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Chap. 2 The pn junction
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- ARz o

T2l (Cu)& Xt

%3 ZH(neutron)
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Al(Aluminum), 13% Si(Silicon), 14¥H P(Phosphorous), 156" | 2, 8§, -
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Chap. 3 The diode as a circuit
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O 314 (load line)

L E D)
R

R F2 AFR(H G Aol = 2 §o

.
et lDi Vo
Al Al Al
E/R E/R load E/R
load line
line Q
I
|D Q |R 1/RL
> V >V >V
Vb E VR E Vx E
>V
O ¥ A H7] (Half-wave rectifier)
elt) elt) A

e(t)

\{

R | > i
it) i =5 ®

+

¢

—
v

- I » t ‘
VR (t) Vi (t)T
<e(H)FlFo] F w> <e(t)zlF o]

e >



O &34 293

ripple voltage

) RE Crm V)

- AR A9 GBS Zo BB 8 AR BHE AT
3 O
==

(ripple factor):

Vop
r=7pdfcx100%

— PE&o] 09 9 oA de WY

O A" FFH7] Full-wave rectifier)

1) golo= 27] A& (center—tapped transformer AF&)

Dy

Center-tapped transformer full-wave rectifier

2) tole.= 47 Al (Bridge3| 2 AlE)

Full-wave bridge rectifier

Conduction path for the negative region of U



Chap. 4 Bipolar junction transistors

B BITE 3 ol&

- BJT: 2709 pnd &< 713 3ekA} wh=A A%}
Emitter n n Collector Emitter N
(€) P (©) E ©°—1 P b
Base (B) Base (B)
) V ° ) ﬂ; ©
B < npn transistor > B

- o E(E)-Hlo]=(B) Heol wrtolof=d
o= FAt,

A E(C) Aol Aufoloj~d wj:
B 2 © g 3ZE (drift)

- o] =(B)- R

Collector
(C)

< npn transistor >

olm g e v o]l AA)
Hloj o] A (22 oJuHE SHik(diffusion)
e Cdxh7E A9
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] P n P ooogo.(:x E ! / C
| B | e (@] B
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| | |E c
E <& < C E 5 L c
VEB L VCB VEB VCB
(input (output (input # | (output
voltage) B f lB voltage) voltage) B B voltage)
- - -0 o -
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- olFHd R SHFZIHAF #A:
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- i le E
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a _ B
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<FE-olME FH5HU,=BL)>

2= (mode) |E-B #}o]oj2 | C-B nlojojx = 3 o g
2 (active) Srpojoj & oI pjo o] Vi =07V =%

3 sl(saturation) | <=HFo]o] 2 Z=njolo] 2 V.y =02V | tx=(S/W=0N)
Aeutoff) | Aulolojs | eulolojx | I=1Iy=1,=0 | A =(S/W=OFF)

<

o
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- TE-AYH(CCO) EWRALE: g2 o] A (B), =2 oMH(E)

Vee =
- VCB+VBE - VEE + = VEE
€ + L - |- Output
Ves ——  Input Output Ves 7 Input voltage
+ voltage voltage - voltage
o4
<npn > — <pnp >



W Y}o]o] A(bias)3] &2
= FE-H|o] & nlo]o| 23R

<npn>

P npn CB H}o]oj 23] 2 9] &) Ak

Ve =07V (Si), 0.3V (Ge)
Iy= (L27‘_ VEB)/sz

Iy =1

Vep = Voo 1o Be

. 35-olvE) npolojxz

| C ¢
R
Rg R C .
\/CB +
_ — V¢e
" Vee )

ls  Vee _
—  <npn>

P npn CE ulo]oj 23] 29] &2

Vpp=0.7V(S), 0.3V (Ge)
Iy= Vee= Vi) Ry
Io=pl1y

Vep = Voo 1o Re

— 4 A 4-10

- FE-ZYE wpoloj23 =




» npn CC npojo] 23|z o] a2 HH

VeV,
]B: cc BE

Li=B+1) =1,
Ver = Voo 1 Ry

Ve =07V (Si), 0.3V (Ge)

Ry+ (B+1)R,

m BITYHE(EAA2E 29x)
- EdA A E UAE =g3Ee A29AsEEE e ALE
- EdlRAH OB H(EE ~93%])

