
Impedance Admittance
Capacitance Inductance
Electric field Magnetic field
Resistance Conductance
Ho-Thevenin Norton

Kirchhoff’s 2" law  Kirchhoff’s 15t law



Power Sources in Lab. EEOHERN:

AC Power from distribution board BBz 0> 6 O FE S 4G




AC Power from distribution board BCEAEH S DE 11

4

A

B IE AR a

HLFH 2 #f 2t i - -Wi ~141V

(100 V) Single-phase 2-wire

o b
(GND)
B LN1

i]f. Hl 3 I:I':\Jfr& .fl'«:. |_|| H g H

T T | -Th'lh'

\E# LN2

Single-phase 3-wire

v
54 :

3 3MN gy — 4 S
=4 !

Three-phase 3-wire



Japanese outlet tap definition

. Sl

AT

DA

Cold line P52

Hot line &£ #%

Ground %f@f@? :

B KT A —
Electroscopic
Screwdriver




DC Stabilized Power Supply E

3Zx
Series (Dropper) regulation

7 = ==
maZEILE
7805
U FAF—R B =
(X4 JUwI8Y) ERIFTY
Ea—2 & > :
ac | ,« o€ N
L | 4 ¥ 1DC tih
¥ | GrmeicEd |
Y ‘ 2 Z
' A IN (1) . OUT (3)
? i :
« «
”
FTE T\
ff\ N\
A S SN YYYY
| it £} { Y YA
U \/ \/ \/ BT ERELER
f
4

From TDK web page



Series regulator power supply
A

e — .

A j ‘

- v

. | S
‘5 (YAXY ’

Dual tracking

High precision Bi-polar current source
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Switching regulator power supply

Molecular beam epitaxy

Control panel

£
@ '

®

9=
e

Es
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)
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Complicated power lines

Bin



Exercise A-1

Express J;, J,, J; with other parameters.

51 Lt
R, R, R,
Vi —— Vy ——



Exercise A-2

All the resistors have the
same resistance R. Obtain
the combined resistance.




Exercise A-3

Obtain the effective value of voltage for the saw tooth wave.
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Miscellaneous knowledge
on power supplies (continued)



DC Stabilized Power Supply [Hj

Series (Dropper) regulation 7805
SYIVFAA—R
(X4 TUwI8Y
Ea—-X kS5UZ * =
e [ AT AW
100V : 4 | |
< » "5 g 1y,
DHE 2 ?&T 7 i
: ! f | & OUT (3)
I | =, i
+{
| BRR

From TDK web page




Series regulator power supply

High precision Bi-polar current source



Switching regulation

“*MAEAKETRERRIrSIVA

JA7#EUT, BEAR
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< ¥BEZRFICEDRAYFVY > 5 T4—RI\vT9 %, i
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IOV ESIE (PWM) 1 _;'Rfﬂll -2:2_@“’&%’52—‘189

DOFRERF (-58). [CBRULTESZX,
zwon 0L UL ge
HEROBED/\A & O—T \ i ) From TDK

ON/OFF 3%,
web page




panel

Molecular beam epitaxy

Control
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Complicated power lines Bin



Outline Today

2.5 Theorems for paired terminal circuits
Superposition, Ho-Tevenin, Reciprocity

2.6 Duality

2.7 Passive devices (elements) and active devices

Ch.3 Transfer function and transient response
3.1 Transfer function of single-pair terminal circuits
Resonance circuit
Bode plot
General properties

Appendix B Bridges and balance circuits
Appendix C General properties of resonance circuits



Theorems for terminal-pair circuits

Superposition theorem

ik . @2_
oIl I (et R || I

(a) J = J + Js
J=Y J

J;: The current caused by i-th power source.




Ho-Thevenin’s theorem

., g C 1
QI @ i (4

(b)

Consider a circuit with an open terminal pair (No.3). Obtain current J when the
open pair is connected with impedance Z.

g | Th
1. Measure the open terminal voltage V. en
2. Turn off all the power sources (voltage sources: short, current 7— Vo
sources: open). Measure the open circuit impedance Z;. Z + Z;
Because: V
]t =0 l_ _| Z —> ]0 = — 4
—@_' Z —> ! Z+ Z;
Vo v
J=Jy— Jy =



Norton’s theorem

I~ |
<

Q1 |t O |

Dual theorem for Ho-Tevenin.



Comments on Tellegen’s theorem

i =1,---,n:Index of nodes, j = 1, ---, m: index of branches
[ 1: i is the start of 5,
a;; = § —1: 4is the end of j, Incidence matrix
0: others

redundancy — (n — 1) X m matrix D : irreducible incidence matrix
Jj, V; - current and voltage along branch J, W; : potential of node 1.

Kirchhoff’s first law: DJ = 0 Second law: V ='DW

N Vidi = (DW) - J ='WDJ =0 ViJ
i=1 L power of i-th branch

Comments

1. Power conservation law
2. Holds for any kind of circuit (irrespective of linear, or non-linear)

o

3. Holds for two independent circuit conditions (as long as D is the same)

W,




Reciprocity theorem

\_

An n-terminal pair linear circuit

(V1;]1); (VZ;IZ); Y (Vn:]n)’

At one state
at another state

(Vlli.],l)r (VIZI.IIZ)' Y (V’nr]’n)

S Vi -

=1

SV
=1

~N

J

Proof: Consider a two terminal-pair circuit with m branches.

Ji—

e

O_

Vi = ZiJx

_OTVZ VllT o

Tellegen’s theorem
(and comment no.3)

— /5 ]’1—>

— J>

O_

V'k = ZiJ'x

TV'Z

—0

Vidl = VIJy = ZiJuJ.
VAL Vad, = VI Vidy

Wiy = Vady + ) Vidy =0
k

V= Vi + > ViJe=0
k

(This also holds for circuits with mutual inductances.)



2.6 Duality ROk
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2.6 Duality

Series Parallel

Open Short

\oltage Current
Impedance Admittance
Capacitance Inductance
Electric field Magnetic field
Resistance Conductance
Ho-Thevenin Norton

Kirchhoff’s 2" law  Kirchhoff’s 15t law



2.7 Definition: Passive elements and active elements

Two terminal: current J, voltage V. JV > 0: passive element
/1 JV < 0: active element

Ji’

Locally active two-terminal element

wV

More than three-terminal: treat as a terminal pair circuit

Jin —» i—'}nut P — Jin‘/in + Jout‘/out
d V .

IVm J GHTT P > 0: passive element
O O

P < 0: active element
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3.1 General Properties of Resonance and Resonance

3.1.1 Resonance Phenomena

Harmonic oscillator: g 2
armonic oscillator:  — = —wjgq C

dt? o—e H O

Kirchhoff's law

d 2 d
p_ _pdw g pr _pdm L Ay

dt dt? C dt
dqr, + dgr + dq =0

d*q 1 dq 1 d’q 1dg .
@ ora Tl T e Taa T =0

1 1
— )\t = — | — — 2| ~ —— 1
g =exp(At) A = [ 14+ /1 — 4(wor) ] o +iwy  (woT > 1)

Resonant (angular) frequency wg =

1
vV LC



Transfer function, resonance and phase shift

| ] = 1\ _ 1
Ztot(ZCU) = [E + 12 (WO — w_L)] CUO — m
Resonance: Reactance =0

Total Phase Shift Change: =

A

ImY

\ 4

___________________>

o] [

(b) (c) U1 7%

\



!

. R+ wlL R+ wlL
Z(iw) = > . = R
1 —w?LC + wCR —%—l—sz’R
0
( 104_ T — \
10|
=
S
N
10°}
102}
\ 0,001 001 0.1 10 100 p




Transient response of resonant circuit

YAV
o1+ (000 o Ve
R C L
< V >| 1
d’q _dq q
L—+R—+—==0 (t>0 0) = CV,

q(t) = CVpe® — Ls*+ Rs+C ' =0

s = (—wo + \/wh —40? )(wp/20) a = (CR)™

(wo/2) < @ — imaginary part

Wi w2 \ 2
— = S t ’ = 7 s = D)
q(t) = CVyexp|(—y £ iws)t], 7 5y Ws = Wo ( 4&2)

Damped oscillation with time constant y ~1, frequency wj



Transient response of resonance circuit (transfer func

Synthesized impedance, admittance

1
Ztot(s) — SL —+ R + 57 Yaot(s) — Ztot(s)_l

Zero (pole) of Ziot (s) (Yeor(s)) s = (—wp £ \/ wi — 402 ) (wo/2a)

Ziot(S0) =0 Time constant: Re(s,) Frequency: Im(s,)

Laplace transformation of voltage: V (s)
c+100
J(t) = — / Y(s)V(s)etds = 3 R(s:)V (si)e™t (e > 0)

27'('7/ —F59

Natural current s;: polesof Y(s) R(s;) =Y (s)(s — 8;)|ss,



Driving point impedance

‘ R ‘ L ‘
R

°l Short
Open B 1
Lio = s —
1 t 1;( ) sL+ R+ <C

—1
(2) - 1 . sL+ R
Ziou(8) = (R+3L+SC) ~ S2LC +sRC + 1

Ziot(8) zero is pole for Zt(oz (s)



Resistance bridge #&pL 7Y v ¥

AVS-47 Resistance bridge

Not a “bridge” circuit!



Schering Bridge

C L1y = Foliy, Zy= Z3Z3Y,

R, Zo =Ryt 2 =Ry Zsi=— Y, = 4w,
E CD) G iwCr iwCs R,

1 1 1
H B .
Ret+ =5 =Feirm (Rl ”’“"Gl)
= V -
H-Cy By




Hartshorn bridge

Magnetic moment measurement

—Xa4in BE ZXKafin

ﬁusz\r\__ / WIRM ka0 _
j // Ti> Resistance measurement

' N o.-74f~
TEACCIIR, més i RIS ARV ZA

U e JEE HEN

j' +— o742 NS

R.E F%EE
103 | Lo %100 i 4
—— 074 MR

RS Re 11
(f=400Hz) ,

LA bI22 ;/’




Capacitance bridge ¥ X XL R 7Y 9w ¥

Agilent E4981A

General Radio
3-terminal
Capacitance bridge

i




Kondo Resonance and Phase shift

4 —(IsT)Id H=IsHlaT)

E, /—\ Jun Kondo
1 Many body resonance.
But still has the phase shift of ©t/2 |

Co atoms on Ag (111) surface

Co (magnetic) Defect (non-magnetic)

Schneider et al., Phys. Rev. B65, 121406 (2002).



Quartz crystal filter

"CRYSTAL F’lﬁfﬂ"’
MODEL

FREQ.
ND. :

iz YAKUMO TLISIN

o
=)
B
[
o
(a) g
b) XX XN X (c) 624'35 AV Y T R TV

Frequency (Hz)



Circuit Simulator

Download LTSpice from the web site of Linear Technology

+ShingoxA, Gmail Efg i )

Google

BAR

Google B&E I'm Feeling Lucky



What Is Spice?

SPICE: Simulation Program with Integrated Circuit Emphasis
A language which describes electronic circuits (corresponding to circuit diagrams).

ex) a CR circuit and a dc power source  * 0---R1---1---C1---2---V1---0

R10110
Cl11220
V1205

Graphical user interface: Circuit diagram END

LTINS -

EARZa—A%b  ENGLISH RS RE #A EvEhe MyLinear

Linear Technology | [ vmea | mrewsr | ma Py

web site

LTcsqédu _d— A_I_r.“.f

N = a— e . . © F5un—F LTspice IV
PHFN AT AT «FlF7Ov& : 15dB ’ . O ——
T—HER

* OIP3 : +50dBm @ | Tspicei®s
KI—-TR—T Ak

*3.3dB NF ETOYILDzFELEal—
AwR Iz —RA L3y —ILERS
EREEELUH

2439

HuModule /)2 —%32 LT4320/LT4320-1 - RS A4~ Twamba—3

E®LTH LTC314-1 LTC314-1 - HABFETO TS5 L A4V AABMETE R BEDODCI /3
-5

DARLR B -FubI—2

LTC3355 LTG5S - SCAPF & — U ks iud Puld - LA A L— SENBLIZZ0VAARE
DC/OC AT Ly

LTC3331  LTC33M - BIERTE (T+5— = RRAp) STy - Fo— Do BMRLET /(7 — .
SREEDCDCI/i—F ETOETAZRS

- — LTB471 LTB4T1 - ZA A o F LE BMEEWZ -7 27 )L T A-FHEO S —DO/DCa s i —
2 3 -




Operation example

BBl | Sd WS
AD.J TEEHNOLOGY ER=2—RYAF  ENGUSH  digmm B S moabe

NS VYa—av THAHR—b BA a4

Home > FHA4H—F > UyorHx7

Design Simulation and Device Models

YZFT2/00—EEBREGR Y F T LFaAL—IRTUT  T—2a0n—4, DL A—GEFERLEE®E, IO TORHETLEFRICERICHETESLS
LTFHFA 3aL—30 Y— LERBLTVET.

* LTspice IV

* LTpowerCAD

* LTpowerPlay

= Amplifier Simulation & Design

= Filter Simulation & Design

* Timing Simulation & Design

» Data Converter Evaluation Software
* Dust Networks Starter Kits

LTSPICE IV

LTspice IV

LTspice IV(Windows ) 24 7 0—F (201455 5B E H)
* LTspice IV(Mac OS X 10.7+H) &4 o0—F
- BAEEE & 3—Fhyk

| LTspice IViZE 4 fe7sSpice 132 L—2LEBBEA 1, BERME1—7IcHBEMA, R
| AVFLT LFAL—EDLRaL— Y3 R BICT SODETILERBLTVEY, « Mac OS XS a—khuk
| SpiceDBEIZLY , AA9F T LFaL—E2DTIalL—300F, BEDSpicer3al . ZA—hHAE
| — A ERTE LB EILIN, FEAEDRAYF LT LFAL—RIZENTHER . A—F HARALT TP ILER)
| EREFADRS TIHEISENTEET , SpiceLY=7F0/QS—DRAAYFLT LF . FSUADER
| 2L—A2MB0%IZxt T HMacro Model, 20028 X 24 R7 U7 BETILESUICER, - TEMME

FSUU A48, MOSFETEF L ECCMSA Y O—KTEET, c EIT-OBEFRERS

LTspice®D VA y3—%740— !El

LTspicelzBdT2ETHERS @

[ MYLINEAR 244>
L TPOWFRCAD R T b



Summary

Theorems for paired terminal circuits
Superposition, Ho-Tevenin, Reciprocity

Duality

Passive devices (elements) and active devices

Transfer function and transient response
Transfer function of single-pair terminal circuits
Resonance circuit
Bode plot
General properties
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Circuit Simulator

Download LTSpice from the web site of Linear Technology

+ShingoxA, Gmail Ef§ =:= Q

Google

BAE

Google & I'm Feeling Lucky



What Is Spice?

SPICE: Simulation Program with Integrated Circuit Emphasis
A language which describes electronic circuits (corresponding to circuit diagrams).

ex) a CR circuit and a dc power source *0---R1---1---C1---2---V1---0

R10110
C11220
V1205

Graphical user interface: Circuit diagram END

LTINS -

EARZa—A%b  ENGLISH RS RE #A EvEhe MyLinear

Linear Technology | [ vner | mrewar | m e

web site

LTC6430

o : :
i y

s [, e s y. © ¥ m—FLTspice IV

LT RT3z «FlF7Ov& : 15dB I Y DE——

TYER

* OIP3 : +50dBm @ | Tspicei®s
KI—-TR—T Ak

Newest version

‘33(:“3 NF ETOYITrIIFELEAL—
avy—LERS

BREELUR P [
- I ' 2439
LTS p I Ce XV I I - uModule YY) a—3x LT4320  LT4320/LT4320-1- HES (4 —F-Tyy-avro—3 [4]
HEELFH LTC3114-1 LTCI114-1 - A BT T 07T LAREA4DV ., 1A BT 5 B FDL/DCa /S
PEE VSR IE ST B -

LTC3355 LTC3355- SCAPF & — o ks Wyl Fud - LA aL— SERBLI-20VIARE
DC/OC AT Ly

BETH

LTC3331  LTC3331 - BERE (T D —n— AR ST Fo— Do aM@Liz+/ 87— .
REEDODCIVi—% ETOETAZRS

- — LTB471 LTB4T1 - ZA A o F LE BMEEWZ -7 27 )L T A-FHEO S —DO/DCa s i —
2 3 -




Operation example

A.) TEENOLOGY
BRZ2—-AYAb ENGLISH RS # 8 ELabt

Home > FHAU4EK—F > YIrHz7

Design Simulation and Device Models

YZZF0/00 —B3ESRECRAYF T LFaAL—FRT7UT  FT—2aun—43 23— RERAERALERRBRE, PO TORAE TLEBRMICERICHETES LS
LTFHFA 3ab—30 Y— LERBLTVET.

LTspice IV

LTpowerCAD

LTpowerPlay

Amplifier Simulation & Design
Filter Simulation & Design

Timing Simulation & Design

Data Converter Evaluation Software
Dust Networks Starter Kits

LTSPICE IV

LTspice IV

LTspice IV(Windows ) 24 7 0—F (201455 5B E H)
* LTspice IV(Mac OS X 10.7+H) &4 o0—F
o BAEEE & S 3—Fhvk

LTspice IVIZE {4 fit%iSpice I SaL—2L@MBRA N, BHRE1—TICHB/EMA, X
AVFLT LFAL—EDYRaL— Y3V ERSICT O OET LVERBRLTVET . Mac OS XFa—khuk

| SpiceDBEIZLY, AAUF T LFaAL—E2DTIalL—300F, BEDSpicer3al . XA—h-HAE
—AEABICERTELLEELEN, FEAE DRI VF LT LFAL—RITENTER e A HARALT TPAILER)
BTREFADES TITLEISENTEET . SpiceLY=7T2/Q0—DRAAYF T LF - FSUADERE
AL—A2MB0%IZx T HMacro Model, 2008 X 54X 7 7 BET LGS UICER, - FTEMBE
FSU R4, MOSFETETFLESIASA Yo0—KTEET, tIT—OREFEERS

LTspice®D VA y3—%740— {CI

LTsp|ceilf§5‘§'?gE?TEE{>®

MYLINEAR D 42
| TPOWFRCAND
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Outline today

3.2 Two terminal-pair passive circuits

3.2.1 Impedance matching (concept)

3.2.2 Poles and zeros of transfer function and
Bode diagram

3.2.3 Image impedance

3.2.4 Impedance matching with terminal-pair
clrcuits

3.2.5 Fidelity and distortion

3.2.6 Filter circuits



Impedance matching

? Vous (iw) = Vo(iw) — Zow (iw) J (iw)
ke P = Re(VouJ) = Re (Z*—l—g*tZ—FOZ t)
7 2
Vout = |‘/b| R Z
V @ |Z+ Zou1:|2 e( )
0

2
v Maximum power: P .. = 4R|‘(/;| F
° €\ Lout

Impedance matching condition: Z — Z:ut




Zeros and Poles of Transfer Functions
s ™

(s—B1)(s— B) {a;}: Poles
(s —ai)--- (s —ay) 1B} Zeros)

Wi(s)=hB

Bode diagram
log |W (iw)| = log | B| + Zlog| iw — B;)| — Zlog| w — aj)|,

J=1 J=1

arg(W (iw)) = arg(B) + Z arg(iw — B;) — Z arg(iw — a;)

W(s) = ! df e® d*6 e®(1 — e**)
s+ 1 = — = —
d(logw) e +1°  da? (e2* 4 1)2
arg|W| =0 dlog|W(iw)) ez d(og|W]) 2

logw =2 d(logw)  1+ex’ dz2 (14 ex)?



Effect of a Pole on the Real Axis for Bode Diagra

1 )
W S) = I I I I I 1
10
0.01}
0.0001:-

v

0
arg (¥ (i0)) |
A n/2

0.5 .