— 9 A 4-12

Sl BT 2= =9
low (0V) 2 (cutoff) high (+5V)
high (+5V) ¥ 3}(saturation) low (=0V)
|
c 4 Saturation |
Veo/Rg 8
|C(sat)
Cutoff
¢ » Ve
- ke Voesan =0V Voc
- 231 " Aotsar) = Veo /RC v sy = [C(sat)/ﬂ: VCC/(ﬁRC)
— oA 4-16
m QX EA S ERAXLH
220V (ac)

Q
. Saturation

S/W ON

=1 il
Cutoff
@]
S/W OFF

<BJT¢ ~9% ON> <BJT¢ 9% ON>
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Chap. 5 Field-Effect Transistors
m JFET

- JFET®] &7 nAd 2 pAd JFET

o)
source (S)

o)
source (S)

<nAd JFET> <pA'd JFET> <nAd JFETE] u}o]o} x>
» nald JFETS =d9l 54
(@) Vge=0Vd o Vg0 S7toll mel =Dl 22097 s2e %
AgHoz F7HnAEe Aggdo=z g

- Vp't

-

ZbalE AlolE G =d ¢l D(EE
of = ela} A Abo]o] I Eo

Ard)Arelel 49
=" ] %O]'%]

G ov ov _
H E — Vos \/GS =0
=10V
av ¢‘D
s ov
L

(b) Vpe?t Vp(pinch-off voltage)d W] adZo] Hujgt FolxA Fasl= HiF
g ARk
— VpeZt VpET HE <

S/t E A ES A3 00] HA Kt L,E o
AatA FAE. olwe] AFE E3HH F(saturation current) g2t
(b) Df Ip
4 ()
\ VGS =O
7' Vps 2 ‘V‘ Toss

(a) —

» Vpg
Vol
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AT

(d) Vyg?t Z7h5Hel mheh AQEe FobAn] V=0Vl w moh we] ol
e I, =

3. — EHAS} Vg B Aow, 23AF L) Ighth A&

24 I bss
i f Vgs = -1

» Vps

= VDS (sat) ‘Vp‘

A 5= 29 56

() Vog = =2V, =3V, —4Vvd W& 233 A
=+ ohmic region®| 2} &t

- A3 g o9& voltage-controlled-resistance =
- 39 9E pinch-off, active T3 saturation regiono] &t H(FEol| AL&)
- 1,=0%1 39 9<S cutoff reg10n0]E‘r 3}
* 2pek(eutofD D AN Vgeuron = Voot B3 Vastutorn = Ve
Ip
/ Ohmic region
Ipss T Vas =0
=12m Pinch—off region
-1V
VGS cuto =4V
/ v e
- 'p
=
2 » VDS

‘Vp =4V \ Cutoff region
<nAd JFET?¢ EA>

» pAld JFETO 74 % =< 54
Ip
/ Ohmic region
| DSS Vgs = 0V
— Vo =12mA Pinch—off region
+1V
VGs(eutoff)
+2V = +4V
+3V i
~Vps
— Vp=—4V Cutoff region
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- JFET9] 7%
_TD _TD _TD
1T 1, T

<n A JFET9 7]&> <p A4 JFETY 73>

L

B MOS(Metal-Oxide-Semiconductor)FET
O Z7}3 (Enhancement type) MOSFET

drain (D) silicon dioxide
induced
n channel
- SS SS
ate substrate 7 l—o
Q(Gt) ; I—O ?StS)t Vas A electrons
soure (S) =
<nid F7FIMOSFET> (a)
(a) Vgst A7}, Vet A7bebA e
* Vg7t §7P0}‘¥i %ix}ﬂ AClE(G)E Eo nxide] I
— =YRIMD)Y &2 (S)FFe] Astols TEE A
tnAE o] A& AE 7] Al FFskE Aol E

— 74 Al ¢ (threshold voltage) Vi, 3]
At VGSO]E] gukd o7 1~3VA LS

(b) Vg B Ve 25 A7
« Vot & wl: Vo7t Z7hstel whel nAld e Aoz s AFsr A8

[€)
o=z F7}
* VpeZb 2 Wl 2] AdFo] FordA AEde S e
SHA A

 AEE A Vg7t SRS E Ve FAoMAER = o] A
o] Fobf
o) Veg=10V, Vpg=3Vol¥ V,,=10V-3V=7V
Vyg=4VolH V., =10V—4V=6VolH