-1 L . . . L .
0.001 0.01 0.1 1 10 100 1000




Effect of a Resonance Pole (Finite Imaginary Part

W(s) = 10°F
(5) s+ 1— 1wy
(QJO > 0)
10"
(fake example) S
AN
107
g lw/\ 103 ] ]
i W = of -
[ &0 i i
. 5 |
: 1F | i
1 > - \ . ’ iLﬁ |

1 | | |
—1 10 10 107! 10° 10! 10° 10°
(6))




Image parameters

| OZ 7 O— Z, and Z,, are image
21 1= G2 | |z impedances
I_Oi —O_I
O 02—
A B
CS Vl] (¢ ») T V2 | |22
o— 0
‘/1 — A‘/Z — BJQ)
h=Chm bl EEF Rt ==
1 2
\
‘/2 — —JQZQ Z2 _ DZl =+ B
\ CZi+ A



Image parameters

AB DB
“1=\ep %mel

v ¢_w@5 ¢Eﬂ,i%;:¢§w@5+VEa

VidJ 1 J Zo V;
6 _ 11 4 S [4e
CE=NTnL VNzTh Vzy - VAPV

6: Image propagation constant
0=a+if (o8 €R)

Image attenuation constant Image phase shift




Image parameters

A
A= 7lcosh6’, B = +/Z1Z5sinh 0,

2

1 Lo
C = sinh¢, D = 4/—--cosh@
V 4122 A

Z1, Z>, 8. Image parameters




Impedance matching with two terminal-pair circuits

O
5 & b) R
C D
o— -
AB BD
ABLD =0 R =\Gp B=\74g

O

R — > RROU — B C
CR+ D’ CRou + A .= B/

A=D=0 R, =

B=C=0 Ry/R=A/D

Matching transformer

n = v/R/Rou




Fidelity and distortion in wave transformation

Linear response: w(t) = Z{u(t)}
w(t) = Agu(t — 19) .. W(iw) = Age U (iw)
=(iw) = Age

No distortion condition:

|=(iw)| = Ay, arg|=Z(iw)] = —wmg
(1) No filter effect
rw) = 229 (4) = arglE(iw)

(2) No dispersion in group delay

Breaks (1): amplitude distortion, (2): delay distortion



Effect of distortion

Sinusoidal amplitude distortion (amplitude modulation)

A(w) = a1 cos(mw) + ap, P(w) = —Tow

T o

1 [ .
w(t) / A(w)U (iw) e @2 ) gy,

— 00

1 [ .
=5 dwU (iw){a cos(miw) + ag}e™ =)

T — 00

1 [~ . . .
= N dwU (iw) [ao + %(6”1“’ R 6_”1“))} giw(t—o)

a
= agu(t — 1) + é[u(t — 70+ 71) +u(t — 10 — 71)]

Paired echo



Effect of distortion

Sinusoidal group delay distortion

Aw) = Ay, ¢(w) = —Tow + by sin(mw)

b
expliby sin(rw)| = 1+ 22—,1(6”1“’ —e
i

—ile)

w(t) = Aglu(t — 19) + %{u(t —To+7) —u(t —719 — 71)}

Paired echo



Distortion

(paired echo)

Cosine
Amplitude
Distortion

Sine
Delay
Distortion




Filter Circuit

4 A Transmission h
Low pass filter
\ > %)
4 A Transmission )
Band pass
filter
)
\. /

g A Transmission
High pass filter
s
Transmission
Notch filter
\_




Transmission

Vs (iw)
V1 (iw)

Voltage transmission coefficient: T'(iw) =

logT =log |T| + targT = —a — i3

attenuation Phase shift

Ji — </,
O .
A B
5 Vl ] (C D) T VZ Zz
O— O -
Square root power transmission coefficient

o _ [P _ RyA+ B+ CR{Ry, + DR,
B=\DPp, /R Rs




Terms for Filters

Z(iw) = A(w)e'®@)

(Transient Band)

o~
~

e
<

I Stop Band

Transmission or Gain

I
I
I
I
I
I Pass Band |
I
I
I
I
I
I
I

o

| Cut-off Frequency



Ideal filter (not exist)

S I o Ideal low pass filter
é E(ZCU) = AoH(wo — w)
% Heaviside function
— w
o W ’
1=
S 0 . dw
w(t) = / Aoe“"tz—
T T
“0 dw
= Ag / — cos wt
_wg 2T
sin wot ,
= 2A0f0 L — 2A0f081110(2f0t)

Wo



] P(w)

—1T/T T[I/T

, SIN T
SlIlC(ZC) _ oV\/\/\/\/ \/\/\/\/\7
T

10 5 0 5



Constant K type filter




Butterworth Filter

1

G*(iw/wo) = |H (iw)|* = 1+ (w/wp)2n

10°

10t |

107}
16

10'3 1 | 1 | 1 | 1 1 1
10°° 107 10! 10° 10* 10° 10°




Bessel Filter

Inverse Bessel Polynomial

n=3
By =1, Bi(s)=s+1 o .
Buls) —(2n — VBurs() + Boa)s? -
B, (s)

00000

|5 l: H ::I



Chebyshev Filter

G, (iQ) = | H, (i) = !

1+ eT2(Q)

: Ripple coefficeint

T.,: n-th order Chebyshev polynomial




Quartz crystal filter

CRYSTAL FILTER

MODEL

FREQ. ,
s

ND.

(#7%) YAKUMO TUSIN

Response (dB)

-60
4433.25 44335 4433 75 4434 4434 25
Frequency (Hz)



Packaged filters

Web selection page

http://www.minicircuits.com/products/Filters.shtml

Mini-Circuits
Band Pass
19.2 — 23.6MHz 500hm



http://www.minicircuits.com/products/Filters.shtml
http://www.minicircuits.com/products/Filters.shtml

Classification with the number of energy storages

(a) (b)

(a) Single energy storage 1

(b) Double energy storage




WP E (Transient Response)

w(t) = / " B (iw)U (iw)et X

_oo 7
. Heaviside
" 0 t<o0,
X H(t)=41/2 t=0,
t g t >0




Simple application

R
O— " \\NV\—e—0O
wt) C==
@) —O
¢
e
—2mi—— — lim
2m1 e=0




Calculate the voltage V over capacitor C, by using Norton theorem.

o [ -1




Obtain F-matrices for the circuits below.

(a) (b) (c)




The switch below is turned on at t = 0.
Obtain the time evolution of voltage v henceforth.
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Outline

Introduction of a freeware “Scilab”
Ch.4 Amplification circuit
4.1 Amplification and system stability
4.1.1 What is amplifier?
4.1.2 Feedback
4.1.3 Stability of feedback
4.2 Operational amplifier (OP-amp)
4.2.1 Linear model of OP-amp
4.2.2 Package
4.2.3 Circuit examples
4.2.4 Datasheet
4.2.5 Stability



A convenient freeware: Scilab

!Home—SciIab ®

&«

c

[ www.scilab.org

) [:I News&Search I'_:I Physics [:I Software [:I Traffie [:I ete m Google Scholar [:I Transport [:I News Geogle m Geogle Schelar [:I tmp »

Sclab Download

Download Scilab
Scilab 5.5.1 - 32-bit Windows = 127.92 MB
Other Systems

Open source software for numerical computation

News :

Professional Solutions

Resources

10/16/2014 - Windows users, reinstall Scilab 5.5.1

Community  Projects

-ScilabCunsolg
File Edit Control Applications ?

File Browser L N sciab co

0@

57
L~d

1 2oty

Development

scilab
enterprises

Open Source

Scilab Enterprises, official publisher of
Scilab software, also offers dedicated
services for all its users: support,
consulting, migration, training,
development and implementation of
specific applications...

Education

Scilab is open source software
distributed under CeCILL license.
Many other third-party projects are
also available.

To donate

Scilab is widely used in secondary
and higher education institutions for
teaching mathematics, engineering
sciences and automatic control
engineering.

Starctup execution:
loading initial environment

-->a=rand (4,4)

10/6/2014 - Scilab at C.

eolumn 1 to 2

FRGLIE

Scilab

Overview
New in Scilab
Mew in Scilab
Xcos
Features
Gallery
System requirements

-_—
"
-

5.5.0
5.5.1



Transfer function analysis with Scilab

a1
AG
5T

71 AGDRecexe i
" APER L




Simple application

R
O—  \\\—e—O V = Vb [1 — eXD <
u(t) C=/= W(t) 00 1
) =
9(1) /_OO 14w |w
@) —O _
B /°° et dw N
) G —ww2m
, ,B_t g /0 eieewt zeewdﬁ-
— 21— — lim , _ _
21 =0 | J eef(ee? — i) 27




Transient response: Use of Scilab

--»z=polvw(0, g7 );

. Graphic window number 0 |Z||§|g| - }G: ‘I ll." |: ‘I += :| .

File Tools Edit ?

D LEL O

Graphic window number 0 ¢ - = } = '_'." = = = '_'." = | i M I: ) c ) 2 G :I ;

--»t=linzpace(0,10,100):

--sy=cziml step’.t,sva);

—-rplot{t,w)

--rxzrid()




Transient response: Use of Scilab
C's

T LCs2+ CRs+1

—-2GEs 14+ st

--rsvz=svslinl ¢’ LG);

--wyzcsiml  step’ b, avws];

--splotit,y)







Linear amplifier

e > gain=1
' gain >1 — amplifier

R
W (i)

passive filter [

0.0001

four terminal circuit model

arg@(i0)) | __ O— O
/2
0.5F - O—— O
-1¢ L1 L - - L1 :
0.001 001 0.0 1 10 100 1000
O/o .
' ] ] o
Circuit symbol ‘:

Controlled power source models

e —O O0—i —O0 O—i —O O—t
:]ml @ Ajin J inl @ "mJin vinT @gmvin Uin T AVin
o—— ' 00— ' 6 o _ g0 |




Gain, and “Unit” for gain

VoutJout

Vinlin

j out
j in

Vout

\oltage galin: Current gain: Power gain:

Vin
When we say “the gain of the amplifier ...”, the gain means power gain.

Q
Qo
fareca- 10 dB (d@Clbel) Alexander Graham Bell [ g

1/10 — From: G. Bell 167122 o

quantity @, unit Q, : Q inlog scale: L = log,, (B, bel)

Vin Vin

2
G = 10 X loglo (vOUt> = 20 loglo UOUt

dB units: dBm (ImwW: 0dBm), dBv (1V: 0dBv), etc.



Feedback circuit

Feedforward
Feedback
Uﬂ@ ORISR ST
W(s) =E()[U(s) — h(s)W(s)]
O E)
h(s) W) = T emne U™

L G(s)U(s)
|1+ Z(s)h(s)| > 1: Negative feedback, < 1: Positive feedback

Z(s)|>1— G(s) = %



Condition for negative feedback

|1+ Z(s)h(s)| > 1: Negative feedback, < 1: Positive feedback

Im[E(s)h(s)] A E(s)h(s)
1+ Z(s)h(s) € D(s)

Re[Z(s)h(s)]
>

Negative feedback
~___ Oscillation point

Positive feedback /

If Z(s)h(s) = —1 has solutions, the circuit may be unstable.

How can we judge? ——> Criteria (Routh-Hurwitz[Nyqust,]
Liapunoy, ...)




Zeros and poles of D(s)

Assumption 1: E(s), ZE(s)h(s) are stable
— Poles are on the left half plane of s.

Assumption 2: E(iw), E(iw)h(iw) = 0 for |w| — oo

2(s) = %, h(s) = % : P(s),Q(s),p(s), q(s) polynomials

deg(P) > deg(Q),deg(p) = deg(q)

P(s)p(s)
P(s)p(s) + Q(s)q(s)

D(s) =1+ Z(s)h(s) =

o (8=B1) (s —Bn)
D(s) = D, G—a) - G-a) > The same order




Zeros and poles of D(s)

(s =P1) (s = bn)

(s—ag) - (s—ap)
{B;} 1Zeros of D(s)|—| Poles of G(s)

| 34; € right half plane of s — The circuit is unstable.

n

arg(D) = ) arg(s —f) — ) arg(s — ;)

i=1 =1

D(s) = D,

s = iw (0ONn Imaginary axis)

Left half plane Right half plane W —00 — 400

A T

400 A
| Number of zeros on the

g, right half plane: m

Aarg(D) = (n—m)m —mmn
l —Nm =|—2mn |




Nyquist Plot and Criterion

Harry Nyquist
(1889-1976)

(_LO)
@

Aarg(D) =0 Aarg(D) = —4m
Stable Unstable



Feedback In terminal-pair circuits with resistors

o—— ——o0
In out

+ + ® out + + ®

AN\
‘ _ _ in ‘
AA\\\N =\
AN\

AN\\\N =\

(1) Input: parallel, output: parallel (i) input: series, output: parallel

In out out
+ + + +

‘ s I
A\ AN\
AN\ ‘ )

(i) input: parallel, output: series (Iv) Input: series, output: series




Operational amplifier (OP amp.)

Differential amplifier
Input impedance ~oo

1+  OpenloopgainA4, > 1
Output resistance = 0
Case (iv) Ao >1 Vo=V, =0
R : .
/ Virtual short circuit
, J _ _Uout _ VUin
o Rf Rin
Ry
Uout — _R_invin

Inverting amplifier



Opamp packages

ANALOG |
DEVICES

FastFET™
OPERATIONAL
AMPLIFIER

(a) (b) (c)
No Offset
connection +V Output null
8 7 6 R
1 2 3 4

(d) null (e)



Various applications of OP amps

1 [tV
V;)ut(t) — —% — _6/0 f(;-)dT

1 t
_ CR /0 Vi(T)dr

Integration circuit

Vout = —VBE = —kB—T In (é + 1)
€ Jo

Logarithmic amplifier



Logarithmic Amplifier

ANALOG Low Cost, DC to 500 MHz, 92 dB
DEVICES Logarithmic Amplifier
AD8307

s 1nMHz\ K%

o L~

5 1.5 /‘/

5 / 100MHz

5 1.0 <

) //<5nurm-|

o _-/_.--‘{/{ 3

0 p=t
-80 -70 -60 =50 -40 =30 =20 -10 0 10 20
INPUT LEVEL (dBm)




Instrumentation amplifier




Instrumentation amplifier

BURR -BROWN® 4:33?-
=_= INA114

Precision
INSTRUMENTATION AMPLIFIER

W+
TT[m

= 2| |OwerVaoltage INA114
Vi O ) Protection Feedback
1 {12}
1 | DIF Connectsd
I
I

Intemalty

3 Ower-Voltage
I (5) Protection




OP-amp data sheet

ANALOG Ultralow Offset Voltage
DEVICES Operational Amplifier

0PO7

FEATURES PIN CONFIGURATION

Low Vos: 75 pV maximum

Low Vs drift: 1.3 pV/°C maximum

Ultrastable vs. time: 1.5 pV per month maximum
Low noise: 0.6 pV p-p maximum

Wide input voltage range: +14 V typical

Wide supply voltage range: +3Vto +18V

125°C temperature-tested dice

NC = NO CONNECT

00316001

Figure 1.

1st 2nd differential

V40 . . o
RoAT £ : é)
c1
8
. o
a7 Qs +—{a11 ;'5_4.

R2B1

i . (OPTIONAL
"—? NULL)

AY.\;; —\N
&
ID—‘I l—!l

Q3 Q6 Q4 - {}
NONINVERTING Q27 ¥ c2
INPUT a1 RS
3
Q23 Q26 ( )
R4 Q24
INVERTING ™% Fe Q25 -

INPUTO_"2 W—=e- . : I\EF ‘ i

gL L9

TR2A AND R2B ARE ELECTRONICALLY ADJUSTED ON CHIP AT FACTORY FOR

Figure 2. Simplified Schematic



OP-amp data sheet

Parameters
Parameter Symbol | Conditions Min Typ Max | Unit
INPUT CHARACTERISTICS
Ta=25°C
Input Offset Voltage' Vos 60 150 | uv
Long-Term Vos Stability* Vos/Time 04 20 pvV/Month
Input Offset Current los 0.8 6.0 nA
Input Bias Current le +1.8 +7.0 | nA
Input Noise Voltage en p-p 0.1 Hz to 10 HZ® 0.38 065 | uwWp-p
Input Noise Voltage Density en fo=10Hz 10.5 200 | nV/A/Hz
fo= 100 Hz? 10.2 13.5 | nV//Hz
fo=1kHz 9.8 11.5 | nV/yHz
Input Noise Current Inh p-p 15 35 pA p-p
Input Noise Current Density In fo=10Hz 0.35 0.90 | pA/vHz
fo =100 Hz? 0.15 027 | pAiHz
fo=1kHz 0.13 0.18 | pA/yHz
Input Resistance, Differential Mode* Rm 8 33 MQ
Input Resistance, Common Mode Ricm 120 G0




OP-amp data sheet

Common mode rejection ratio (CMRR)

130

120 = =-.‘~

110 1

100

90

CMRR (dB)

80

70

60
1 10 100 1K 10K 100k

FREQUENCY (Hz)



OP-amp data sheet

OPEN-LOOP GAIN (dB)

120 100
Vg = 215V Vg = £15V
! TA = 25°C Ta =25°C
100
N 80
\“.
—_ [
80 N
\\\ g \'n
N z 60 L
60 <
RN o ‘\\
"N a ™
40 W § 40 by
\". 2 \\
w "N
20 w20
\ ° I
N 0 N
0
0
h\
—20 3
=20
—40 10 100 1k 10k 100k 1M 10M
0.1 10 100 1K 10k 100k 1M 10M

FREQUENCY (Hz)

v

Unity gain frequency

FREQUENCY (Hz)

\oltage follower



Frequency Dependent Characteristics of OP-Amps

oof——— e— i Cut-off frequency
il | | wr = 2T fr
S| w0} :
Sl Phase rotates by m /2
< -
0.1k . . . L . .
10° 102 10t  10° 10 10° 10°
w = 2nf _>_‘>—
106_— T T T T T ™
4 ] Multiple cut-off frequency:
= 1 Phase rotates more than 1
q0)
?:-D:/ o T If gain is larger than 1 at
phase shift «t :
10°
i ] Dangerous!

1 1 1 1 1 1 1 1 1 1 1
103 1072 10! 10° 10! 102 103



Phase compensation

Why dangerous?

n phase shift: negative feedback — positive feedback

In Nyquist plot . E(s)h(s)

m phase shift




Phase compensation

100

|4
(dB)
50

‘\‘ Before compehsation
‘\‘ «
____________’\“ 100
After ‘\
Y il 80
4()
3 dB) ¢
A}
\Y
\ Y
\Y
\‘ 40
N
\ 20
\"
\ 0
______ b 0
\ —7/2

logf

300Hz
| | | I108
102]  10*  i10° £ (Hz
e =i 300kHz
\




Phase compensation

10X Buffer Amplifier

CUTPUT

Q7

GND
O

H(;4= 1002

Vout



Inverting amplifier and cut-off freque

90«

60«

30«

0«

-30¢

- -60¢

N 90«

T — T T ..-..? = R | T T T T T =120k
Hz 1KHz 1KHz 10KHz  100KHz 1MHz 10MHz  100MHz 1GHz
A =50 f- =90KHz

VnlL)

90«
60«
30¢

0c 7
-30¢ -30¢
B0¢ 80«

80 NG 900

e - 20
! ! ! ! T e - 1 20
Hz Hz Hz Hz Hz Hz T T T T T T

10K 100K i 10U 1000 G 1KHz 10KHz  100KHz 1MHz 10MHz  100MHz = 1GHz

A =10 f; =300kHz A =2 f.=2MHz




Oscillation of OPamp

r"

\
‘H 'H H
H\ \
|\|
\

“ || |\ r‘ |‘ ” f|| | H‘ ﬂ |'| |\ r‘

m
‘H TR il
\ “'\ ‘| ‘\‘\ u‘

MH

\ ‘||

\ H \ \‘H‘ ‘H
|\| 1 ‘1 il ‘U H \' || U‘ I ‘l il H|

I r‘ ” \ |
\

"‘ HM ‘
IW
m

IIM
‘IHII M

u H|

Phase

s T A
tran 0 1m 0 1000 4@'[> foeT T
15
R3
10k
R2
~.:Y1 opo7
Vi Sk + c1
R4
ac /\/\/_—r'lﬂﬂﬂp
m
1uu$:z R1 .
PULSE(0 1m 0 1n 1n 100u 200u 2) g & V2
Seeds of oscillation = s
10KHz 100KHz 1MHz 10MHz 100MHz






Outline
4.3 Feedback control

4.3.1 Disturbance and noise
4.3.2 PID control
4.4 PN junction transistors
4.4.1 Diodes
4.4.2 Bipolar junction transistors

4.5 Field effect transistors



Comment: Use of OP-amp at saturation voltages

o—— |+ gradient 4, rail to ral! |
V. characteristics
in \
0 Vin
Compare V;,, with O
Comparator Vv

B © —
. N Vour + A > B?
A




Hurwitz criterion

Adolf Hurwitz | S

U(s) vy o—ie W(s) 1859 - 1919
- _ G(s
T — | —(s)— G
1+ h(s)G(s)

Pole equation: (denominator) = a,s" + ap,_18" " + -+ + ag

:an(s_pl)...(s_pn):

Vi=0,1,---,n: a; >0 (or <0) (Otherwise the system is unstable.)
(1 Gng Gps - 0)
Qp, Ap—2 QAp—gq - 0
0 p—1 Ap—-3 - °-° 0

Hurwitz matrix H =

0 ap, QAp—2 --- 0
nXxXn




Hurwitz criterion

Hurwitz determinants  H;

|}J[17°°° Lj;17... 7j]|

Ap—1 0Apn—-3 0Ap—5

Apn—-1 Qap-—3
9 ELSZZ Ay, Ap—2 Ap—4

079 An—2

Hl = Qp—1, Hz —

Hurwitz criterion
f{j:> 0

Hy,H, > 0 s trivial
from the assumption.

Another expression:

Divide the denominator to odd and even parts O(s) and E(s).

If the zeros of O(s) and E(s) are aligned on the imaginary axis
alternatively, the system Is stable.




Disturbance and noise on feedback control

Circuit treatment of fluctuations: « Prepare external power sources
« EXxpress them as transfer functions

D(s)

R(s) + +), Y (s)
%9% Gc(s) —+>O—> G(s) r—
H(s) |«— o<

N(s)T+
G(s)
Y(s) F(s) Ge(s)R(s) + D(s) + Ge(s)H(s)N(s)]



PID control

Compensator P: proportional, I: integral, D: derivative
(controller) . ,
s K
| S | J/
| |
| |
R(s) +_ | N
|

G(s)

Y(s)

>




PID controllers

OMmRON

ESGC
klEFaz17
A7Va—-LA
ISVTEFEEAT
48x24mm

ESCC

RUSFEZ#(7 ESEC

48X 48mm

RUEFE2147

43 x96mm

ESAC

96X 96mm

Invensys

EUROTHERM

it




4.4 Example of active element: Transistors

Three types of semiconductors
Intrinsic

conduction band

valence band

vacuum
for electrons

dopin
p-type S n-type
electrons
I band gap Eg-=-------~
. EG
R
holes —
: &«
: —_—
E—c—cco==== —
diffusion
vacuum » ----------------------
——>  for holes
+
) b

pn junction



pn junction thermodynamics

B 1+

Vacuum | o® ors g
for electrons : @ & -1 4
é—l- . @ _ : +

diffusion 1 D €~ @ & T

: voltage (polarization) — energy cost

F=U-TS
\oltage (internal energy cost) Diffusion (entropy)

Minimization of F — Built-in (diffusion) voltage Vy;



4.4.1 1-V characteristics of pn junctions

~ —
N + + _
™+, ty
' Forward bi .
Reverse bias orward bias | Minority
enhances V,,; : nogo ~ OVErcomes Vp; 190 | carrier injection
1 ; Rectification
............. SO O N eV _,
77 |Boecet bece .............. ............. ........... | J =Jo|exp kBT
) |rcasec \i' ..... .............. ............. L .
............ $ ... Shockley theory




Injection of minority carriers

v
J = e(vpny + vppy) [exp /:B—T — 1}

minority carrier :
Barrier overflow

current
O : ..
T light emitting
0V j/\/\/\/* hv diode
Fate of injected minority carriers: a

Radiative recombination Nick Holonyak Jr.

Photo: A. M

Isamu Akasaki Hiroshi Amano ShUjI Nakamura



Solar cell (injection of minority carriers with tliumi

0 V

Gerald Pearson,
Daryl Chapin
and Calvin Fuller
at Bell labs. 1954

Jeo = evpny, [exp /:B—VT — 1]
eV
Je = evpny exXp —— T
— evy(n, + Any)
= Jno — ev,Any,

External injection




4.3.2 Discovery and invention of bi-polar transistors

The first point contact transistor

(Dec. 1947
The paper published in June 1948.)

o John Bardeen, William Shockley,

Walter Brattain 1948 Bell Labs.

Bipolar junction transistor

Field effect transistor




Bipolar transistor structures and symbols

base (B) — B —fiih P
Gy i N
I

emitter (E) —
(a) E ) |

PNP type NPN type

Ly < Ly, Ly < L.

Similar characteristics PNP and NPN: complementary



JE

Base-Collector characteristics




How a bipolar transistor amplifies?

Emitter Base Collector
N p N
NS




How a bipolar transistor amplifies?

/I | @— B Diffusion
<0 e+ .\e—&e;_ .fe— /
S et S e+ 1 ::;
o .\e)‘—\e\_ J —
<ot - 4
Toft | e& e
Emitter Base Collector
N p N
VEC JC




JE

Base-Collector characteristics

n
P
o e+ ~~e+ e 1
E— < T
«0 et N e
ot D
a ¢



/| n | p.n
4 E Bl C
I
4 : . :
2N222A Jp=-20pA
3 —16pA
< —12uA
E -
= —-8uA
1
—4uA
0
0 I :
0.5

Ver (V)

Jc

Collector-Emitter characteristics

Jc (A)




Current amplification : Linearize with quantity select

VBE/Il/ — T T T T T T 1
||
B AL 2N222A ]
electrons__) v (__JC
C L VCE:6V
EH on (P " 6V
—_— 3_
T <
g
= 2r [lof
Jc = hreJp _ .
— <
= | . <
Emitter-common current gain
107 107
I | I |

1 L | ) L 2 1
0 50 100 150 200 250 300
Jp (LA)



Linear approximation of bipolar transistor
Hybrid matrix

Vlw (HH HIZ
HII HZZ

|

h-parameters

(lower case:
local linear approximation)

— Vi _ Hyy

‘Vz J2 Hoyy
J2 v} _ hi1 hio J1
j2 ha1  haoo (%)

H12 Jl
H22 V2

. hz hr jl
\hs ho) \w

| |1

h, 2SC373

2 MA
=
’i

™ ‘g‘

—

:-'
=

Normalized value at J,

1
Collector current (mA)

10




Concept of bias circuits for non-linear devices

Common emitter amplifier

{ £C+V

T4
R, Rc c,
1
c, 1l
| |
R, . Ry
@ R, Rg
! |

For small amplitude (high-
frequency) circuits

All the capacitors can be viewed as
short circuits.

For bias (dc) circuits

All the capacitors can be viewed as
break line.




Concept of equivalent circuit




Concept of equivalent circuit: Where is feedback?

Jb Jo

b, Jo Ba_Jb
L J L C
hie G hee Jb hle% &fejb
R//R, E o
R¢
Vi RE Vo
h(s)

U R
_ _  hie + Re(1+ hyo)
C Jb hfe]b> Re
N — hfe > 1
Rg




Current amplification: Emitter follower

Vo _ jb(l + hfe)(RE | Ro)

Vi Jjplhie + (1 + hse)(Re 1| R,)]
~ 1 (hfe > 1)

Input o

10k

10
||

v, does not depend on load
resistance
= Very low output resistance

1l
10k

T \Vcc +15V

25C2458

|]
——

o output

680Q2




Complementary transistors

* Vcc +5V
10k = 10u
—_> 25C3668
10
|1 1
! Input 10u
2SA1428

=

o

~
. ]

Vce -5V

Symmetric characteristics: Complementary

® =
.

Symmetric: Small collector current
(idling current) for zero input.



Example of transistor datasheet
TOSHIBA

2SC1815(L)

TOSHIBA Transistor Silicon NPN Epitaxial Type (PCT process)

Unit: mm

4.7 MAX,

0.45 ]

1.8

0.55 MAX.
045 |

1.27 1.27

.. 0.45

&
&
8
4. 1MAX.

1. EMITTER
2. COLLECTOR
3. BASE

12.7 MIN.

JEDEC T0-92

JEITA SC-43

TOSHIBA 2-5F1B

2SC1815(L) $

Audio Frequency Voltage Amplifier Applications
Low Noise Amplifier Applications

e High breakdown voltage. high current capability
:VcEO =50 V (min), Ic = 150 mA (max)
o Excellent linearity of hFE
: hFE (2) = 100 (typ.) at VcE=6 V. Ic = 150 mA
:hrE (Ic = 0.1 mA)/hFE (Ic =2 mA) = 0.95 (typ.)
e Low noise: NF = 0.2dB (typ.) (f = 1 kHz).
e Complementary to 28A1015 (L). (O, Y. GR class).



Example of transistor datasheet

TOSHIBA 2SC1815(L)
TOSHIBA Transistor Silicon NPN Epitaxial Type (PCT process)
Electrical Characteristics (Ta=25°C)
Characteristics Symbol Test Condition Min Typ. Max Unit
Collector cut-off current lcBo Veg=60V,Ige=0 — — 0.1 LA
Emitter cut-off current leeo VEg=5V.Ig=0 — — 0.1 pA
hFE (1
™ Vee=6V.lc=2mA 70 — 700
DC current gain (Note)
hrE (2) Vece=6BYVY, lc= 150 mA 25 100 —
Collector-emitter VCE (sat) Ilc =100 mA, Ig = 10 mA — 0.1 0.25
Saturation voltage vV
Base-emitter VBE (sat) lc=100mA, Ig =10 mA — — 1.0
Transition frequency fr Vece=10V, Igc=1mA 80 — — MHz
Collector output capacitance Cob Veg=10V, Ig=0,f=1MHz — 2.0 3.5 pF
Base intrinsic resistance 'bh’ Vee=10V, l[e=-1mA, f=30 MHz — 50 — Q
Vee=6V, lc=0.1mA
NF (1) — 0.5 6
Rg =10k, f= 100 Hz
Noise figure dB
Veg=6V,Ilc=0.1 mA
NF (2) — 0.2 %!
Rg =10k, f=1kHz

Note: hrg (1) classification O: 70~140, Y: 120~240, GR: 200~400, BL: 350~700




Example of transistor datasheet

hFE — IC
o h¢, linear model availability
COMMON EMITTER e
i Vog=6V in the range of /.
_E' === VCcE=1V
z 500
é 300 Ta_L=lll}{Il'C
E |25 KT
Z ane il fr - IcC
8 100 =25 g ‘k\ 3000
= e c COMMON EMITTER
< 50 R g VeE=10V
= ;.T ;;, 1000 Ta=25°C
b ] T
W, 500 e
Z  300| g X
81 03 1 s 10 80 100 800 &
pa
COLLECTOR CURRENT I¢ (mA) g _,../
m 100 i
=
. g 50
Cut-off frequency as a function of J. SR
z
K
1 03 1 3 10 30 100 300

COLLECTOR CURRENT I¢ {(mA)



Common emitter (grounded emitter) amplifier ci

AVe R
00 AVe = ReAJo & RoAJg = Ro—= = 2 AV

}_gut R4 R4

2N k2

| [ |
idanf Lt

vz
—lm/ 1wV

01
- ZNEZzzh

tkHz

[=][e3



4.4 Field effect transistor (FET)
Junction FET (JFET)

Dl G (gate)
S n D
(source) ff (drain)
Pl G (gate)

Circuit symbols

D D
GAP‘ 64—‘
S S

n-channel p-channel

Pinch-off



MES-FET

Grille
Co Contact ohmique Schottky Contact ohmique
> — o= —0c Lg .
o= - (Source) (Drain)
Wy
© 0O © ;7
‘Couche active © © @ © ©

Substrat semi-isolant



Metal electrode (a) {IET!;T‘E"{%
Oxide film [~—] ?Va Memlel“tmd; Oxide film .o
T// | \ [ ¥ E,
7 \ [ | .
V:l.(i r‘.’ i
E ——E
e enhancement
| A
P i - ar a \
n source N drain
V \K (b) THi7eE
; Conduction channel . E -
p-Si Oxide V(PO \i_“—“Ec
Ep
......... E
N Simplified v -
o depletion

CMOS inverter

circuit
\
j_ _@>PMOS _|_|_ (¢) K #

= o, LOw leakage Err
current ol 1\
@)NMOS Vlclw R
_ . e E
Single gate input SN g
e both on/off switch - inversion



Static characteristics of FET

g Jp |
” = Vos=0V
g 6 2SK 104 E 6
= 5 02V
§ 4r V. =10V % 4 -0.4V
§ g —0.6 V
5 2+ 5 2 -0.8V
-1.0V
v, -1.2V
1 1 L 1 . L . L _14 V
0—= 15 1 05 0 0 . 5 10
(a) Gate-Source Voltage Vos (V) ) Drain-Source Voltage (V)
0J
J~~0 _ o transconductance
G 9 dm 8‘/ 9
GS Vp=const.
Jp = f(Va, Vb) PAY
D . ]
Ty = (&]) Dralin resistance
D Vo s=const.

Uq

Locally linear approximation Jd = gmUgs + rg
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Exercise C-1

V+

v

In the circuit shown in the
left, at point P, a waveform in
the lower panel was
observed. Here V+ and V- are
power source voltages for +
and — respectively.

Draw a rough sketch of the
waveform for V.

“Rough sketch” should
contain the levels and the
timing of folding points.
Write a short comment why
V,,: Should be in such a form.



Exercise C-2

A Consider a differential amplifier with

the open loop gain

A0w1W2
A(s) = .
- (5) s(s+ w1)(s + we)
(1-y)R
YR So the gain diverges with s — 0 but here we ignore this
Instability. The input impedance is oo, and the output

Impedance is 0.

It is now placed in a circuit with a feedback shown in the
left.

Obtain the stability condition for y.

(hint) Apply the Hurwitz criterion for zeros of even and
odd parts of the denominator.
Or just calculate H,.



Let us view a bipolar transistor plus
an emitter resistance as a four
terminal circuit as shown in the left
figure.

Obtain the Y (admittance) matrix
defined below for this circuit.

Calculate each element in the Y
matrix for
. =25Q, hj, =500 Q, hs,= 200
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Outline

4.5 Field Effect Transistors (FETSs)

Ch.5 Distributed constant circuits
5.1 Transmission lines
5.1.1 Coaxial cables
5.1.2 Lecher lines
5.1.3 Micro-strip lines
5.2 Wave propagation through transmission lines
5.2.2 Connection and termination of transmission lines



Combination of an OP-amp and discrete transistors
I

10k Complementary
push-pull
10
10
R.
Vin n
10k — ——
Rf
. AN\
- —_—
Vin —= [ IN_

Vout

Inversion
amplifier

V_

R;

‘

\oltage, current booster

Vout



Depletion layer width with reverse bias voltage

r Poisson equation
Voi vV 2¢ )
75 = —ad(z) (o= (eq0)™)

'eeg@@- P(—o0) =0
" 0%t " ]
¢
—Wp Wip ¢(—wp) =0, dz| =0,
b)) =V Vs PF| =0
¢(x) = <( (aeN4/2)(x + wp>2 (—w, <z <0),
B \V + Vi — (aeNp/2)(z — w,)? (0 <z < wy)




Effective capacitance and reverse bias voltage

1/ Cgff"
1 2
= V + Vi
Cgﬁ 6606ND ( bl)
Doping profiler
/
./ > icap diod
v Y, Varicap diode
/
7/
D1
R R
Anode I Cathode :EI:I—OWM“,Q :El:l—ewmning
| fm fm
(a) (b)
D1,D2 Varicap diode
R Typically 10k - 47k or RF choke

Frequency modulation
Phase lock loop



4.4 Field effect transistor (FET)
Junction FET (JFET)

Dl G (gate)
S n D
(source) ff (drain)
Pl G (gate)

Circuit symbols

D D
GAP‘ 64—‘
S S

n-channel p-channel

Pinch-off



Static characteristics of FET

JD I I I JD
< < Vas=0 V
g °r 2SK 104 g° 2
= - ~0.2V
ot o
i —
E 4r V. =10V y 5 —04V -
= = 0.6V
|- i
= 2 . a 2 -0.8V -
-1.0V
v, —1.2V
| | ] I ] _1.«4 V
== 15 5| 05 0 5
(a) Gate-Source Voltage Vas (V) (b) Drain-Source Voltage \ (v)

Ohmic area

Space charge limited area

10



Space-charge limitation of source-drain current

V(y) = Ve + Vii — Vau(y)

wq(y) = \/ 262{,/])@)

. D dVen
Jon = eNp iy, o - 2[wy — wa(y)|W
conductivity =~ =—— channel width

y electric field

L L dV Vi Wy
Jn L = Jendy = 2eNpu, W [ (wy — wg)—dy = 2ue Npu,W 1——)dV
0 0

dy Vo Wy
. . ] eNDwf
pinch off (internal) voltage:wy(V,) = w; V. = ;
€€p
2Npep, Ww, 2 . . ]
Jon = Vi —Vo+ V(Vo)32 — v (V)32
= STy Vit T V(Y = V)Y

Only valid for w, < w,/2.



Static characteristics of FET

.......

JD JD L a
< < .| Vis=0V |
E°r 2SK104 g°
= = | 02V |
% 4r Vis =10V % ar 04V A
£ = 06V
2 2 3 2+ 0.8V
-1.0V
28 -1.2V ]
0—3 s . 03 0 0 ' 5 =AY 10
(a) Gate-Source Voltage Vas (V) ®) Drain-Source Voltage (V)
Jg ~0
G=% G, = 0Jp transconductance
JD = f(VG, VD) 8VGS Vo =const.
Low bias current; oVp . .
small power consumption Td = ( 57 Drain resistance
D Vag=const.
: : : : Uq
Locally linear approximation Jd = GmUgs + —
T'd

Vg = —Td9mUgs + TdJd
g — Amplification factor (voltage gain) = U



Biasing circuits for FETs

- S - R
Fixed bias circuit Vi 2 Vop, Vbs = Vop — RpJb

¢S = Ri + R,

Generally
more stable




Equivalent signal circuits for FET




MES-FET

Grille
Co Contact ohmique Schottky Contact ohmique
> — o= —0c Lg .
o= - (Source) (Drain)
Wy
© 0O © ;7
‘Couche active © © @ © ©

Substrat semi-isolant



Metal electrode (a) {IET!;T‘E"{%
Oxide film [~—] ?Va Memlel“tmd; Oxide film .o
T// | \ [ ¥ E,
7 \ [ | .
V:l.(i r‘.’ i
E ——E
e enhancement
| A
P i - ar a \
n source N drain
V \K (b) THi7eE
; Conduction channel . E -
p-Si Oxide V(PO \i_“—“Ec
Ep
......... E
N Simplified v -
o depletion

CMOS inverter

circuit
\
j_ _@>PMOS _|_|_ (¢) K #

= o, LOw leakage Err
current ol 1\
@)NMOS Vlclw R
_ . e E
Single gate input SN g
e both on/off switch - inversion



MOSFET switching characteristics

From datasheet CSD87381P power MOSFET (Texas Instr.).

100
Vos =5V %

Wﬁ
‘Iﬁ

5 0.01 $
2 0001 %

To=125°C
0.0001 — To=25°C
7 f f To=-55%C
£ Fi Fi
0 0.5 1 15 2 25 3
Ves - Gate-to-Source Voltage (V) -

lps = Drain-to-Source Current (A}
L]
;
B
\""-.
\""-.
=t "’"-.
. s
el 1l 3
Pl | h“"
'."-
'\'h

0.00001

More than 7 orders change in J, within 3 V change of V.