}H

— VeoZb & Ve, 2V)ol o] Hojof Ado] ¢4
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Vgs =10V

» Vps

induced
p channel

SS

<pAld S7Fd MOSFET>
- Z7}8 MOSFETY 71&
I_TD
e o
G HOS

S

<nAg F7F¥ MOSFET>

| o [mA]

/ Vgs = 10V
16 T GS
/i
9 E 8V
! 6y Vgg= 2V
[}
]

D Vipstar) = Vas— Vp (dl, 10V=2V=28V)

/ Vgs = 10V
16T / GS
9 _8\/

-6V Vgs =2V

4 ys
1 —4V;

» Vps

<= 54>

<pAE =78 MOSFET>
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Chap. 6 Amplifier characteristics
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Chap. 7 Small-Signal Transistor Amplifier
m A

- @ BJT ¥ FET 2235FZ7)9 4 2 EAS

of

=]

B

 BJT%3%7]: CE(common emitter), CB(common base), CC(common collector)
e FETS37]: CS(common source), CG(common gate), CD(common drain)

O Hfolo] A9 EA

=

2
- Hpejol =9 EA: FHT £ 9=

Y
)
B
zd
CQ’
I
o
_l’_
N
@,
=
&
l
5 -
N
L
o
@)
oX,
g
lo
fr
T
z
o
2
[>
2
]
o,
o

LA~ R |
v, 4 .
o] maximum

output voltage

'}
/T A
\'/ bias voltage

minimum
output voltage

»

- vlojo] 2 gfo] A ™A Kot EH o] 28 (clipping)= o =¥
\ \ Vv
N N 2
VMAX [7 VMAX

VB

g A

R VTN — V MIN

<VpZb vus & 9> <VpZb vus 22 d>

o 23 A A EH (coupling capacitor)
- 3719 o8 = E89dd dedFe A (blocking)dkal acd F R A E S
Al A AFAAAEHEZ AFE (ac2 T, dexbdt)

— blocking capacitorgti1 %= H-&

Vslr\ Vi % Vo [\j VLV\

coupling
L capacitor
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<CB+4>

Re ac equwalent +
Vo Vs Re Rc
VEE L _
3

e —>

<CBZ£7 18 2> <CB%%7] acs7t3 2>
— acHA S Al dedEAA V= V=0, AHAH ©=H(short)
iS—) li) iciic practical Lo —»ic
equivalent
Sl f S | f
Vs Vi ZRe Zre . fc ZRec Vo ﬁ> Vs Vi re olg Rc Vo
T T YT 70 7 1L ]
T T
<CBZ%7] 221355713 =2> <AAA CBSE7] 2AE3=2>

O
@)
g
o|\
N
N
o,
b~
>
fol
td
i)

<CET4 BJT¢ 9&83 2> <CETA BJTS <AHH

o tVoe

Ry
[P
2
fol
b
1
V

R, Re=FRi//R r=Rc//RL

r's RVL + | 1 ? Bl T: +
Ro Re - - r
Fin

Vs

|||—q

o Tout

<CEZ%7]> <CEZ%7]9 ac 57I8 2>
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<CCEZ7>
— | A]) 7-8, 7-9

¥ BJTSZ7]9 EA4u

rS B Brel E
AN o—
—» o |e +

T 1T

1 \ —l— 1 1

fn T Mo lout

<CCEZ719 ac 5713 2>

CB CE cc CE with Ry
Mol s A, ol (H]RkA) o (uk) ~1 ("]uk) & (9rA)
AFoE 4 ~1 o o o
Aol 5 A, = o A o
qG A 1 & = ol o
=94 g, o = e o

T AE ok H 32 o] &
W JFET T&7]9 &A% 34
% B]JT % JFET TZ7| 74 E 14
TEIY] FH
BJT CE ccC CB
JFET cs CD CG
Ay A, 40 o A, =1, A o A ), 4,=1

54 |R: BJT %, JFET o, R: R: o, R: & R: %, R:

GAF LA FE AL W 2 AL gEoR AME S
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Chap. 8 Ideal Operational Amplifier Circuits and Analysis