Ch.5 Distributed cons;:)ant CIrcuilts

Greanland

Finland

Qi

Sweden

Russia
Narway

Canada
Kazakhstan
Mongolla
United
States China
Alghanistan
Pakistan
(g xlco

Mali | Niger

RIrdonesia

Brazil
Angola

Fodivla
) MNamibla
i"CII Botawsan

Australia

Argenting

Submarine cable map

Ll pck



Distributed constant circuit concept

1. In what case we need to consider distributed constant circuits?

Characteristic sizes of devices = wavelength of electromagnetic signal l

2. A typical scheme to make the shift for distributed circuit

Lumped constant 1. Connection of unit circuits Distributed constant
circuit 2. Taking the infinitesimal limit circuit

3. Distributed constant circuits : transmission lines

Coaxial cables, Lecher lines, micro-strip lines, waveguides, optical fibers




5.1.1 Coaxial cable

COPPER
WIRE

INSULATION -
COPPER MESH

o




Transmission line as a series of infinitesimal termina

L S
Transmission line — divide into four terminal circuits ‘

—

Each unit should have delay. Ignore energy dissipation.

Oliver Heaviside

— T — VOV — TV — TV — TV — TOW-9—  1850- 1925

Width - 0, Number » oo

>

/ /It AV = —JZds, dJ = —VYds

Zdx
0 4 - d2J
14 V +av ke YZJ, | |
ﬂde 1 2v Telegraphic equation
— =YV
— — - dx?




Characteristic impedance

k=+vVYZ (dimension: L71)
J(z,t) = J(0,t) exp (£kx), V(x,t)=V(0,t)exp (Lkx)

—: Progressive, +: Retrograde

V_Z__ T
7 = :FK; = F v aracteristic Impedaance

Pure reactance Y = iwC, Z = iwlL For L and C model

W
k =V —w?LC =1—, wy= dimension: velocit
Vv o =TI ( y)

L
Zo =4[ =
0 C




Coaxial cable setup




Maxwell theory

E = EO (ZU, y)eiwt—"yz7 H = HO (.CU, y)eiwt—'yz
From Maxwell equations

2 2 Ea: _ _78w _iw,uay Ez
raEar) (Ey) N (—vay iwopd, ) (H) |
2 2 H:B _ iw:uay _7890 Ez
Wep+7) (Hy) B (—iwu@m _'78?;) (HZ) |
However in TEM (transverse electric and magnetic) mode:

E,=H,=0 e, the RHSs are zero.

For the fields along x and y to survive, w?ep +~v* =0 .. v = tiw/el

W 1
Propagation velocit V= — =
P39 y WA/EWL  AJEUL

In such a case, from Maxwell equations:

rotgy,H =0, roty, B =0
— Potentials are conceivable for H and E.



Maxwell theory

E =V, U/ve H=V,V/\i

ou _ov o _ _8_V Cauchy-Riemann theorem

9r 0y’ Oy  Ou
U, — U
Jy/€

If we can express IV and J in the form of distributed constant
circuit model (L and € model), the equivalence is certified.

Characteristic impedance: Zy =

Capacitance part

b
q dr q b ¢
= — —_— = — 1 — =
4 27T 2me 05 a C

2TE

~ log(b/a)




Maxwell theory

Inductance part Core current J, shield current —J

J o
H(r) = Y. B(r) = -
b
J. b
Flux per length: ® = / drB(r) = g—ﬂ log -

Self inductance per length: [ = ,u log(b/a)

e 5= (3

cf. Characteristic impedance of vacuum Zp = e_ ~ 376()
0



Coaxial cable 2

HEfk 2@ (REHE G | AREEe
(RVIFL2)) ((BSER) ((EZV) Uﬁ)"“/*ﬁﬁﬁ?{ (AR IFL2)

[ Y

=SV -

.......

R4 — 7 )L ORI (TS C3501)

3 D -2V
e
V) P il
SEREED) (A E—FV R ( FEEEE SMERE R & B
B PO LR C:750 2 RUIFLVHE) | V: —EFES - CoIUBE
[mm] D:500 W: ZEHREH - EZIwE

T: =8BiREH - EZ VB

MIL 34 T O RIS 4 — 7 LB O]

RG 58 A / U
[ 8BS ] nxEs) (Ees) (—wAR
Radio frequency coaxial cable (RIENE)

General purpose




Coaxial connectors

R#h0 % &7 2 O (5 &1)
B#—7 U AR-IVARD B AR D[

N | REM LR X 7 2 OREERB RS
e e e e e e e e e es O \\ é V B X ﬂ%ﬁﬁﬂﬂ’\]?ﬁ b i R A T2
T o BNC # 7mm 2~ 4GHz
XXX XXX XXX 7 Frr— Ty
| 7 mm 7 mm ~ 18 GHz
S K2 - ORHAL SMA 4.15 mm 18 GHz
Sl Sz 35 mm 35 mm 265 GHz
K 2.92 mm 40 GHz
24 mm 24 mm 50 GHz
vV 1.85 mm 65 GHz
W 1.1 mm 110 GHz
1.0 mm 1.0 mm 110 GHz




Coaxial connectors

LIRS

BNCEI 24

/’

X

IfEVrvo (b) 734

N
\/

(a) 2

(a) #EBEYvvH (b) Z3VIFEIvvH
(BRERICEH7ELY)

, 3 sgqit) ‘K'E‘.. 1Y I",'l"l” {
3!'?”:”‘]”‘*1”“Hl“‘“”' \i,.|.‘<‘h,x|ll».?|u W LEL

(e) 732 [(b) #nFE]




Coaxial connectors 2

SMAEIO % &

SMA-type
Sy s
jack .
K-type +

KBy 4 &ED vrazxv4

(a) Yvvo (b) 754 (@) JvwsH (b) 754



LEMO cables and connectors

http://www.lemo.com/

MFBET JL i —— T
High-energy physics experiment,

etc.

MSBET /L




| echer line




Micro strip line

L
‘e 8 & & 0 8 8 0 @
-.c-oo-ooa

¢
u °

'-A.. ®e%e%e%e’’
T e e e 0 o ¢

h 7 h

(a) (b) (¢)

Wide (W/h>3.3) strip

Zrog (W 1 e +1 me (W € — 1 er2) !
Z(W, h,¢,) = ~log 4 log | 75 (2 4 0.94 log T
W R, er) 2\/_er{2h+7rog i Og[z (2inr )] omez ° 16}

Narrow (W/h<3.3) strip

Zro [4h (4h)2 ] 1er—1( T 1 4)
Z(W,h,e.) = log | — + — | +2 | —= log — + — log —
( ) T 2(er—|—1){ g[W \/ |44 J 2¢,+1 &9 €y S




Connection and termination




Connection and termination

~ ] =], +J_ (definition right positive)
Atx = 0: | progressive retrograde

- V=Vi+V=2Z,(s = J-)

V Jr —J_
Z = — = Z
T I+ g
. . V_ J_ /1 — 2y
Reflection coefficient: = = e =

Z1 = Z, . no reflection, i.e., impedance matching

Z, = +oo (opencircuitend) : r =1, I.e., free end

Z1 = 0 (short circuitend) : r = —1, I.e., fixed end



Connection and termination

Finite reflection — Standing wave
14 r|
1 —|r|

\oltage-Standing Wave Ratio (VSWR):

Atx=—1
V =Vigexp(kl) + V_gexp(—kl) = [J1oexp(kl) — J_g exp(—«l)]|Z
J = Jipexp(kl) + J_g exp(—kl)

V . J_|_()€nl — J_()G_Hl

=" = Z
"T T Jeoert + J_ge—rt 7Y

Reflection coefficient;
V_ V_oe_"’l

V_|_ V_|_06K“l

= rexp(—2kl)



SWR measurement

SWR Meters:

Desktop types

Handy type




Connection and termination




Connection and termination

Transmission line connection.
Characteristic impedance Z,, Z,'

At the connection point, only the local relation between
V and J affects the reflection coefficient.

The local impedance from the left hand side is Z,".

 Zy— 2o
- Z{+ Zy

r
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Outline

5.1 Transmission lines
TEM mode Lecher line
Micro-strip line
TE, TM mode Waveguide
Optical fiber

5.2 Propagation in transmission lines
Termination and connection
Smith chart
Scattering matrix
Impedance matching



For bias (dc) circuits

All the capacitors can be viewed as break line.

For small amplitude (high-frequency) circuits

All the capacitors can be viewed as short
circuits.

Self-bias Source-grounded
O r
d
R1$ éRD b A'AY,




Coaxial cable 2

HEfk 2@ (REHE G | AREEe
(RVIFL2)) ((BSER) ((EZV) Uﬁ)"“/*ﬁﬁﬁ?{ (AR IFL2)

[ Y

=SV -

.......

R4 — 7 )L ORI (TS C3501)

3 D -2V
e
V) P il
SEREED) (A E—FV R ( FEEEE SMERE R & B
B PO LR C:750 2 RUIFLVHE) | V: —EFES - CoIUBE
[mm] D:500 W: ZEHREH - EZIwE

T: =8BiREH - EZ VB

MIL 34 T O RIS 4 — 7 LB O]

RG 58 A / U
[ 8BS ] nxEs) (Ees) (—wAR
Radio frequency coaxial cable (RIENE)

General purpose




Coaxial connectors

coaxial connector (schematic)
male contact female contact

coaxial cable

l A}
190.0.0.6:0:6:0:0.0.0:0.0.6:0.0.0.0.0.0.0:0.8. 8. ) \
I ‘
—
b.9.9.0:0:0.0.0.0.0.0.0.:0.0.0.0:0.0.0.0.0.0.0. 0.1

Plug

Highest available frequencies for coaxial connectors

type ~ [ outer diam. T highest freq. 7
BNC #J 7 mm 2 ~ 4 GHz
N #J 7 mm 10 ~ 18 GHz
7 mm 7 mm ~ 18 GHz
SMA 4.15 mm 18 GHz
3.5 mm 3.5 mm 26.5 GHz
K 2.92 mm 40 GHz
24 mm 24 mm 50 GHz
Vv 1.85 mm 65 GHz
1Y 1.1 mm 110 GHz
1.0 mm 1.0 mm 110 GHz




Coaxial connectors

N-type connectors

BNC-type connectors

..
Ci

(a) jack with flange |

\\\\‘

isolated jack

(not for high freq.) Jack with flange

56’ ¢
SR

R R

©) plug [disassembled (b) ]



Coaxial connectors 2

SMAEIO % &

SMA-type

plug

K-type V-type
KBy 4 &ED vrazxv4

(a) Yvvo (b) 754 (@) Jvwso (b) 754

Jack plug jack plug



LEMO cables and connectors

http://www.lemo.com/
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High-energy physics experiment,

etc.

MSBET /L




Transmission lines with TEM mode

Transmission lines with two conductors are “families”.

Electromagnetic field confinement with parallel-plate capacitor

L Az ronups

//\/ l\\\ coaxial cable

\ /' Open to micro-strip line
()> AN

/]\ TEM is the primary mode.

Shrink to dipole (Lecher line)

<



| echer line




Micro strip line

@ )
- '.' - —=

o 6 0 0 0 0 0

...... e e & 8 0 0 0 0 ¢

"?“oc'ooootc‘

. . e 0 0 s 0

h &7 h

(a) (b) (¢)

Wide (W/h>3.3) strip

W 1 e + 1 me (W e — 1 em2)
{ — log4 + log [— (% + 0.94)] ome? log 1_6}

ZF
2h 4 T 2TE,

0
2./er

Narrow (W/h<3.3) strip

Zro 4h 4h\ 2 16,.—1( T 1 4)
Z(W, h,e,) = log | — = 2| —= log — + — log —
( €r) 7n/2(er+1){og[l +\/(W) " ] e 11\ 827 %

Z(W, h,e.) =




Waveguide

Electromagnetic field is confined

cross section | _
Into a simply-connected space.

metal \ ﬂ
hollow TEM mode cannot exist.
Maxwell equations give
0? 0?
— + == | E. = —(wen+ ) E,,
10 82 82
e e H, = —(w’ep+~*)H,.
i T [&E‘z 8y] ~(Wep+ ) A
gy i dama _
B e Helmholtz equation
EEEEEEEE I A e |lis EZ — O TE mOde’
555535555 E 525 B H, = 0: TM mode




Optical fiber

core \ Clad /
step-type
” e ) optical fiber

no dispersion

— A

Difference in dielectric constant

Index of refraction Input pulse Output pulse

Step index fiber

Graded index fiber

=17 m=m

Singlemode fiber




Termination of transmission line

transmission line

wave |::> Z1 | load
source @ Zo

Termination of a transmission line with length | and
characteristic impedance Z, at x = 0 with a resistor Z;.

~ J =]+ +J— (definition right positive)
Atx =0: | \ T

progressive retrograde

- V=Vt V=20 =)

Comment: Sign of Ohm’s law in transmission lines
reflects direction of waves (depends on the definitions).



Termination of transmission line

::ZZOJ:E — 2V:|: — J - Z()V

synthesized impedance: Z; =

reflection coefficient; r= — = —— =

/

Z1 = Z, . no reflection, I.e., impedance matching

Z; = +oo (opencircuitend) : r =1, I.e., free end

Z,; = 0 (short circuitend) : r = —1, I.e., fixed end



Connection and termination

Finite reflection — Standing wave

B W

MR W
1—|r|
1+ |r]
AHPHEER e
\oltage-Standing Wave Ratio (VSWR): = 1 i :T:
— T



SWR measurement

SWR Meters:

handy type

desktop types

directional coupler

-
g 2

1k



Synthesized impedance

total impedance
from this side :> Zo Z1

—| 0

At x =—|

V =Vigexp(kl) + V_gexp(—kl) = [Jroexp(kl) — J_g exp(—«l)]|Z
J = Jipexp(kl) + J_g exp(—kl)
V - J_|_0€Rl — J_()e_&l

7= — = Z
T T Jpoemt + J_ge P

E B V_Oe—h;l
V_|_ N V_|_()€&l

Reflection coefficient: r; = = rexp(—2kl)



Connection and termination

Transmission line connection.
Characteristic impedance Z,, Z,’

At the connection point, only the local relation between
V and J affects the reflection coefficient.

The local impedance from the left hand side is Z,'.
B Z5 — Zy
- Zh+ Zy

r

Zo Z'




5.2.3 Smith chart, Immittance chart

End impedance Z,: Normalized end impedance Z,, = Z,/Z,
Jn=x+1y, rT=u+itw (z,y,u,w ER)

Zn—1 (z—1)+iy
Zpn+1 (z+1)+iy

real. x—1=(z+1)u— yw }

u-t+iw=r=

Imaginary: y =yu+ w(z + 1)
2 1 _
X: constant — <u _ ) 4 w? = constant resistance
T+ 1 (z+1)* circle

2
y: constant - (u — 1)2 + w_l _ 1 constant reactance
Y2 circle



5.2.3 Smith chart, Immittance chart

r : reflection coefficient In/1\Z — X-constant
—
O
.. Yy-constant
Z0
T = = -
V+ YA + ZO > ReZ

v

= Imr/
J Rer




5.2.3 Smith chart, Immittance chart




5.2.3 Smith chart, Immittance chart

y =1 /=
y =0.5
y =4
=0.2
y =0
y=-0.2
y =—4
y=-0.5
y=-1
y =2

r=u-+ 1w



5.2.3 Smith chart, Immittance chart

y =1 &
y =0.5
y =4
=0.2
y =0
- ks _
y= —0.2% \, X=2 iy,
\
%
2 %\\0 y =—4
Y\ y=-05
y=-1
y=-2
r=u-+ 1w

Smith chart



5.2.3 Smith chart, Immittance chart

o
&
C
o’:":

O

o
KR85 3

X >
O 0.0
%% ‘005
SRS

X o
:‘a”“'&:“%‘::“"‘:‘
el s el

/‘
N

RTEIAIAOR Y RIF
(P G=14)

Admittance chart
r=u-+1iw

oz [
T e L
T 0.3 3y [

‘%‘:’6’ be%s

58

“ “ﬁ
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S SEES
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RS
SRS

1
T
A

e
bealy
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thanhanan 3 9o 00000050 Beb 1 By § g Bt i

TR T
U SO

B I
1 12 13 14 16 18 3 3 45 W oWm ow F
E R TP AN JURPLIPE FL I .
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Smith chart



Immittance chart

p T 1 3‘ .- SR
P Y :kw...au_ o .um..u.m_...ﬂﬂ\uc.ﬂﬂua\p.

S

~ o
an o
Menyy,

F)
v

5.2.3 Smith chart, Immittance chart



5.3 Scattering (S) matrix (S parameters)

How to treat multipoint (crossing point) systematically?

Transmission lines: wave propagating modes — Channels

Take |a;|?4, |b;|* to be output S-matrix input
powers (energy flow). (bl\ (Su o S e Sin) (al\
b =80 S Swl||a
b= Sa

Important properties:
Reciprocity 945 = S
Unitarity > 858 = bk
J

(In case, no dissipation, no amplification)



5.3 S matrix (S parameters)

Propagation with no dissipation
( Vit

ap =

= Juir/Zon,  INCIdENt power wave
ZOn

V. _ ]
by = —— = Ju_\/Zon reflected (transmitted) power wave
\ 7 0 ( )P

)

|Vn—|- |2
ZOn

|an|2 = = |Jn—|—|2ZOn

Simplest example: series impedance Z

Input direction input direction
r————————— -
Take voltage as the “flow” J1 >l | . )2
. i Zs i
quantity. ) | | .
(assume common o | 2
characteristic impedance) o— —o



5.3 S-matrix (S-parameters)

(-EB0 ()-E e
by Sa1 Sog a9 Vo 521 522 V2+

€ ]2 a, = 0
o, Zs O
Zy Z,
E1 ’\/ V1 T TVZ ZO
O O
Terminate 2with Z; - a, =0
SH:V1—_V1—ZOJ1_Z1—Zo_(Zs+Zo)—Zo Zs

Vie Vi+Zodi  Zi+Zo (Zs+Z0)+ 20 Zs+ 270

g Voo Vo —Zods ZoJ1 + ZoJy 24 (Jp = —Jy)
21 Vie WVi+Zodi (Zs+Zy)J1+ ZoJy  Zs+ 27 2T




5.3 S-matrix (S-parameters)

a1=0

Jy —>
o Z O—AAA—
ST e

Terminate 1 with Z, — a; = 0 (should be symmetric)

S, — 2V _ 270J _ 27
Vo + ZoJs (ZS + ZO)JQ + ZyJs Zs + 27
S =
s + 22y
Generally
B 1
~ detZ %

((Zn — Zo)(Z22 + Zo) — Z12201 220212 )
2202 (Z11 + 20)(Zoz — Zo) — Z12Zn



Cascade connection of S-matrices

b1l (1) _ (L tr) (@1
ba) \a2) \tL TR/ \a2
1. R, tr gt complex reflection, transmission coefficients satisfying

Tur=|tL:l?=1—-—Ror =1-|rLRr|’

al HZ a -:‘Jz ds -:‘14
» % — A -& h 4 > B -
> S . S
- — - A — — 2] e
bl bz bl b2 ]}3 b4

A | A A.B\"1.,A A A\l
g, _ riB (4B _ [T tere (I —7TRTL) te (I —rPra) R
AB téB ,réB

) tf (I - frﬁfrf)_l th rR+ ¢ (I — rﬁrf)_l rats

(I—rgrp) ™" =I+rRrp + (rgr)* + -



Conduction channels in quantum transport

Electron (quantum mechanical) waves also have
propagating modes in solids.

_ — Conduction channel
Landauer eq.: 2

& 3 3
= 1

€ Rolf Landauer

the conductance of a single perfect quantum channel is 7
AB ring S-matrix model b &
a;=1 <« | SaB| ——> b
A —> S () b S —_—
- b a U <-—
ta) 10 x &, b] 3 » < 5 Hﬁ—U
0.05Q | - - Sw
03 bﬁ
N /\/\/\/\

conductance

NvANYA

VA (VT ) magnetic flux




DATA SHEET

NE76084

1 NEC / GaAs MES FET

C to Ku BAND LOW NOISE AMPLIFIER
N-CHANNEL GaAs MES FET

S-PARAMETERS

Vo =3V, o =10 mA
START 500 MHz, STOP 18 GHz, STEP 500 MHz

S11




S-parameter representation of high-frequency devices | /ﬁ
Ex) NE76084 MES FET 0.5~ 18GHz

The datasheet tells that we need
Impedance matching circuits
with transmission lines.

If we know Z-parameters:

-1.0

From Ho-Thevenin theorem

: VANA
Zg = Zyy — 22 7y =7% —
S 22 50"‘211’ L 11

L1923
50 + Z2,

{Z;} : BJT (FET) Z-parameters, again Ho-Thevenin says

Z12221 7 = T — L12221

Z) = Zyq — |
l H Z1, + Zyo Zs + Z11




{Zj{."} {Zﬂij}
input = output
matching el matching
L FET S
circuits circuits
| [
| |

Zs |
| BIT |
Z; —= FET ~—Z, |4
|
|
|

50Q



Impedance matching with S-parameters

Generally the unitarity does not hold for amplification.

S12591 Ry, S12521 Rs
nt 1 — Seo Ry, ' 2 1 —511Rs

Rn=S

Matching condition: Ry = R*

out?’

Rs = R,

By ++/B} — 4|M|2, B — By 4+ /B2 — 4|N|? with
2M 2N

By =1+ |S11|* — |S92|* — |detS|?, By =1— |Si1|? + |Sa|? — |detS|?,

N = 522 — Si‘ldetS, M = SH — S;‘QdetS

Solution Ry =

maximum available power gain ~ Gmax =

- 1 + |detS|2 — |511|2 — |ng|2
2|Sl2521|

K stability factor



Practical impedance matching with Simth chart




Impedance matching designer

http://home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html

http://leleivre.com/rf Icmatch.html



http://leleivre.com/rf_lcmatch.html
http://home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html

Obtain the Y matrix for the above equivalent circuit (rn-shape
circuit).



| =1km DARERREERDHD. #uafll 2R fg LIz 5, BRI
HIELIEALEX L RIZ0.6i QTHo7e. —J7, #ufillz Bl T
BIMHPL T RIX L R HE T 5L4x10781 STH-HTE.
ZDIEERREEDRFEA L EX L R RD XK.

Consider a transmission line with the length | = 1km. First we
short-circuited the end and measured the impedance from the
signal source and obtained 0.61 2. Next we opened the end and
measured the admittance from the signal source and obtained
4x107i S.

What is the characteristic impedance of the transmission line?



0.61€2 <> Zo Short
<> Zo Open
> |

4x10-91S

—1km 0



T ()= (B (%)

Remember F-matrix (cascade matrix) defined above.

Write down the F-matrix form of the transmission line

shown below.
<€ >
]1—> | «— )2
. O O ,
Zy Kk =vVYZ
V]_ VZ
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Outline

5.3 S-parameter representation of devices
Impedance matching with Z, S parameters
Impedance matching with immittance chart

5.4 Non-TEM mode transmission lines

5.5 Non-linear elements and Toda lattice

Ch.6 Noises and Signals
6.1 Fluctuations
6.2 Fluctuation-dissipation theorem



Review: Scattering (S) matrix (S parameters)

Transmission lines: wave propagating modes — Channels

Take |a;|%, |b;|* to be  output S-matrix input
powers (energy flow). (bl\ (Su - Su oo Sln\ (al\
, z z R 5
‘ \bn} \Snl o Sni o Snn} \an)
b= >Sa
In the case of two-terminal pair circuit
a1 S <—a2
b S > by
A py GND GND

0)-( 2E)-6 e
by So1 S22 a2 hh 1/ \a



S-parameter representation of high-frequency devices

DATA SHEET

1 NEC / GaAs MES FET

NE76084

C to Ku BAND LOW NOISE AMPLIFIER
N-CHANNEL GaAs MES FET

S-PARAMETERS Siq

Wos =3V, lo=10 mA
START 500 MHz, STOP 18 GHz, STEP 500 MHz

az,bz
allbl

GND o OGND Sy

S511 =1,52 = 1>




Review: Smith Chart

I : reflection coefficient

Z0
Z Z .
z = 70 =T+ 1y
o
Im Z —— X-constant

.. y-constant

> ReZ




Comment: Mirror effect

An amplifier may change the effective impedance of passive elements.
]
N

equivalent circuit

il — i
“ 0 o) Ceff
S s M B O
d’Ul '
j1=sC(vy —v,) =sC(1+ A)v, Ceﬂ‘g = sCogv1 = J
J1 1 g
= ¢ — J1
(1 ~+ A)Cv1 Ceff V1
Ceff — (]- + A)C

- mirror effect



S-parameter representation of high-frequency devices
Ex) NE76084 MES FET 0.5~18GHz

1.0

Insert input and output matching circuits to kill reflections.

17

The datasheet tells that we need
Impedance matching circuits
with transmission lines with
Zy = 50 (.

i o
500 {Zi; Z
VY Input BIT output
@ mqtchl_ng CET ma_tchl_ng
circuit circuit

50Q2



Impedance matching circuits

The circuit 1s summarized at the boundaries as

Zs

- BJT

Vs O | FET

If we know Z-parameters of the input/output matching circuits,

from Ho-Thevenin’s theorem
AYYAY

50 + Z1,’

AV
50 + Z9,

ZS:Z;2_ 2y, =27 —



Z-matrix, Ho-Thevenin’s theorem

Vi Z1n 24 J
Z-matri O— —O 1\ _ (411 412 1
] o o (8)= (0 %) ()

Ho-Thevenin F@12+_;3 F@W m
ol - o I O Ie

4 N
1. Measure the open terminal voltage V. Then
2. Turn off all the power sources (voltage sources: short, current 7= Vo
sources: open). Measure the open circuit impedance Z;. 7 + ZU

o
Vi=0 . Vi =-50J; =Z11Ji +Ziady .. J = — J.
1 1 11J1 + £12J2 1 50—|—Z112

VAL
Vo = Zo1J1 + Zogdo = | Loy — J:
2 21J1 + 422J2 ( 22 5O—|—Z11>2/7 g




Impedance matching circuits

The circuit 1s summarized at the boundaries as

Z
(RO — - | BT,
s z,-»| FET | <2z,

4}

If we know Z-parameters of the input/output matching circuits,
from Ho-Thevenin’s theorem

: ANA, YA
T — Zl . 12 2% - ZO L 1221 .
ST 504z M T B0+ Zg,
{Z;;} : BJT (FET) Z-parameters, again Ho-Thevenin says
Z12Z21 Z12221
7, = Zyq —  Zp=Zog —
l 70+ 2oy 2" Zs+ Zn

matching condition: Z; = Zs, Z, = Z;



Impedance matching with S-parameters
In S-parameter treatment, we use complex reflection coefficients

to express load, source etc.

a— (311 512) & D e ﬁ — S+ 5125017
bl «— | \O21 S2)| —> b, " a1 H 1 — Soory,

Ts a— «—a b S12991T
1 (511 512) 2 - %2 _ g, 4 D12om S
bi<—|\Sn Sn/| —> b, a9 1 — Siirs

Matching condition: 7L = Tou, TS = Tin

B+ V/B? —4|M|?
- oM ’

Byt /B2 — 4|N|?

Solution
e 2N

Ty,

with
Bl =1+ |511|2 — |522|2 — |detS|2, Bz =1- |Slll2 + |522|2 — |detS|2
N = SQQ — SfldetS, M = SH — S;‘QdetS

~»



Practical impedance matching with Smith chart

Series and parallel connection of passive elements and traces on charts

Smith chart Admittance chart



An example of Impedance matching

frequency 100 MHz ~ 628 Mrad/s s e
immittance chart 1
Im r f
A Lp ?509

Z,=20—10i (Q)
1

equalize: 0.4 + jy =
: W= T g
y=—v0.24 = —0.49

1
—0.49 = —-0.2 —
(UCSZO

~ 110 pF

1
271 % 108 x 50 x 0.29

similarly Lp = 65 nH

Cs ~




Impedance matching designer

http://home.sandiego.edu/~ekim/e194rfsO1/jwmatcher/matcher2.html

http://leleivre.com/rf_Icmatch.html



http://leleivre.com/rf_lcmatch.html
http://home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html

Useful freeware: Smith v4.0
http://fritz.dellsperger.net/smith.html

C | @ fritzdellsperger.net/smith.html ww & 0
HH | News&Search Physics Software Traffic etc B Google Scholar G Google B Google E1ZR |w| =& -T=Ea - Y Bookmarks F0iEOTyI7-

Smith-Chart Software and Related Documents
NEW Software Smith V4.0

Smith V4.0 6'664kB exe Computer Smith-Chart Tool and S-Parameter 11.2016
Plot, Setup Smith v4.0.exe

1. Smith-Chart Diagram
» Matching ladder networks with capacitors, inductors, resistors,
serie and parallel RLC, transformers, serie lines and open or
shorted stubs
» Free settable normalisation impedance for the Smith chart
» Circles and contours for stability, noise figure, gain, VSWR and Q
» Edit element values after insertion
» Tune element values using sliders (Tuning Cockpit) NEW
* Sweep versus frequency or datapoints
» Serial transmission line with loss
+ Export datapoint and circle info to ASCII-file for post-processing
in spreadsheets or math software
» Impoert datapoints from S-parameter files (Touchstone, CITI,
EZNEC)
» Undo- und Redo-Function
) + Save and load designs (licensed version only)
New Version 4.0 e Save netlist (licensed version only)
Octobre 2016 » Print Smith-Chart, schematic, datapoints, circle info and S-Plot
graphs
» Copy to clipboard for documentation purposes
s Settings for color and line widths for all graphs

Download

2. S-Plot

* Read S-Parameter - Files in Touchstone®-, CITI- and EZNEC-
Format

« Graphical display of s11, 512, s21 and s22

+ Graphical display and listing of MAG (maximum operating power
gain), MSG (maximum stable gain), stability factor k and u and
returnloss

* Linear or logarithmic frequency axis
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5.4 Non-TEM mode transmission line

4 V+av
ﬂde
Characteristic impedance

LC model: Z = iwL, Y = iwC

The inductance represents magnetic fields circulating the core and the
capacitance electric fields directing from the core to the shield.

Zoy = 1 /é . real, dispersionless (no -k relation)

Non-linear o-term in Z or Y — dispersion (longitudinal components)



5.4 Non-TEM mode gives mass in transmission line

K K K
C: capacitance per unit length
L —C L —c L —— C L:inductance per inverse unit length
K: inductance per unit length
Y =w(C + :
= W —
wl

1 K
—k*=YZ=[iwC + — | iwK = - CKw? + —
1wl L

Constant finite mass: E = hw o k*
(Schrodinger eq.: Parabolic partial differential equation)

Coupling between linear dispersions: mass mechanism  cf. Higgs



5.4 Non-TEM mode gives mass In transmission line

= w, unchanged with dx — 0

-
)




5.4 Giving mass to LC transmission line

w > wyg —> k ~ 771 No dispersion
Wo
Velocity: ¢* 2 _ =t !
= = = — =
k- n VKC
W~ Wy W= wpy+ ow
0 hk? hk?
k= 2772—w CLEeE= how = —
Wo 2(n°/wo)  2m*



e .
J'n 1 JrH' Jr.f‘!""l
Va1 = Vy —1" L;«.r+| —>

(a) (b)

Toda lattice is a typical non-linear system with exact (soliton)
solutions. It is defined as follows:

a
The springs in (a) have Toda-potential: ¢(r) = Ee_br +ar (ab > 0)

Equation of motion:

d*u,,
m—- = —aexp[—=b(uns1 — up)] + aexp[—b(un — up1)]
For relative shift d27“n

. —bry, —br,a1 —br,—1
_ m = a(2e —e R
Th = Upt1 — Un dt>2 ( )

Force of a spring: f — —¢/(7“) — a(e—br — 1)



Solitons In Toda lattice

d? fn b
— 1 It — ) — —\Un n—1 — 2 n
742 0g(+a> m(f+1—|-f 1 — 2fn)
L Soliton solution: U, = wzsech2(/€n + owt + 5),
sech?(x) o =21, w =sinhx,

k, 0 :constants

> X

_-77‘.“ 0 .
N = 2 soliton solution:

. Tn+1Tn—1
Up = 5
Tn

T = 1 4+ 62771 + 62772 + A1262(771+772)’

M = kin + oywit +0;, 0y = £1, w; = sinhk;,

—1

)

0.5 ab Sil’lhz(fil — /432) — m(01w1 — 0'2(4)2)2
A12 —

_5 | m(alwl + 0'2(4)2)2 —ab Sinhz(lil + KJQ)




Non-linear capacitance: Vari-cap

Varicap BB505

0 la [2
= [ a@aiyde+ [ 20, - 2)de = 280
€ _Ed € 0 €

2en @) 2 _ B B
V—I—Vb—T(ﬁd—l-E) "C_W_ 2en SV Vo

VW =V, 446V oV —V




L-Varicap transmission line




Solitons In non-linear circuit
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Toda lattice circuit, Soliton circuit

Iﬁi—l

et In
“"””% ----- (A [ NS [ S — J. Pays. Soc. JAPAN 28 (1970) 1366~ 1367
INPUT Vﬂ_,T% Wy T V“*'T CUTPUT
. , , E : . Studies on Lattice Solitons by Using
Fig. 1. A nonlinear network equivalent to a one-dimensional anharmonic lattice. The circuit element E]ECtI‘iCﬂl MNetworks

have an inductance L=22 xH or capacitance C(V)=27 V/'-0.48 pF.

Ryogo HiroTA and Kimio SuzUKI
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Fig. 16. Microwave soliton oscillator prototype. 60
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Comment: Impedance match/mismatch

_ Impedance match: complete absorption
Propagation of a wave: (propagation without reflection)

Mismatch: wave reflection

Impedance match/mismatch is an important concept applicable to
a broad area of physics.

» Antenna: should be matched to the vacuum.
EM wave propagation simulation: boundary is shunted
with the characteristic impedance of vacuum.

» Optics: iImpedance mismatch — disagreement in refractive index

» Plasma: should be matched to electrodes for excitation.

» Phonon impedance mismatch at low temperatures: Kapitza resistance

» Sound insulated booth: should have sound impedance mismatch.
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Chapter 6 Noises and Signals

Outline [ 6.1 Fluctuation

6.1.1 Fluctuation-Dissipation theorem
6.1.2 Wiener-Khintchine theorem
6.1.3 Noises In the view of circuits
6.1.4 Nyquist theorem

6.1.5 Shot noise

6.1.6 1/f noise

6.1.7 Noise units

6.1.8 Other noises

-

6.2 Noises from amplifiers
6.2.1 Noise figure
6.2.2 Noise impedance matching




Noises

Electric circuits transform: 1) Information
2) Electromagnetic power

on some physical quantities like voltages, current, ...

Noises: stochastic (uncontrollable, unpredictable by human) variation
In other words, fluctuation in such a quantity.

Intrinsic noise: Thermal noise (Johnson-Nyquist noise),

Shot noise
Lr:)t;renal Noise related to a specific physical phenomenon
Avalanche, Popcorn, Barkhausen, etc.
1/f noise: Name for a group of noises with spectra 1/f.
Faternal EMI, microphone noise, etc.

noise




6.1 Fluctuation

Quantity x, fluctuation 6x = x — x

(0x)? = (z — Z)? = x2 — T2 (6 = 0)
g (x): distribution function of x

Fourier transform:  u(q) = F{g(z)} = /_OO g(x)eixq\j—;—ﬂ

u(q) : characteristic function of the distribution
From Taylor expansion, any moment can be obtained as

_ \/ﬂld’” ]

2 = = dqnu(q)

Moments to high orders — reconstruction of g(x)



6.1 Fluctuation |

I

In electric circuits we need to consider two kinds of averages:

substance 1 substance 2 substance 3
Xj. independent Ensemble average: x
4 X4 Markovian

affect
L1y, 3T —7 Tm41

m-th order Markovian
Time average

of fluctuating
variable:

> (x)




Random process to distribution

v

/N

o The averaging interval

should be longer than
/'\/\ ~ N m In m-th order Markovian.

~ x2(t)

~ /N AL x3(t)

t

v



6.1.1 Fluctuation-Dissipation Theorem

YN TSN
Ryogo Kubo 1920-1995

Harry Nyquist Nobert Wlener Aleksandr Khinchin
1889-1976 1894-1964 1894-1959



Power Spectrum

Consider probability sets in the interval [0, T).

0. @)

2nm

' A (t) = - At 4+ i, sinwyt), =
setindex:j  z;(t) ;(aj coswpt + bjp sinw,t), w n
szn = (anj COS Wpt + by Sin wnt)2 (Power)

1

(P,) = §<a,2,b +b2) - cross product terms are averaged out
Random process: f(z) = L ol z*
Gaussian distribution in time o/ 2 P 202

Then (&) =02 (non-Markovian)



Power Spectrum

Power spectrum G (w)

Frequency band width dw : separation between two adjacent frequencies




6.1.1 Fluctuation-Dissipation Theorem

R(wi — w?) + twiwL

9
Wi — w?
9 9

Y (iw) =

R(w§ — w?) + iwiwL



Johnson-Nyquist noise

V (t) noise power spectrum — G,,(w)

~
Gy(w) = 4kgTRe|Z(iw))

G,(w) = 4kgTR  Johnson-Nyquist noise
Thermal noise

White noise

One representation of the fluctuation-dissipation theorem



6.1.2 Wiener-Khintchine Theorem

Autocorrelation function  C'(7) = (x(t)z(t + 7))

— Z([an coS Wyt + by, Sin wyt][@y, €08 Wi, (t 4+ 7) + by, Sin wy, (t + 7)])

n,m

]. ~ I
=5 L (a2 + b2) cosw,T = L (S),) COS Wy, T

— / G(w) cos wTd—w
0

2T

> dw
C(T)_/O G(w) COSWT o —

/ C(7) coswrdr
0

Wiener-Khintchine theorem




6.1.2 Wiener-Khintchine Theorem

Example)  C(7) = exp (_1)

G(f) = 4/000 e~ /™ cos(2m f)dr =

7o = 107s (10MHz)

L 107/(2m)
6|
10 - Pole
10-8 [ | . | | | s | " | L | ' | | 1
10° 107 10* 10° 108 10

J(Hz)



6.1.3 Electric circuit treatment of noise

o Z(iw) o + Nolse

~

Z(iw) o

@ Noise power source

Noiseless impedance




6.1.4 Nyquist Theorem

Mode density on a transmission line with length |

* 2mc*
2mnc S —

[ - [

Bidirectional —» Freedom x 2

1
exp(hw/kgT) — 1

Bose distribution f(hw,T) =



6.1.4 Nyquist Theorem

Thermal energy density per freedom
hw hw

exp(Aw/kpT) — 1 1+ (hw/kgT) — 1

= kT (kT > hw)

Thermal energy density in band Aw

Aw 2kgTl
2—kpT = ———Aw , a half of which flows in one-direction
ow 2Tc
Energy flowing out from the end:
kgTl 1
B2 Aw x = x ¢ = kgTAf (2nf =w)
2mc* [

equals the energy supplied from the noise source.

J2R = kgTAf, V2=4RkgTAf (V =2RJ)
V J2V? =2kgTAf — Noise Temperature




Thermal noise

(@) I-BRIEIEELS kHz (=3dB) | Ve D EHEST %1 ms/div Tl (b) I BT

(BER1-1> #MSTDEZE

100 kHz (=3dB)1 Vi D EMET % 1 ms/div CELH




6.1.5 Shot Noise

Single Electron

Time domain: §-function approximation
J.(t) = ed(t — to)

— ¢ /OO e2mif(t=t) gf — ¢ /OOO cos 27 f (t — to)]df

— OO0
Uniform 2e in frequency domain: fluctuation at each frequency
Coherent only at t = ¢,

Current fluctuation density for infinitesimal band df

5J = dr/(J2) df V2edf



6.1.5 Shot Noise

T



6.1.5 Shot Noise

Double Electron

(07%) = (Jp + jq6i¢)(jp T jqe_i(b) — J; + Jf + 27pJq COS @

¢: coherent phase shift — averaged out

(052) = jp + J5 = 2 % (V2¢)df

N-Electron

(6J2) = N x 2e*df = 2eJdf (J =eN)

Quantum mechanical correlation — Modification from random



6.1.5 Shot Noise

Example: pn junction

- 1%
Current-Voltage characteristics: J(V) = Jo [exp (l:B—T> — 1]

Differential oy — (d_])‘l _ le—Joexp (i)]_l _ kT 1
resistance av ksT ksT e J+Jo

J>Jyg = rq~kgT/el

678 = 2281 4 — a7 g

erq 274

(6V)2 = 4%kBTA f



6.1.6 1/f noise

(0V)? = KJ*R*——

} 70

Noise power
[dBm]

-80

' ' Lo
=== T---Tr-cr-aTaTATr|tc-o-oo--
' oo

' ' oo
T ey
v ' R I I

White noise

90— ———

A0 — e L

] ' ] IR ' ] ] [ ' |
e Bt e Tl Tl sl sl all Bl mleliiilli il F====a---1--1--r-ra~T1q~-"-------r----71
' ' [ ] ' ' 1 T T T L

-110



6.1.6 1/f noise

19-¢ 107! 10? o' * 10? Hz
J. S. Bach, Brandenburg Concerto No.1 e = s b0 s
N A. Vivaldi, Four Seasons, Spring
— :&;& ': T-_.