B o473 AAZEZ7)(operational amplifier; OP amp)

- o]A4 OP ampe +*%
« F Y As A" g he 28-S A=
_‘_’E

Hel e H7I(HA e el +V R -V)

A A (direct-coupled) =% 7]

v, © B vy =0 (BAD |v, = Av; (FIREA)
A >——o0 v, =AWV —v,)
v, o——+ vi =0 (FAD v, =— Av; (FFH)
- o]44 OP amp9 54
DR EEINE RS EERCIELE P
SEERETLEEER @ wavel Fae)
0§y FE7]
R/»
AN\~
R, v, >
v, oA -
—> il i A ——0 V, :—Avi
v, =0 )
c v =0°1B% ¢ = — Av;, EE v = —v, /A

# oldH <l OP ampi= °l5 A7F F3the]22 ¢~ = ( (virtual ground)

 oldHl ojER T =
c iy =1 °OJER Vi Y _ Y Y
R R,
c o —golme Y Tl g | % Tl
' R, R, v; R,
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)

i _Vi

o

2 A=

=

= v, °l

0O A <E =29 (voltage follower)

—e—0 V, =V,

ey

olo

¥ 3 (buffer) & ©]
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—QO V,

Njo

099 A4 574

2714
A A 7138, +VEk=}o

1
-

* OP amp

=
=

VA

ot
T
!

fi%e)
.EU
2]

o

;O._

T
!

l/supp/y

o A}

-
T

l

(o]
= =0

&

P A

7Vl A B ool A 2

W] bl 2

\

/|

|/suppl
+V

|/supply

L

%

I\

L~

coupling capacitor

"\

J
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B AY Y, B 2 2AYY

o A< 7H4F (voltage summation)

. i :
4 R » <«
I , Wi
LR -
v, AN - ; l.
i R ——0 V,_
5, R .
V3
%
(1) ¥+ FE719 35
LMW U U e (R Ry R
Rl + R2 + R3 — Rf s B UV, = R1 v, + R2 Vg + R3 U3

R
. Rlsz:Rngo]th— UOZ__R‘L(U1+UQ+U3)
» Ry=RolW v,=— (v, + v, +vy)
« WAAF Re=R; | R | R || R

(2) BIWEA FZ&7]9] A5

i | 1,~?:o:i1+i2+i3:%+%+%z
. /U;r = Rp . 7’p
2 R\ R R R
° - —‘L +: _L _ P " ake’2
K (H jo”l (” Rg)(Rl “TRTR ”3)
— oA 8-3
O A4 74+ (voltage subtraction)
W\
R R
v, 0—AN v |-
R + —e—O V
v L
R2
© FPRYE Al WA v, =001 FH vt = RITRZ
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R R,
o T 9lHo] TAlo 17} wH = [14+=2 | —2 | —| ==
T A ] [€) ] ] }Q U{,1+UUQ ( + R3 )[Rl‘{’szvl (R3 ij

« RR=R;,=Rol3 R,=R,=AR°IY v,= A(v,—v,)
— oA 84
B A A9d 2 AF4
- OP amp& AF&3 Ak 2 74

O A¢Ae] AYg(voltage—controlled voltage source; VCVS)
- ol4H vevse a7

(i
L)
2
A7
flo
2,
2
2
B
>,
zl
1o
ox
N
=
=
N
I
e
=

O AgAe] AFA(voltage—controlled current source; VCCS)
- ol4H veesel 27

Al LA
I, —
; AWy )
- R, [ =
L
v O_/\/\/\l R,

VD

~
O
=
o
1o
:OL_‘,
o~
I
o~
_|_
W~
ke
rlr
o
I
_|_
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o« HotEy Txo =g V_:(RER)VO: I/;/Q

Vi=V,=V, 2052 [ = i

O AF Ao AY<A(current-controlled voltage source; CCVS)

- o247 CCVsel a7

D AL AN A
@

o Vo VW
R 2R R 2R R
AF 2719 A0 W, V= kI
WA~
R, R,
p— v ——e—) V}

—eo—O Vo:'[iR

< CCVS 3= 1>
(1) CCVS 3= 1
c Y MERACEE V= — IR
(2) CCVS 3= 2

R

. V+:]Z,RSO]EE [/;: (1 —|—%L)V;+ = (1+£L)sti
1

O AFAS AFL

o] F# CCCSe 8.1

) EY%

c Vo= —LRCIER [ = (0—1,)/R, :]Z'RZ/Rl

« KCLol 98] 7, =L+ olmz g — 1B
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Chap. 9 Frequency Response