1p—2 19~* 1ot Lk 10° Hz - :
1072 107t 1ot 10! 10? Hz

Kawai Naoko, Smile for me S. Sato, Keshin (incarnation) Il



“Unit” of Noise

Noise: Power spectrum per frequency

R =87/Af, & =3V?/Af

' unit of 1/ 52, /€2

A/vVHz, V/VHz



Other noises: Barkhausen noise

B
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Popcorn noise

lua [nA]
8

-

Popcorn noise, Burst noise

[T Y

(I T 71117}

pn junction

Two-level system

e

<0

l

Normal Transistor

Crystalline Defect on
Base to Emitter Junction




Amplitude distributions of random-type noises

Voltage (Volts)

-0.04 |

Voltage (Volts)

Thermal Noise Measured In Time Domain

0.04

0.02

0.00

-0.02 ‘

0.00E+00 5.00E-04 1.00E-03

0.10
0.08
0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06
-0.08

Time (Seconds)

1/f Noise Measured In Time Domain

0 1 2 3 4 5 6 7 8 9 10
Time (Seconds)

Distribution of Noise
0.04

0.02

0.00

Voltage (Volts)

-0.02

~0.04

Counts Recorded During
Measurement Periad

Distribution of Noise
0.10

0.08
0.06
0.04
0.02
0.00
o -0.02

Voltage (Volts)

-0.04
-0.06

-0.08

Counts Recorded During
Measurement Perind



Amplitude distribution of popcorn noise

Vn RTI (V)

—
o O

-20

Popcorn Noise (f, = 300Hz)

10 20 30 40 50 60
Time (Seconds)



Avalanche noise

L)
:Z e bbby o=
f ] J 58N pont 5
?0’ |
:Z T i wh “JJ"'W" i
100 g T s i N MUY | NP SR OPHTAT
white noise Avalanche Photo-Diode (APD)
avalanche or Zener breakdown
Conduction Band

‘ Detectable
Current Pulse

Valence Band
Photon ) %

Zener voltage standard diode



Noiseless
Amplifier

Amplifier with noise

Noise source
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6.2 Noises from Amplifiers

Amplifiers: the elements have characteristic noises,
power sources work as noise sources

—> Noiseless amplifier + Noise source = Amplifier with noise

Power gain G,
2 22 2 2 2
eintotal — JnR T 6R T en - 6out/C;fp

Signal to noise ratio: S/N ratio

- - (S/N)m SlnNout
Noise Figure: NF = 10log = 10 log
g S 10 (S/N)out 0 SoutNin
Nout = GpezN
_ 2 2 2 "2 D2
NF = 10logy, SmGpeN = 10log,, — eN = 10log,, e e F Inl?



6.2.2 Noise impedance matching

Q




6.2.2 Noise impedance matching

Noise temperature and
matched source impedance

Output noise temperature:

2Re/

Rbs

Re(1/Z)\ T. [|Z]? 111
Tn o ]_ B : —_— = — —
( + ) ( + Ry 7=7 + 7

Re(1/Z)

1

Minimize T,,: Z; =

1 —
bs Zs

B | Re(1/%;)
o= (1 " Re(1/7,)

- Noise matching condition

)1.
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Obtain the dispersion relation in the following
transmission line.

L L L

| | | |

| | |

C K —T C K —T1 C K =T
¢ . .



Show that the power spectrum G (f) of voltage noise across

the impedance

IS glven as

Z(f) = R(f) + Y (f)
G(f) = AR(f)ksT.

Assume that thermal noise energy per unit time is kg TAf .

e
A

Z(f)

O

o

(hint) From the above assumption we can
skip the discussion on the mode energy In
transmission line. Instead consider the case
in the left figure, in which Z' is matched to

Z as

Z'(f) = Z2*(f) = R(f) — Y ()



Exercise E-3

G C; | L

= C1—— L 50Q % L L, 50Q
= ©

(a) Oy ]

A preamplifier with FETs for an FM receiver has the output impedance of 600Q.
The FM receiver has the input impedance of 50Q and we need to make
Impedance matching. The central frequency is 85MHz, the effective with of
amplification is 10MHz. Obtain Cy, C,, L Iin the matching circuit with 3 digits
significant figures.

(hint) Express L with a parallel of L, and L, as shown in (b). The left resonance
circuit should be tuned to 85MHz, width10MHz. Then the left and the right
circuit should be impedance matched.



Exercise E-3

FMEZGHED 7Y 7V T RFETTHE- T2 & 2 A, A VE—Z U ZAR
600QUTZ > T2, ZSHED A A LV E—X L RI1FZ500 DT, f VY E—X
VAR FRRBLERD D, PLEIEEZ85MHz, %N kR 2
10MHz, L LTQ@DXoRME T~y F2isd e, HEERC,Cy, LITE
IRDBH. BRI TEZ L.

(BEVR)DODESITA U ETE LR 2DT57EIL, EDOIIGHEET
85MHz, 10MHzIBIZ[RFHE 5. ZD%, ELHEDA LV E—X L AP —E
THXIITERERDB.
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6.2 Noise from amplifiers
6.2.1 Noise figure

6.2.2 Noise impedance matching

6.3 Modulation and signal transfer
6.3.1 Modulation/demodulation
6.3.2 Amplitude modulation
6.3.3 Angle modulation
6.3.4 Demodulation of frequency

modulated signal

6.3.5 Modulation and noise

FM broadcast test



6.2 Noise from Amplifiers

C Amplifier with noise




Amplifier

Amplifier with noise

Noise source
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6.2 Noise from Amplifiers

Amplifiers: the elements have characteristic noises,
power sources work as noise sources

—> Noiseless amplifier + Noise source = Amplifier with noise

i 2 -2 12 2 2 2
Power gain Gp Eintotal = Jnlt T € T €, = €5,/ Gy

Signal to noise ratio: S/N ratio

(S/N)m SmNout

Noise Figure: NF = 10log;, S/ N o = 10logy = .

Nout — Gp%

SinGpe2 & e2 + e + j2R?
NF = 101log, "= = 10log,y = = 10log;y —

SinGpeR eR 6%{




6.2.2 Noise impedance matching

S

@ ‘. Zi| n
|

Optimization of S/N ratio including the noise-source in the amplifier
(a care should be taken to the effect of noise to the object)

Noises from the signal source, amplifiers: repel as much as possible
Signals from the source: absorb ...

Noise temperature method: not almighty



6.2.2 Noise impedance matching
Nyquist theorem:

V J2 V2 =2kgTAf Noise temperature definition (), V(f))

Noise temperature and e2 2 o)
matched source impedance 1. = , Rps=4/=
2kg ]

5%

S o

Output noise temperature:

(. Re(1Z)\ T. (|2 111
I = (1+ Re(l/ZS)) 2ReZ (Rbs Tl ) 7 = i " Z

..._ |
Minimize ;. 7, = — — Noise matching condition

bs ZS
RG(]./ZI)
Tn — ]. Ta,
(1+ Rez))



6.3 Signal transmission

_ S Baseband communication
Electric communication { _ o
Carrier communication

s(H) Demodul
L emodulator
o (Detector)
Transmission

Clnput X Modulator
AMA S (1), c(t)

f(®)
Carrier
c(t) |

_ Amplitude modulation
Modulation { } Analog

Frequency (Phase) modulation Pulse




6.3.2 Amplitude modulation

. N Y
WA AMANARLD e ) = Acoswet
VUV VUV VUV
" ﬁ I ﬂ t) = m7j(t)| cosw,t
| \AAAAF !\f\ml\ ;AL _f(_)] C
U\/V VV U\/V VV m: Modulation index
U\u__u,u"' UHu | 0<m<1

S(iw) = /_ " s(t)etdt /_ T AN + m ()] cos(wet) et dt
= A{r[d(w — we) + d(w + w)]
+2F(i(w — we) + Flifw +we)]



6.3.2 Amplitude modulation

oo

S(it) = /_ " s(t)etdt = / Ali + mf (£)] cos(wet)edt

— OO

= A{r[6(w — w.) + §(w + w,)]
—I—%[F(i(w —we)) + F(i(w + wc))]}

F(iw) = F{f (1)) plrer
f):Real F(iw) = F*(—w) /\f\ /\/\ N
/\ii /Lsia/\ , [SGw))? /\LJSB\ /US\B/\

—in, S f S £ . =

Upper side band (USB), Lower side band (LSB)



6.3.2 Amplitude modulation (circuit example)

Collector modulation circuit e : :
C-class amplification (non-linear) region

tran 100m

Q
N

V1 PN Modulation voltage
SINE(-0.02 0.3 50k)

Current through
the inductor




6.3.2 Amplitude modulation (circuit example2)
Modulation of oscillator circuit
Soft limiter circuit

Vout
. RZ " R6 N
= R, Vour = —aVip + b
_———— VL+
Vin
= Vin
a = Rl
Vo[-
L _RallR,
= R

. controllable with V




6.3.2 Amplitude modulation (circuit example2)

Delayed feedback — Oscillation

The amplitude is softly limited with the modulation voltage.



6.3.2 Amplitude modulation (circuit example2)




6.3.2 Amplitude mc




6.3.2 Amplitude modulation (demodulation)

LUl R




6.3.3 Angle modulation

(7) (1)
— <

Sppm(?)
I
e




6.3.3 Angle modulation
s(t) = Acosb;i(t), 6i(t) =w.t+ olt, f(t)]

Differential angular frequency o (¢t) = dti(t) — w, + dolt, f(¢)]

d¢[t;l{(t)] = ksf(t) (FrequencyModulation, FM),
olt, f(t)] = kpf(t) (PhaseModulation, PM)

srm(t) = Acos [wct + ky /tf('r)dT} ,
spm(t) = Acoswet + kr f(2)]

Frequency w component: only phase shift /2 :
No difference in signal outlook.



6.3.3 Angle modulation (Frequency modulation)

f(t) = A, coswyt
spm = Acos(wet + Bsinw,t) = ARe [exp(iw.t) exp(i8 sin wpyt)]

_kap_Af
( B Wp _f_p>

sin w,t : Periodic function with T = 21/ w,,

exp(¢f sin wyt) Z cn, exp(iwyt), Fourier series expansion
’{:(’%/z
Cn / exp (40 sin wpt) exp(—inw,t)dt
T/2

:%/ expli(Bsin 0 — nddo= J,(5)

First kind Bessel function



6.3.3 Angle modulation (Frequency modulation)

Actual band width:
wa:2(wf+§wW) 1<£<2



6.3.3 Angle modulation (circuit example)

Voltage Controlled Oscillator (VCO)

Modulation
input

\oltage controlled resonator



Phase Lock Loop (PLL)

?

Standard
Signal
f

\ 4

Phase comparator |—

Loop filter

/4

V

\oltage Controlled
Oscillator (VCO)

N-Frequency
Divider

N

v

Nf



6.3.3 Angle modulation (circuit example)

?

Standard
Signal
f

Y

Phase comparator |—

Loop filter

N

N

!

Voltage Controlled
Oscillator (VCO)

N-Frequency
Divider

Modulation
Signal

N




6.3.4 Angle modulation (Frequency demodulation)




6.3.4 Angle modulation (frequency demodulation)

PLL FM demodulation \oltage control
Loop filter signal
Phase X, (5)
. X(s) + e Y (s)
input (s) >O X k, H(s) [

/ ko

Phase comparator

N

k H (s) — ", f (t)d
SKell (S o | y(t)dt
s + kekOH(s)X(S)

g(t): Frequency modulation signal (original)

o) =ky [ gr)dr, sX(5) = kGl

. kfkeH(S)
(5) = s+ kokoH(s)

Y(s) =




6.3.5 Modulation and noise

Y

Output

Y

Detection

: Line
Transmitter e Input
noise

Received signal r(t) = Ar[1 +mf(¢)] coswet +|ni(?)

Demodulated output ~ 9(t) = A-mf(t) + no(?)

Averaged signal power
f§§+_(A¢W02

(f?), output: Sy, = AZm*(f?)

received: S, =

2 2
S, (ic) 4 5,(i0) 4,
2m,, 20y, —
<~ | n/2  «—— 2w,
0 = ®
: !If, l,!! = > i >
—®¢ QR

Received Demodulated



6.3.5 Modulation and noise

wyw - Noise bandwidth (assumption: white)

NgWw Ng X 2Wyw  NgWw
X 2wy = : =
2 X 21 T 27 s

Received Demodulated

Noise power: 2 x

S| w42+ (AmP(A)] S| mAImi(Y) S

N |. 2704 Wyy " N

_ mA(f?)
T 1w

out NaWw N|;

:Power transmission efficiency

1
O<m<1l <=

2
: . > 1 1
Input sinusoidal: (f*) = 5 — < 3



6.3.5 Modulation and noise

FM, PM In phase Out of phase
i t
r(t) = A, cos|wct + ¢(t)] + ni(t) cos wet — n, () sinwct
Signal Noise

= A, cos|wet + ¢(t)] + An(t) cos|wet + ¢n(1)]
= Vi(t) coslwet +6(t)]  (0(t) = ¢(t) + dno(t))
Phase noise

V() = VA2 + AZ(t) + 24, Au(t) cos[ga(t) — 6(t)],

Ay (t) sin[¢n (¢) — ¢(2)]
Ap + An(t) cos[én(t) — o(2)]

$no(t) = arctan

Time-dependent part in V.(t) can be cut with a limiter circuit.



6.3.5 Modulation and noise (Diode limitter)

V()]




6.3.5 Modulation and noise

A > An(t)
o = arctan y sin|¢, () — o(t)] | = y sin|¢, () — ¢(t)]
Noise: White, Power spectrum density n, /2, Band width wg
_ NLWg _ A? S;  wA;
Noise power: N; = > Signal power: > W e

Phase modulation  @[t, f(t)] = k, f()
Averaged signal power:  k5(f*) 1
Averaged noise power: Nopm = E(z‘ln(tf sin®[pn(t) — ¢(t)])
¢, (t): Uniform in [0, 2nt] — ignorea

1
Nopum =

A2

(Au(t)* sin” ¢(2))



6.3.5 Modulation and noise

f(t) = A, coswyt, szpAp—hS”o:ﬂ;, wp =2(B+&wy (1 <EL2)

So > mA? >wp TA? Si
S Frh _ P rh g g

N, 2 NgWs 2 Wy NyWR

Freguency modulation

Demodulated output d6/dt  Signal, power: kqf(t), k3(f?)

. dnn,\ 1 /dmy _i/wW 2d_w_naw§V
FMTN\Tg /T A2 N\Ndar /) Az ), " or T 3paz

So Si
B =kiAp/we N 36°(B ‘|‘§)ﬁi
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F{z(t)} = X(w), F{&,(1)} = X-(w)

1

Ko) = 5 X () Dheye) = 2X (@) » 3

27 T



6.4.1 Sampling theorem

X, (w) “Cutting out” the frequency spectrum

27/t

wp . Highest frequency

in X;(w)
/\» 2T 78

—>2wh, T < —
Wh

X, 1 ,
p X 57 Nyquist frequenc;_rl

IRVA A 4 A 4 .co




6.4.1 Sampling theorem: Reconstructing signal

T
T

oo

5((5) = e (3) 2 5 () = shue (3) « S w(®)o(t —nr)

T T T

n=—oo

— /_Z sinc (;) i z(t — s)0(t — nt — s)ds = i sinc (t —Tm'

n=——oo n=——oo

) z(nT)
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Outline

6.4 Discrete signal
6.4.1 Sampling theorem
6.4.2 Pulse amplitude modulation (PAM)
6.4.3 Discrete Fourier transform
6.4.4 z-transform
6.4.5 Transfer function of discrete time signal

Ch.7 Digital signals and circuits
7.2 Logic gates
7.3 Implementation of logic gates
7.4 Circuit implementation and simplification of
logic operation
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6.4.1 Sampling theorem




6.4.1 Sampling theorem

X, (w) “Cutting out” the frequency spectrum
A

27/t wp: Highest frequency

/\’ InX ((1))
'\/\/\/ — > %, T<—

Wh

X, 1 ,
p ) 57 Nyquist frequency
| -

ANV

1Y Y 7 e




6.4.1 Sampling theorem: Reconstructing signal

P’)T/T(w) = 4 ’ ! ! !
7.‘- : . :
0 |w|>— z ; z
\ T z z z
Pr(w) 1
ST
>
_r i 3 3 z
T T -]i.O (I) liO
X
z(t) = Tlsinc AP Z,(t) = sinc ol i z(t)o(t — nT)
T T e T) = !
= /OO sinc (f) i z(t — s)0(t — nT — s)ds = i sinc b nT z(nT)
9 T n=—00 n=—00 T



6.4.2 Pulse amplitude modulation (PAM)

/\/ .hmut

Carrier: 6.(t) s(t) = Z f(t)o(t — n7)

n=——oo

Demodulation = Reconstruction of continuous signal
from sampled data.

f@t) = F 7 H{Pryr(w)F{s(t)}}



Demodulation of PAM and a trick in the sampling t

In the sampling theorem, though we only have discrete-time
data, we can reconstruct complete original signal.

T
Assumption: we have data in infinite period [—oo, 4+o0].

However In actual situations we can never have such data.

Need to consider handling data in a finite period.



6.4.3 Discrete Fourier transform

o R8I0
\J\/‘\J\ /‘\/\/‘\J\t
5 mn Z 0 C 2
Assumption: s

T T N — ; - N
F(w) = Z{f(t)}, notzeroin w € <_; ;) can be assumed without

loosing generality

0 y >0 27
=n_z_oof(t—n<), F(w) =n_Z_OOF (Wr"f)
(f(t) fx0¢)(t Z /OO f(§)o(t —n¢ — f)df>

v

Fourier expansion:  f(t) = % > F (n%ﬂ> i (27”%)



6.4.3 Discrete Fourier transform

> i Discreteness:
n=1+mN n;mézgmzoo t—ir jeZ
s 1 N-1 oo o .jT
fUT) == S: F [(l + mN)—] exp [(l + mN)Qm—]
C =0 m=—o0 C C
1 e & 27l 27 1
"W 2 (T " m?> P (QMN)




6.4.3 Discrete Fourier transform

- D
Vn,me€Z Wpt™¥ =Wwx,
Twiddle factor: 1 = |1 for m=0,
N — N lo for m = 0.
. "= y
N-1 N—-1 1 N-1
P m = m—I -
DINLLGEDS {N FtWy"™ | = F(mn)
v ]l o
fo = f(nT), Fp= ;F(kﬁ)
4 N-1
n=0

Discrete Fourier transform:
(DFT) fo== 3" By




6.4.3 Discrete Fourier transform

F=YFE} W={WZ}, f=4f)}

| —
F=Wf, f=_W'F
. . 1 .
"W*W = NIy ie, —W : unitary

VN



6.4.4 z-transform

Discrete Laplace transform: z-transform

— Z f(nt)é(t —n7) (t>0)

L{f-(t) {me' t—m'}

=Y f(nr)Z{6(t —n7)} =) f(n7)exp(—snt)

2 = exp(s7), fo = f(n7), F(2) = L{f-(t)}

one-sided z-transform




6.4.4 z-transform

Jn F(z) conversion area
d(n) 1 z-plane
1
1 T zl_l 2] > 1
-
n (1= 1) z| > 1
n* - 1 2] > 1
dz) 1—2z71
1
" — 2> la
: sin(wT)z ™1
> 1
sin(nwr) 1 —2cos(wr)z=1 + 272 2
1 — e @7 —1
e~ "7 cos(nwT) e cos(wr)z 2| > e™o7

1 —2e=27 cos(wT)z—! + e207 22




6.4.4 z-transform

Property Signal z-transform
linearity afn + bgn aF(z) + bG(z)
z-domain scaling fon F(zY*)
k—1
time shift Frtk 2k |F(z) =) f(l)zl}
=0
time shift II frn—k 27 F(2)
scaling etenf, F(e*®2)
scaling 11 a"z, F(a=12)
d
product with index nfn —z%F(z)
d n
differentiation n® f,, (—z%) F(z)
integration Jn z ETOTIR(6)de
n—+a ~
convolution fr * Gn F(z)-G(z)
1
product fa 9o | 5= PF(G (g) £ dg




6.4.5 Transfer function for discrete time signal

fT()_ ka t—kT

k=—oc0

h,,: (impulse) response to § (nt), response to discrete signal f,, = f (n1)

= B{f,(n7)} = %{ka' n—k')f]}

k'=—o0
k'=—oc0
G(z) = [thfn k] = (thfn k) g "
n= O k=0
= Z hy Z frn_kpz™ " = Z hkz_kF(z)
k=0 n=0 k=0
4 > I

H(z) = Z[hn] =) hxz™"  :Transfer function

| G(:) = H()F(2 )




Crystal lattice and X-ray diffraction

Max von Laue

1879-1960 Laue pattern

Diamond lattice

1001 8

[111]



Optical Frequency Comb

f\
) l'.ull

Optical Frequency Comb

J lluJI."lIlUIl'l'\lILIII|.ﬂ| | |L“'||II I|I,|'I|| |I||‘||Illllj|‘|i |

M

beam splitter

. I'rll f‘n i
il l'h" ll,l

|f v
'

—

beat note
detector

—> frequency




Frequency Comb

[p=m frcp + Loffset

Theodor Hansch, Max-Planck Institute, Science 2008



Measurement of the Doppler effect in cosmic expansit

DZUIDEE#I spectrograph

solar telescope I

Fabry-Perot

"
frequency comb N =
f =250MHz ] - "m -
= - a T optical fiber
+ A + to spectrograph

b T
@ Rb-clock

lock-in
amplifier

diode laser
@ 1583nm

—> | wavemeter ‘40I(Hz Servo —e




Digital signal
and circuits

Chartres Blue &
(Stained glass) RS



Ch.7 Digital signal and circuits
s ()

t Discrete time analog d(t)Ai i i i i i$$
o s e & B
A C e e
? |||*||||
e o & L L L 1 i 1

S R I T S A R A

T 21 5t t t

Value discretized — Digital signal

Signal unit : 0 xor 1 (bit)
Boolean algebra : F xor T
\oltage level : L xor H

Multiple bit — binary operation — parallel signal



7.2 Logic gates

Digital signal=logic value — Logic operation : logic gates

De Morgan'slaws: X + Yy =Xy, X"y =X+ Yy

input output
t t1 to -+t t1 to -+ ity
Ch. 10 1 - fim|1|1 1 - qm
211 0 - fomu ||2]0 1 --- qom
n 0 1 © ffn,m l O ]- el flm

Combinational logic — Truth table
Sequential logic — Timing chart



7.2.1 Combinational logic: Single input gates

Truth table Circuit symbol

input | buffer not  buffer

0 0 ] ( )
1 1 0 [:

not



7.2.2 Combinational logic: Double input gates

inputl input 2 | and or xor nand
0 0 0 0 0 ‘
1 0 0 ' 1 _
0 1 0 1 1
1 1 1 0 0

i - I}Di}i}

and nand



7.2.3 Sequential logic: Flip-Flop (FF)

RS (reset-set) Flip-Flop (FF)

S R | Q Q Response
0 0 |Q Q no change
Truth tabl
e 0 1|0 1 reset
1 0] 1 0 set
1 1 | undetermined
Symbol Equivalent circuit with discrete gates
S —i >O0——
— 'S QI Q
1R QI _
R—{>o— Q




7.2.3 Sequential logic: Flip-Flop (FF)

JK Flip-Flop

Truth table

_ == O O Oy

—_ = o~ oo X

O R = OO

Q | Q for the next CLK
0
1

Equivalent circuit with discrete gates

— Q

D,

Q|




7.2.3 Sequential logic: D-FF, T-FF

D-FF  Symbol
—{cLK Q—
-7 Symbol
Q —
T_ —
Q I

Truth table
D CLK Q
O A O
1 A 1
- s (hold)

Truth table T




7.2.4 Sequential logic: Counters

Qi Q> Q3 Q4
Unsynchronized J
counter : Q1 QI Q1 Q
- — > > > >
(ripple counter) oL oL oL ol

chart

Timing Q, F f | f: : f _
1
1




7.2.4 Sequential logic: Counters

Synchronized counter

Equivalent
circuit with

discrete gates
T

2* R
</

D Q

CLK

Timing chart

D Q

CLK

Q>

Qs

I—(—




7.3 Implementation of logic gates

NAND gates
Ve 1VCC
T, Ts
i -
O—e —0
Ain out Bm

4' 13

T, j |
(a) (b) \V4

TTL (transistor-transistor logic) CMOS (complimentary MOS)



7.3 Implementation of logic gates

¥~ Draftl.raw

LT Spice
simulation

10ms

14, nand.asc

< PULSE(5 5 1 20n 20n 2m 4m 10)

tran 0 20m 0 1000




7.3 Implementation of logic gates

\oltage levels diagram

Output Input Output Input
5.0V . 5.0V 5.0V 5.0V
T 4.95V I |
1.45V
H level Vo Vi Voh
l 3.5V
2.4V }o04v
72 oy  Noise margin
Noise margin 1 5V
\ 0.8V
0.4V 0.4V
! TV 1.45V
Llevel i Vo V! 0.05V Vol
1AY oV 1Y 1AY4

(a) TTL (b) C-MOS



TTL logic family evolution

74 Series

Bipolar. Saturated BJTs. Practically
obsolete. Don't usein new designsl

&

74S Series

74AS Series

time delay. Practically obsolete.

Bipdar. Deep saturation prevented by
BC Schottky Diode. Reduced storage-

&

Innovations in IC design and
fabrication. Improvemnent in speed and
power dissipation. Relatively popular
Fastest TTL available.

74LS Series

T4ALS Series

74F Series

Bipolar . Lower-power slower-speed
version o the 745 Series.

Innovations in IC design and
fabrication. Improvemnent in speed and
power dissipation. Popular.

Innovations in IC designand
fabrication. Popular.

_________________________________________

Legacy: don’t use

INn new designs

______________________________________________________________________________________

Widely used today




CMOS logic family evolution

_Obsolete

: 4000 Series i

[essesemeamee, 11 General trend:

— @ — < Reduction of dynamic losses through
acseies | Successively decreasing supply voltages:

(o | 12V > 5V —> 3.3V > 2.5V — 1.8V

i | Replaced by HC/HCT family.

 [Ere ™ | R - CD4000 LVC/ALVC/AVC

7AHCIHCT Series « Power reduction is one of the keys to
s o e T progressive growth of integration
T%t voltage levels compatible with

< Y 3 \Y

T4AC/ACT Series T4AHC/AHCT Series BiCMOS Logic T4LVC/ALVC/LVIAVC
CMOS. Functionally compatible, but CMOS. Improved speed, lower power, CMOS/Bipolar. Combine the best CMOS. Reduced supply voltage.
not pin-compatible to TTL. Improved lower drive capability. features of CMOS and bipolar_ Low LWC: 5\VI3.3V translation
noise immunity and speed. ACT inputs power high speed. Bus interfacing ALVC: Fast 3.3V only
are TTL compatible. applications (T4BCT, T4ABT) AVC: Optimised for 2.5V, down to 1.2V




TTL
Log.'b TPD Trise/fall VIH,min VIL,max VOH,min VOL,max NOIS?
Family Margin
74 22ns 2.0V 0.8V 2.4V 0.4V 0.4V
74LS 1| 135ns 2.0V 0.8V 2.7V 0.5V 0.3V
74F "| 5ns 2.3ns 2.0V 0.8V 2.7V 0.5V 0.3V
74AS ' | 4.5ns 1.5ns 2.0V 0.8V 2.7V 0.5V 0.3V
74ALS ' | 1lns 2.3ns 2.0V 0.8V 2.5V 0.5V 0.3V
ECL 1.45ns 0.35ns -1.165V | -1.475V | -1.025V | -1.610V | 0.135V
(4000 N[ 250ns 90ns 3.5V 1.5V 495V 0.05V 1.45V
y 74C (| 90ns 3.5V 1.5V 4.5V 0.5V 1Y
| 74HC 1] 18ns 3.6ns 3.5V 1.0V 4 9V 0.1V 0.9V
T4HCT : 23ns 3.9ns 2.0V 0.8V 4 9V 0.1V 0.7V
1 74AC 1| 9ns 1.5ns 3.5V 1.5V 49V 0.1V 1.4V
1 74ACT ! 9ns 1.5ns 2.0V 0.8V 49V 0.1V 0.7V
J4AHC o | 3.7ns 3.85V 1.65V 4.4V 0.44V 0.55V
7
/
/




Show that the following circuit works as a demodulator of
frequency modulation (FM) signal (quadrature demodulator).

Input multiplier

- X Low-pass | o
L T filter
. T
Phase shifter v MG =alwy—w) +=

2

Here the phase shifter gives the shift
proportional to the frequency difference 2
between input and the career frequency
wo. The shift at wy 1S /2 as shown In

the right (this can be achieved with
resonant circuits). The low-pass filter
cuts components with frequencies as
high as wy.




(hint)  Assume the original signal f(t) is much slower than
the carrier A cos(wqt). Then the input can be
approximated as

s(t) = Acos{|wo + ks f(t)|t}.

Then the phase shifter output is
Qps(t) = Asin{|wo + ks f(2)]t — aksf(t)}.

Taking product and high-frequency filtering gives ...
(use akrf(t) < 1).



In the following phase lock loop (PLL) circuit, the initial (¢ = 0)
oscillation frequency of voltage-controlled oscillator (VCO) w
deviates from Nw, by Aw. Obtain the relaxation time of w to Nw,.

Vc(ei o HO/N) gain Gp

Input
S
freq. wq

phase 6;

Coef. A for freq. shift

Output
Phase >| Loop s| vCO e >
comparator filter freq. w
T phase 6,
N- divi <
freq. /N divider

(hint) Here we can put 8; = 0 hence input = V; sin wyt without
loosing generality. Similarly output = V, sin|[Nwgyt + 0, (t)].

Now w = Nwy + dB8,/dt and It Is easy to write df,/dt with A,
Gy, Ve, 8, (t) and a constant.



Solve the difference equation below with z-transform.

{:I:(n) —2x(n—1)=n (n>0)
z(n) =0 (n < 0)

(hint) z-transform of n is T _Z e as in the table (slide no.14).

Then z-transform of x(n) : X(z) Is easily obtained. Inverse z-
transform gives x(n).

Answer sheet submission deadline: 11t Jan. 2017.
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Outline

7.2 Sequential digital circuit

7.3 Implementation of logic gates

7.4 Circuit implementation and simplification
of logic operation

7.5 DA/AD converter circuits

7.6 Digital filters (digital signal processing)



7.2.3 Sequential logic: Flip-Flop (FF)

RS (reset-set) Flip-Flop (FF)

S R | Q Q Response
0 0| Q Q no change
Truth tabl
e 0O 110 1 reset
1 0|1 0 set
1 1 | undetermined
Symbol Equivalent circuit with discrete gates
S —i >0—
— 'S QI Q
1R QI _
R—{>o— Q




7.2.3 Sequential logic: Flip-Flop (FF)

JK Flip-Flop

Truth table

_ == O O Oy

— =0 = o ol

O, = OO

Q | Q for the next CLK
0
1

Equivalent circuit with discrete gates

— Q

D,

Q|




7.2.3 Sequential logic: D-FF, T-FF

D-FF  Symbol
—{cLKk Q|—
- Symbol
Q
T_ —
Q I

Truth table
D CLK Q
O A O
1 A 1
- ¥ (hold)

Truth table T




7.2.4 Sequential logic: Counters

Qi Q> Q3 Q4
Unsynchronized J
counter : QI QI Q1 Q
- — > > > >
(ripple counter) oL oL oL ol

chart

Timing Q, F f | f: : f _
1
)




7.2.4 Sequential logic: Counters

Synchronized counter

Equivalent
circuit with

discrete gates
T

R
.

D Q

CLK

Timing chart

D Q

CLK

Q>

Qs

I—(—




Standard gate logic IC packaging

Full pitch Half pitch surface mount

T I O I [
74HCTO4 - 6/1-NOT

[4 [ [ [ [d [o] []

C D D
D
A ij L?j GND

[T T CF BT T B T

7400 Quad 2 Input NAND




Mounting of logic ICs

Surface mounting

Wire wrapping




7.3 Implementation of logic gates

NAND gates
Ve 1VCC
T, T
i
O—e —0
Ajp out Bin

4' 13

T, j |
(a) (b) V

TTL (transistor-transistor logic) CMOS (complimentary MOS)



7.3 Implementation of logic gates

¥~ Draftl.raw

LT Spice
simulation

10ms

14, nand.asc

< PULSE(5 5 1 20n 20n 2m 4m 10)

tran 0 20m 0 1000




7.3 Implementation of logic gates

\oltage levels diagram

Output Input Output Input
5.0V . 5.0V 5.0V 5.0V
T 4.95V I |
1.45V
H level Vo Vi Voh
l 3.5V
2.4V }o04v
72 oy  Noise margin
Noise margin 1 5V
\ 0.8V
0.4V 0.4V
! TV 1.45V
Llevel i Vo V! 0.05V Vol
1AY oV 1Y 1AY4

(a) TTL (b) C-MOS



TTL logic family evolution

74 Series

Bipolar. Saturated BJTs. Practically
obsolete. Don't usein new designsl

&

74S Series

74AS Series

time delay. Practically obsolete.

Bipdar. Deep saturation prevented by
BC Schottky Diode. Reduced storage-

&

Innovations in IC design and
fabrication. Improvemnent in speed and
power dissipation. Relatively popular
Fastest TTL available.

74LS Series

T4ALS Series

74F Series

Bipolar . Lower-power slower-speed
version o the 745 Series.

Innovations in IC design and
fabrication. Improvemnent in speed and
power dissipation. Popular.

Innovations in IC designand
fabrication. Popular.

_________________________________________

Legacy: don't use

INn new designs

______________________________________________________________________________________

Widely used today




CMOS logic family evolution

_Obsolete

: 4000 Series i

[y, General trend:

— @ — < Reduction of dynamic losses through
acseies | Successively decreasing supply voltages:

[oramar | 12V - 5V —> 3.3V —> 2.5V — 1.8V

i | Replaced by HC/HCT family.

 [Ere ™ | R - CD4000 LVC/ALVC/AVC

7AHGHCT Serios  Power reduction is one of the keys to
s o e T progressive growth of integration
T%t voltage levels compatible with

< Y 3 \Y

T4AC/ACT Series T4AHC/AHCT Series BiCMOS Logic T4LVC/ALVC/LVIAVC
CMOS. Functionally compatible, but CMOS. Improved speed, lower power, CMOS/Bipolar. Combine the best CMOS. Reduced supply voltage.
not pin-compatible to TTL. Improved lower drive capability. features of CMOS and bipolar_ Low LWC: 5\VI3.3V translation
noise immunity and speed. ACT inputs power high speed. Bus interfacing ALVC: Fast 3.3V only
are TTL compatible. applications (T4BCT, T4ABT) AVC: Optimised for 2.5V, down to 1.2V




TTL
LOg-h, TPD Trise/fall VIH,min VIL,max VOH,min VOL,max NOIS?
Famiily Margin
74 22ns 2.0V 0.8V 2.4V 0.4V 0.4V
74LS 1| 135ns 2.0V 0.8V 2.7V 0.5V 0.3V
74F "| 5ns 2.3ns 2.0V 0.8V 2.7V 0.5V 0.3V
74AS ' | 4.5ns 1.5ns 2.0V 0.8V 2.7V 0.5V 0.3V
74ALS ' | 1lns 2.3ns 2.0V 0.8V 2.5V 0.5V 0.3V
ECL 1.45ns 0.35ns -1.165V | -1.475V | -1.025V | -1.610V | 0.135V
(4000 N[ 250ns 90ns 3.5V 1.5V 495V 0.05V 1.45V
y 74C (| 90ns 3.5V 1.5V 4.5V 0.5V 1Y
| 74HC 1] 18ns 3.6ns 3.5V 1.0V 4 9V 0.1V 0.9V
T4HCT : 23ns 3.9ns 2.0V 0.8V 4 9V 0.1V 0.7V
1 74AC 1| 9ns 1.5ns 3.5V 1.5V 49V 0.1V 1.4V
1 74ACT ! 9ns 1.5ns 2.0V 0.8V 49V 0.1V 0.7V
J4AHC o | 3.7ns 3.85V 1.65V 4.4V 0.44V 0.55V
7
/
y




7.4 Circuit implementation and simplification of logic ope

Truth table — Simplification — Circuit diagram

Visual method: Karnaugh mapping
Quine-McClusky algorithm
Product of all the logic variables: canonical expansion

Simplification

principal disjunctive canonical expansion (3= IN7EFE%E EFR)

Y =) ] gia)

i =1

Ex Y=A-B-C-D+B-C-D+A-B-C+A-B-C-D
Y=A-B-C-D+(A+A)-B-C-D+A-B-C-(D+D)+A-B-C-D
—A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D
+A-B-C-D+A-B-C-D

Or in binary: Y =0011+1111+0111+1101+1100+1011



Quein-McClusky algorithm

Classification
with the number

of 1

Y =

Y

4

_ 11+110 +11 1

0011
1100
0111
1011
1101
1111

First simplification

/4

0 11
011

110

111
111

11 1

11

- smallest

1n
110
11 1

_11+110_

0011
©

1100 0111
©
©
Final form

1011
©

1101

©
O

1111
©

O



Wolfram Alpha

g} Do you know Pro?
g

See what you can do with Wolfram|Alpha Pro »

% WolframAlpha sz
‘ (A and B) or (A and not B) or (not A and B) 8 ’
= O == 4 = Examples =2 Random
nput New fo
(AAB)V(AA=B)V (= AAB) Wolfram|Alpha?

(AAND B) OR (A AND (NoOT B)) ORr ((NOT A) AND B)

Truth table % TéM-y ' ) ]_! ;:,‘

A B (AAB)VAA-B)V(E-AAB) .\;“\-7»‘—“;»."\1"}’1‘
T | T | E
c el Take the Tour >
F |[RESIEE
F|F |FE
Minimal forms More | [ Text notation Wo’ﬁfam Prob’em
DNF  AvB Generafor
CNF AvB

ANF (AAB)yvAuB
NOR -~ (AuB)
NAND -Arn-B
AND -~ (~AA-B)

OR AvB

e; Ve; s the logical XOR functior

i€ the Inaical NOR functine



Design of sequential logic circuit: State diagram

State (transition) diagram:

Transition

Ex) 2-bit counter with two T-FF

0/0

N0

1/0

— (@)—©—@

0/0 0/0

1/0

1/0

state Input output o . R
input x
FF output: 0 1
Q(l) Q(2) 0 2 " next 2 out " next 2 out
n o w n n Qn—l—l Qn—l—l y Qn-l—l Qn-l—l y
K A 0 0 0 0 0 1 0 0
arnaug 0 1 0 1 0 1 1 0
map 1 0 1 0 0 0 1 0
simplification 1 1 1 1 0 0 0 1
1 _ —(1)
ng-l)—lsz'SLl)—l_x n

Recursion equation:

_ —(1 —(2
1 =7-QP+QP -9, +2-Q, - Q.