)
Lo
)
N
re
=
i

response) ©]
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S-S (frequency response)
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- =Z719 APFAQA FI37-8H(frequency response)

st Abd3k=(lower cutoff frequency) f; :

4 owband

midband

& »'
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2 92359 X]E(Jil‘c
7} (phase angle)®=
Z# 9] 9)4}o] % (phase Shlft)% 9178 = (phase

highband
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'
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T

ol 5 0] F7he)

wHl 1/y2 = 07078 7F & v ol A ¢

)

o>
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=
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o
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= fi R fr¥
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})(midb(md )
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= v

R fpelde] =9 %
V2

2

BW=fy— /1
el =2 A (power) : &9

/R [W]

el Aee kool

2 323} 4= (half-power frequency)}il®=

oA 9-1)
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B A2 (Decibel) @ 2EIAE

O A ¥ (Decibel; dB)
e r  TIEDCEE
~ 4B Aol dB = IOIOgm[%) (714, P,
* dB = 1010g10( g?RZJ R, 3R, F
« Ry=R,=RY ™ dB=1l0log (”Qﬂ

- dB kol 5 dB(voltage gain) = 20log,, (%)

o4 92) AHol= W Hto|=e] dB F3?

i, = 0.632mA rms

—
O

150002

100Q v

R, _L
D dB #AHolE: ) _

Lj = 1010g10( ['2/ J = 1010g10( 9
T,

— 27 | =41.76 dB
0.6 <10 W
@ dB Ate|S:  20log, (%)

= 201og10(;’7f j — 20log,, (%) — 30 dB

10log,,

/ﬁ\-l
v
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(UQ/ Uy )

dB= 20logy, (vs/;)

(vy/0;) dB= 20log,, (vy/0;)

0.001 -60 10 20
0.01 -40 100 40
0.1 -20 1000 60
1.0 0
O ¥k d4(Semilog) ¥ WF-dl(Log-Log) A%
- 8 g 3 52 g (log)ol il e & A= a (linear scale)
gr-dg: & 5 25 g9 o (og scale)
Log scale Log scale
10 100 1k 10k 100k 10 100 1k 10k 100k
A A
v 4 3dB 3dB
2 100 R 3
2 707 s \
5 n
@]
% 50 ‘; I A A A N A S WAt ) \"
0 > 0 >
f Ty freq. f, Ty freq.
< Semi-log plot > < Log-Log plot >
W 3E AGNES 2 AFTE SF
- 2ZI)eA 9 BE FaFaes AsgRd 482 Ad9 AvAE s I
o yro
= — =
— FE709 918 9 E9 A% ANAdaT) ool DT (fo A7 )
input amplifier output
coupling capacitor coupling capacitor
\ > ¥
il f
VS Vi RL
< g9 23 AAEE > < &9 243 AsAe 2 >
0 3953 RCH 2
1| .
S b
Vi © R Vo R 1 1
o - v, = s v > 047] }\1 X = =
o o (R—jXC) i ¢ wC T 2nfC



R

R v, | = 1

vl = VR + X2 ol = VE T w0 T Vit WwRC)

|Ui|

1 1
w=1 RCO]D:] |’U|:7|v|:—|v|20707|v|
/( ) o ¢ \/H—l 4 \/5 ? 1
% 3= AuFEgi o o L me =L
Y~ RC 2nRC
» AE FAFEA
VOA/:/ VO‘(Vi asymptotic response VO/:/"\ (dB)
3dB
1.0 1.0 X 0 v
% 0.707 o 0.707 o ___+_ _____ /(
a 3 5 -0}
2 8 actual 8 actual
g o 0.1} response g -20 response
5 3 © 20dB/decade
B —30 - 6dB/octve
0 ‘ {001 | i -0 P
0.1% f, 10/, 0.14 f, 10/, 0.1% f, 107,
> A5