0/0




Design of sequential logic circuit: State diagram

T Q| Q Characteristic equation
Q— L 010 (recursion equation)
_— 111 _
! Gl 1 0|1 Qma=e@utiQn
T 11 0 T-FF: Qn_|_1 =TQ, + TQn

Q=7 Q(” oo Qs y = 20D @

>

O,| TFF1 O, TFF2




7.5 AD/DA converter circuit

7.5.1 Digital to Analog conversion

Resistor string type DA converter

VS
n bits converter X T .
— 2™ outputs!, 2" resistors! 2"
—l_ I
]
_
-

qno_—

.

D 2"-1
input
‘/out — 217);1 VS

Input

Decoder

40— 2

q 10—

0

MOS switches J



7.5.1 Digital to Analog conversion

Resistor ladder type DA converter

dy dy dp-1 dy
________ Ve
MOS switch array { ¢ LF EH PJP
ON: VS Rf
OFF: ground 2R 2R 2R —MA\—
AP —VWV—— VWVWN— oo —
»} R 4 2R —o
2R An—l An ’/_'_
v \4
Input (0,0, - d, = 1, others=0
Vs Vs

n

A



7.5.1 Digital to Analog conversion




7.5.1 Digital to Analog converter

Pulse width modulation (PWM) Digital signal —

.. PWM signal with a counter
Original wave

> € >
R t
Triangular wave \ [
Low pass v
Analog signal
PWM
Vol
Voo Voo
TRIANGL E-WAYE GND t
OSCILLATOR . C{}l.u'r
GATE-DRIVE T 4
N\/V\ AMPLIFIER E} chi " 3 Voo

D-class amplifier VAJD.Dg v




7.5.2 Analog-Digital converter

Successive comparison type AD converter

Flush type

input

-

o comparator
p_» sample
and : ; :
e Successive comparison resistor MSB
>
& '
e >
= I__’
+
_I_ Y Vv ; LSB
g DA converter
Vs
R R
Sample i
and FAMAANAANA- === ===
hold %
comparators
Decoder

Output



7.5.2 Analog-Digital converter

Integrating Analog-Digital Converter

clock
b, Sample L S
in_|  and
— .V . —
hold + count L output
comparator ©
l * reset
DG v slope = &
— 0 PE= TR
C I | Vln
4 I I * start
74 R

Vcount




Filter Circuit

. .. )
A Transmission R 4 A Transmission

High pass filter

Low pass filter o
ey b\ )
) 4 )

A Transmission

4 Transmission

Band pass
filter

Notch filter




An example for retrieving data from noise

Signal with noise

Detection of
carrier




Frequency filter

Original signal

14

0.8

0.6+

0.4+

0.2 1

0

1.5 4

1.0 4

0.5

500 1000 1500 2000 2500 2000 3600 4000




7.6 Digital filter (as a digital signal processing)

Digital filtering: {7} = (20,21, )
{yz} — (y07 Yi, - )

Yn = F(xn—ka Ln—k+1y° " 7xn)

Block diagram representation of operations

X
d
xl’e‘;’D—} Yn=—axy, Z:)H_y Xn r Yn=Xn-1
(a) (

(b) ” )
constant multiplier adder delay (shift resistor)




Block diagram example

Xn » T WIS A N =
2 3 -
—4
2x,, 3%n-1 o
+
2xn+3xn—l 2xn+3xn_1 4xn 3

Yn = 2%y + 3Tp—1 — 42,3
X(z) = Z T,z ", Y(z)= Z Yn2
n=0 n=0

Y(2) =2X(2) +327'X(2) —427°X (2)
= (2+ 327 — 427°) X (2)

. H(z) (transfer function) =2+ 327+ — 4273



Feedback and transfer function

_ Hi(z)
1 — Hi(2)Hs(2)

(direct gain)

transfer function) =
(transfer function) 1 — (feedback transfer gain)
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Filter Circuit

. .. )
A Transmission R 4 A Transmission

High pass filter

Low pass filter o
ey b\ )
) 4 )

A Transmission

4 Transmission

Band pass
filter

Notch filter




An example for retrieving data from noise

Signal with noise

Detection of
carrier




Frequency filter =

Original signal

14

0.8

0.6+

0.4+

0.2 1

04+—

0

1.5 4

1.0 4

0.5

500 1000 1500 2000 2500 2000 3600 4000




7.6 Digital filter (as a digital signal processing)

Digital filtering: {7} = (20,21, )
{yz} — (y07 Yi, - )

Yn = F(xn—ka Ln—k+1y° " 7xn)

Block diagram representation of operations

X
d
xl’e‘;’D—} Yn=—axy, Z:)H_y Xn r Yn=Xn-1
(a) (

(b) ” )
constant multiplier adder delay (shift resistor)




Block diagram example

Xn » T WIS A N =
2 3 -
—4
2x,, 3%n-1 o
+
2xn+3xn—l 2xn+3xn_1 4xn 3

Yn = 2%y + 3Tp—1 — 42,3
X(z) = Z T,z ", Y(z)= Z Yn2
n=0 n=0

Y(2) =2X(2) +327'X(2) —427°X (2)
= (2+ 327 — 427°) X (2)

. H(z) (transfer function) =2+ 327+ — 4273



Feedback and transfer function

_ Hi(z)
1 — Hi(2)Hs(2)

(direct gain)

transfer function) =
(transfer function) 1 — (feedback transfer gain)



FIR filter

Finite impulse response (FIR) filter

X n

T

T




A Simple example of FIR filter

Moving average, differentiation: F.y(x,, T, 1) = (x, £ xp_1)/2

fa(en) = e (5372

i sin(wT/2)
I I |
1 = _ 1 i | | I_
085 I 7 1 os} /
0.6 B 7 < - - 0.6 -_ |Hd| _-
04r e 1 04F -
02F .~ 4 02F -
0 L’ . : L : ! - 1 ' 1 1 !
0.5 Q2/T) 1 1.5 0 | (1/T) 2 3
| | I
== v T T T 1- -
1 = - _ o
I arg(H) B arg(H)
~ - -~ o _ 0 | -
0 = A
[ arg(Hy) 1 -
-1 . 1 1 . I
L 1 . 1 0 2 3
0 0.5 o /) 1 1.5 o (1/T)



A Simple example of FIR filter

Differentiation of moving average:
Fi=[(Zn + Tnt1) — (Tnt + Tn2)]/2 = [Tn — Tn_s]/2

Hy=(1—-e)/2 =ie ™ sinwr

1 ’_‘,—-"— 1k -
08 I 27 1 osf -
0.6_ // - 0.6-_ |Hd| _
= // . - T
04r /// 1 04F -
- y . L J
02F .~ 4 02F -
// T - .

0/ | N | L 1 | N | |

0.5 o (2/T) 1 1.5 0 |, (1/T) 2 3
| | I
==-__ ! | T 1- -

1 N~ - J

i arg(f-) DI 0 arg(Hy)
0 S
GL e 1T 1
L | 1 |
L ] . 1 0 2 3
0 0.5 o /) 1 1.5 o (1/T)



IR Filter

Infinite impulse response (1IR) filter:

Xy Xn-1 xn—2 xn—k+1 xn—k

k
In = Zalwn Lt ijyn —j Stability condition: lim gy, = 0
[=0 y j=1 n—00
Y(2) =X(2) ) az" +Y(2) ) bz
1=0 j=1
H(z Z a2 (1 _ Z bjz_3>
j=1

Conversion of z-transform: |z| > 1 the poles should be in |z| < 1



Design of FIR filter: Window function

= ) 1 < C
Ideal low pass filter G(e™7) =< Wl < .
0, we < |w| < wyn Nyquist frequency

- c v~ L ¢\ —ni — 1 _
G(e™) = :)—N Z —sinc (nw—) e T =, Z —sinc(ny.)z™"

e W WN S nm
f?(ico) o g
1 00 0o "
«>
Nyquist X
°  oefllfe j L ofllfe
T o U o
6Ll - Cut the series at a finite number

Neut = 20 (/

Ripples in frequency characteristics

w/wy



Design of FIR filter: Window function

Sudden cutting of z-transform series — Ripples

. Cut with a smooth function
Io (a\/l - (n/L)2)
Kaiser window w» = Io() nl < L,
o 0 In| > L
I, : 0" order 1%t type modified Bessel function
S N R 12 [6(e))]
1 ncut — 20
. h 0.8
|G(e™T)| - ‘
o I:> 0.6 —-
0.4 - 0.2
0.2: .

0 01 02 03 04 05 06 07 08 09 1
(A)/CI)N 0 61 02 03 04 05 06 07 08 09 1 (l)/(UN



Design of |IR filter

Transfer function: a rational function (5 BIZ;)

A way to design IIR filter: modification of analog filter transfer function

Remember: Butterworth filter

N-1
— N Wi B 7 2+ D)7
H(s)—ZS_Sk, Sk = T'c EXP [z{2—|- o }]

k=0
n—1
E(t) = un(t) Y  wyexp(sit)
- . /_ " n—1
Heaviside function h. = hi, Z wie™*
Time discretization =
with T = 1: H(z) = Wi



Design of |IR filter
1 1

Impulse invariant method: > |
s—s, 1 —exp(sg)z™
— Z_]-
Bilinear z-transform (W —¥RzZ5#7E) 0 s — ;
14+ 2~

B bo + blz_l U b22_2 S bgz_3 I b4Z_4
1l —a1z7 ! —asz72 —azz~3 — agzt

4™ Butterworth: H(z)

1

< <

I & 5 | |
1 = T | |
0.5 0.999 |- |

M | M |

0 200 200

J(Hz)
10-8 ) 1 N 1 M 1 ) 1 n 0 L 1 N 1 1 - 1 N
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000

J(Hz) /(Hz)



Digital filter design web application

http://t-filter.engineerjs.com/

Gain vs. Freq y Impulse Resp Source Code Feature Request Enterprise IR Design @ need a FIR ﬁ]mﬁ
10
M ripple bounds
desired gain plain text v || double ¥
Ml actual gain
i -0.02010411882885732
\‘- / \\ -0.05842758004352508
-0.061178403647821876
-0.010839353385338943
0.05125096443534572
-10 0.033220867678847885
-0.05655276471833828
-0.08565500737264514
0.0633795556605445
9 0.310854403656636
- 0.4244209124178415
0.310854403656636
0.0633795806605449
-0.08565500737264514
30 -0.05655276571833828
0.033220867678047885
0.05125086443534572
-0.010839393385338643
-0.061178403647821876
-40 -0.05842798004352509
-0.02010411882885734
50
£0
70
0
| TFilter, th...
20
B COs—3C Ty
-100
i 100 200 300 400 500 800 700 800 000 1000
Copyright ® 2011 Peter Isza
) add passband (4 add stopband | Ipredefined ¥ | sampling freq.| 2000 Hz | am working on TFilter2. Screenshot here.
_ desired #aps| minimum « CIC (Sinc) filters - faster than FIR for decimation
0 Hz 200 He | e 414dB [ actual #taps| 21 « the effect of quantization (fixed point) shown
: « save/load/share configuration Buy me a beer
500 Hz 1000 Hz o -40 dB -40.07 dB |7 i iasi i i
1 « resampling. aliasing visualized to support the developme

DESIGN FILTER

signal chain



Adaptive filter

. _ _ | .
INPUt | Filter with variable utput)
—> .
coefficients
/ Coefficients
correction program +
reference
Input £ i\‘[??—l] T :i[n—2]

Y z Least mean square method:
E ;-r'“\j-/‘ E E‘r‘“—“ -Z[f]
i | hill + 1] = h[l] + 2ce(l]z|] — K]

—————

Reference d[n]



Adaptive filter (adaptive line enhancer)

Delay

/

—

Filter with variable

coefficients

correction program

/ Coefficients :
+

(a) u=1X10"3m1S

(b) U =1X10"°01E48




Digital filter implementation

Digital signal processing (DSP) board

BMB NOR Flash
(5Pl interface)
For uBoot
bootloader

Up To 256MB
mDDR Memory
16-bit wide

System

] §

Up To 512MB
NAMND Flash
8-bit wide
For root FFS

A A A A

EMIFA {16-bit)

Signal Ranger

1.2V
1.8V
2.5V
33v

30
ME33174
1

Power

Management

Clocks

¢ ' Y

Texas Instruments
TMS320C6748
456-MHz CB74x VLIW DSP

(Many pins are multiplexed between peripherals)

JTAGEMUlator | Emulator |
Header

- —————MMCSD 1
~——EMAC RMIF———
-}—————UHPl————|
-t urP >

-————— L CD— P

|l—EMAC MM DI O
l———MMCSD 0———p
|——UART 0,1,2
|-————MCcBSF 0.1
|-——5PF1 0,1
|———12C 0,1

| MCcASP.
|—————eCAP-
|t}————eHRPW
|—————Time
|————5ATA
|—USB 0,1
|l———Resets & RTC———

VPIF 10—
Boot .

Config

Boot Config

SO-DIMM-200 (DDR2 Connector)

JTAG JTAG
" Header
__________ Yy
Xilinx '
Spartan-6 |
FPGA | f—
Up To XCBSLX45 |

CSG324 pkg.

Lo

11O Bank Power

|l Programmable |/ Q-

FPGAI'D
Banks can be
1.8V, 2.8V, or

/0 Bank Power

Frogrammable /O

33V

GND



PLD/FPGA with HDL

1
Example Of programmable _D 0 0~ 4 ~7 8~1112—15 16—~19 20—23 24—27 28~31
- . [ ] 19
logic device (PLD) 7 ED e ot
o o 2 F4
circuit —{= : e el
| eah
L3 53—
16
23 —b ¢
LD) LY ZQ—J
31 ; —_Q
32___
1 s B N
Example of field- : (] (] S / QT
— RO O O G O O O /
programmable \\ g crg COODO o| / E{QE
RN lfaifaFaRageatals § :
gate array (FPGA) O] ] ] %3 QOO0 S~
. — 2000000003 /=
circuit PROGRAMMABLE 300000000 g 70 BLOCKS
EageaRuaRagagaly:
3000000003
Orpeiy| — 2sesesees
=), b o
FPGA € PLD E%IQ' i 4|
5 "4
H e L,

LOGIC BLOCKS



Hardware description language, HDL

ab

-- Library declaration -------------- A
library IEEE; - ]
use IEEE, STD_LOGIC_1164.ALL; B —

-- Entity declaration ------=-=-=-==-=--
entity NAND_CIRCUIT is

port (

A : in std_logic;

B : in std_logic;

C : out std_logc

);

end NAND_CIRCUIT;

-= Architecture declaration ----------
architecture RTL of NAND_CIRCUIT is
signal ab : std_logic;

begin

ab <= A and B;

Cc <
end RTL;

not ab;

RTL.: register transfer level

Cf. SPICE



Spice+HDL mixed circuit simulation

Easier logic circuit design
POlyphOny: Python—>Verilog HDL  http:/amvww.sinby.com/PolyPhony/index.html

C-to-Hardware compiler (CHCQC) http://anvil.co.jp/?page_id=296
P

Moname - MixedTR result14 |;||E||E|
Mixed circuit simulation = & e woo
=/d| By &gl | Tlgia~O| ] 2w | 42D

7.00

=200 .00m
DAEX f-WW

-200 .00

Q.00

0.0

Q.00

4.00

o3
ol 1L 1L 1L 1 riri
4,00

d4 |—| |—| |—|
ISl"ﬂ'jal ' | ! I ! | ' |

0.00 Z25.00u 50 00u F5.00u 100.00u
Time (s)

MixedT R result10 ] MixedTR resultl1 | MixedTR resull2 | MixedTR resut]3  MixedTR resultl4 | a0




Overview

Electric Circuits: Treasury of Languages and Concepts

Concept of lumped electromagnetic field

l \ Metal

Lumped constant - Semiconductor
circuit _ _
designability Classical mechanics

Linear systems < _
Quantum mechanics

Non-linear systems

Concept of distributed constant circuit

Z-transform

Noise
Signal

Sampling —— Digital

Real electromagnetic

_ Information theory
field
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Problems for the final report: 1. DA conversion circu

(1) Let us consider the following resistance ladder DA conversion circuit. The
right end is a bit different from the one we treated in the lecture. Calculate the
output voltage V, for the input {d;} (k = 1,---,n).

Vout

(2) We have resistors with values {R,/2*} (k = 0,---,n), and Rg, an OP amp., a
standard voltage source of the voltage Vs, n + 1 n-channel MOS switches, n + 1
p-channel MOS switches. With these components, design a DA conversion

circuit which has the output

Rf & k - -
Vout = _VSEO Z di2"  for the binary input {d}.

k=0



Problems for the final report: 1. DA conversion circu

(3) We have capacitors with values {2*C,} (k = 0, ---,n), a standard voltage
source of the voltage Vg, n + 1 n-channel MOS switches, n + 1 p-channel MOS
switches. With these components, design a DA convertor circuit which has the

OUtpUt v n
_ S k
Vour = on+l _ 1 deQ
k=0

for the binary input {d,}.
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54 =KX RA)RD X,



Problems for the final report: 2. Distributed constant

Consider the above circuit with L, C infinite repetition to the right and the
Inductor L/2 at the left end. Obtain the transmission range and the attenuation
range in the frequency domain. And what is the total impedance from the left
end for the frequency .
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Problems for the final report: 3. OP amp. circuit

We have the following components:

4 high precision operational amplifiers,

1 high precision Zener tunnel diode with the constant voltage 2.5V (this diode
provide precise 2.5V for the reverse bias).

With these components, design a circuit to measure the electric resistance of a
sample at low temperatures. The shape of the sample is shown below:

\oltage \oltage

t < >

Current Current
—_— —

(a) You can add any passive elements (resistors, capacitors, inductors).

(b) The power supply for the OP amps. Is ready.

(c) The sample resistance range is from 100Q to 10kQ2, lower than 50kQ
Including the contact resistance.

(d) The offset voltages, the bias currents of the OP amps. can be ignored. No
need for the offset cancellation circuit.
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a1 = 2exp(—mgoT) cos(2m fo7)
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Problems for the final report: 4. Digital filter

o191

a1 = 2exp(—mgoT) cos(2m fo7)

41
M‘ ‘i M as = —exp(—2mwgoT)
aq b
Z—l

! by = —2cos(27 fo7)
T 1 — a; — ay
—< i@ C
a, 0 2 —I_ b]_

(1) From the above diagram, write down the relation between the output
Ynr Yn-1,Yn-2 and the inpUt Xn» Xn—1,Xn-2-

(2) When the coefficients a4, a,, by, ¢y satisfy the above relations, obtain the
frequency characteristics of this filter. Draw a rough sketch of the graph
for 20g, = 10/, = fs.
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Problems for the final report: 5 Discrete Fourier Tra

http://kats.1ssp.u-tokyo.ac.jp/kats/electroniccircuit/report/reportdata.txt

contains data of 4096 points. Each line has a point in the form x f(x).
The separator between x and f(x) is TAB (ASCII No.9).

The data are signal responding to an excitation with a particular frequency.
Hence the signal has the same central frequency but the amplitude is not
necessarily constant.

(1) Apply discrete Fourier transformation (DFT, practically fast Fourier
transformation) to the signal and extract the central frequency from the
main peak.

(2) Carry out DFT to a window with a shorter period (256 points is
appropriate) and obtain the amplitude of the central frequency component.
Shift the position of the window with a step size about 100 points. Plot the
amplitude as a function of the window position.

You do not need to show your program codes for the analysis.
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Problems for the final report: 6 Impedance matching

In amplifiers with FETSs, the noise matching condition, that optimizes the noise figure,
usually deviates from the power matching one. The impedance conversion circuit
shown below thus converts the transmission line characteristic impedance 50 Q into
800 Q. The input to FET also constitutes a resonance filter for 80 MHz to 90 MHz.

The coil in the left has a tap at the winding
. number N; in the total winding number N..
The central frequency of input is 85 MHz,

INZ —C goo(y  the resonance width (peak width at half

L
505 N, (I:T height) is 10 MHz. Calculate C, L, and the
o O ration of N; to N,. (significant digits =3)
Assume the inductances are proportional to
squares of the winding numbers.
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