« 08 S 0olg FAS WLy, =0°) v, 9 A%

Ly, = —tanl(_gc)—i— Ly, = tanl(%j = tanl(

cw=1/RC=w,AFF35)d w Lo, =tan ' (1) = 45°
— 2F g A g, o FS v, o] 1R 45° S (lead)

cgAFE ol wE 8 A Lo, = tan (f/f)

- QEFRE fo02 W Fe] 9F Lo, = 907
o 0°, f=£Y W Lo, = 45°

wRC

VAR an
900 4 900 A asymptotic response
—45°/decade
45° 450
L \ .- 0 .
0.017, 0.1/, 7, 107, 0.017, 0.17, 7, 107,
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D 98 2% AGAEEA 98 WY FHr $7
r.
« YAk v; = - v AN x,—_L 1
T (ﬁ—vﬁh)s AT WG T /G
C ARFRR g, =L mE f=
L r.G 27r; C)
CAEAY A=
7 " 1
| v; | —— |5 | = — = |vg | = = | vg |
i+ X¢, i+ (L/wC) 14+ (1/wr, Cy)
C AR 94

L e
Lvo tan (R +L”UZ' = tan R = tan wRO

> 224 17 Y AS

r, C
+ +
r,
Y V. !
N
_ l T rif (r;+r,)
- V= U, = : v
L L ! 7“i—i-7“$—jXC1 s l—jXq/(rZ-—i-rs) s
ST . T
- A E: v,|(r+) ! | o |
sT T 1
'+ wg

wy= 1 T
£ (T/+r5)q
- AR 9
—1 _X,l 1
Zv; = —tan + Zvg = tan
r,+rg
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o) _ 1o ] Lol :[ L g A e weshor)
| vg | | vg | [ v | TS+ri)|vi|
_ 75002 N lv |l . v
90_(1509+7509) 0, | Sl o
- 1
_6‘;/—_;_ ~ T;]—ZT 2= — p—
@ oS ARTAT L= S arrrmol0sE oM
® 3= AekFasel Aol dB Aol 5
S99 dB °l5 9] 20log,,(90) =39.1dBe] 22 2}¢k dB ©] 52 3dB o}
o]B® 39.1 —3=36.1dB (%X 20log,,(90/v2)=36.1dB )
2) 29 A% AAANE2I A& WY Fos §F
CARERE L, EE [, = 1
L (r(1+RL)Cé L 2 (T()+RL)Cé
YUY 2 Y 2 AGANE2T BF S WY FoF $H
o o g 1
- 9 AY A E e o3 FHFEus o f =
H H %'LH ] Oﬂ '/]-6_ ]— T'J’]-T fl 27T(TL+TS)Q

—_

o =8 A3 AAE 2o 93 AIdFab =
= = e % ] ]-/] ]’ "l“'q'"l" fz 271'(7“ +RL)CYQ

P+ — =0 (%20
—folm f, =155f

fi =
fi=1s

Ak fiake] BA:
Uﬂ fL -~ f2 ’

SR
— 1< fy©

o) f,=10Hz°l3 f,=100Hz% we] T3 54

v,/ v, (dB) f,
A v
o 20
8 20dB/decade
D 0
28]
© 20
40dB/decade
-40 > f

1

10

100

1000

» AA ] ADFEAS £ 100HzS AL

» f,= 100Hz¥

— oA 9-7

l

017,

= 10Hz¥Y

o] 129°,
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- WY ANAELEE pn W, F AT Aol 2 AHT mA

o] = 714 A A Y ~(stray capacitance)z} St

V. —1

C Vs o
- 1 zw{—ﬂi%,ﬂﬂﬁ%zl L

R—jXc

wC ~ 2nfC
Yo _ — 7 X¢o . 1 o 1
v, R—jX, 1+jR/X, 1+4+jwCR
| 2| = =——
Ui 1+ (w/wy ) 1+ (f/f4)
wyi=1/(RC) B% f,=1/(2rRC)°1W, |y, | :% lv. | =0.707 | v, |
HO4E ARFEINE = EE f=
A7 RC A7 2rRC

» 9

£ (v,/v;) = —tan” (w/wy) = —tan ' (f/f4)
w=1/RC=w,(AFF35)d o 2 (v,/,) = —tan ' (1) = —45°
— ATl g o 9 4o YR 45° F A (lag)

<L 2~
DR

f=0d W Zv,=0° f=oc0d W Zv,= —90°
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Vo / Vi (dB)  asymptotic response LV,

A / + R A asymptotic response
O 3dB 0 -
P NG
< 10 il -20dB/decade —45°/decade
C(S _op |response  \ 3 -6dB/octve 450
ko) |
-30 ‘
-40 | > -90° >
0.1/, 7 107, 1007, 0.017. 0.17, 7, 107,
<AZEA> <SFEA>

D) 98w JIARARE 0,9 9F
. A

i _jXQ || T; - 7'7:/(1 + jwr; CA) _ T

ve et (=iXe ) orot /(U4 jor Cy) vt jurg Gty

o T; 1 _ T . 1
Ti+T3 1+jwrsriOA/(Ts+ri) N ri—i_rs 1_’_&
Wy
| = 1 =" L
Vg T's+r7ﬁ \/1+(LL)/Q)A)2 TS+Ti \/1+(f/fA)2

- 1 I
- T pp— RS —
TR 0= TG, ST N FaTe

o A 2 (v/v,) = —tan "(w/wy) = —tan” '(f/f4)

2) 28 WEAANEE e F

1
277(7“5 || T )CA

§ ~ S =] ] == ] A 1
o Y9 HEANAELE Cgoll 98 AdF a4 =
= 88 7] 3l A] ol o't AdFuka £y 2w (r, | R)Cp

o AA Y AaFaE fuae] BA: fr= (fi+HfE)fh— fifs=0 (32 C)
= fa< [fpolB fu=/fa4, fa=fp=folH fz=00645f
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A

-20dB/dec
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Y
~

i S Sa

Ts

B 2833 Miller-Effect) AR E 2
l] Z I

N 2

M—— Z,=7/1-A)

Z=74/(A-])

Av =v0/vl.

Ie——= —0
_O

R v, (1—4,) v, oy
“ 7 7 Z/01—A4) ~ Z
A
A=1-4
. v,— v v,(1—1/4,) v, v,
7 Z Z/1-1/4,) ~ %
A v Z- A,
ZQ ]‘_]‘/AU e ZZ: A —

* ATAEA C.7F dEdg

=8 Atolo] AZHAS ul
Z=—jXo =1/jwC, °|Bn=&
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B 7 = 2(transient response)
- ARG Az ™ Hx e gAY
= 93
- JESHOeZRYH FaFYYIE FFT F U=
1) A9-&33 =2
Vi
A O VVV——2
E * R
v, —,_|:c v,
5 >t O ® O
A
‘Vo/vi‘ 1.0
0.707
l— BW —>i
0 -~
fC‘
1 1
® BW: = =
fo 27T 2rRC

o 45 A ZHrise time) t,

WEt Qvkd W E

AO transient output

D E9 o] 10%14 90%7FA 9] A7

0.35 oo 0.35
=~ — s B B -~
L= B ==
2) 195332
VI \l o Vo
A A
E ¥ él i Er =7 AV
Vi R Vo f
g >t o . ‘o) . —t
vorv| 1.0t
0.707
0 > f
7,
o AI(sag) : AL gt Aagk el
sag=AV 1A (@A, e gE R Fa)
‘P

(o)) sag”} 0.180]3L f=300HzY W f,=19H=

_34_



W BITZE79 33539

O BJTSZ719 AF9SH

rs C1 BJT Amp C2
- .
_ ~ o — . 1
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- GOl AF AEFE g o 1
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- OOl 9 AU __ L
v fe 21R,Cy,
- AR ZAA AGFRE  f = f+
» CBFZ7]
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1 +—
o "/
VS RE RC RL
e —VEE = +VCC e
f —= l = 1 7
Yo2m(rg+r | RGO 2m(re+r,) G

_ 1 ~ 1
L= G R Tre v R)G ~ 2n(Bot By) G

A 9-14) rg =100, R, =1k, C=22uF, R, =10k, R, =15k,
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Yo § e Re R
R o AR A EA G AR
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Chap. 10 OP Amp Theory and Performance

D
+ O— 4\/\/\/—0 output
+
Yo
id gvd Av
d
- o0—— p—

e 741 OP amp®] 7% A = 200,000, r,, = 2MR2, r,=~ 750

B OP Amp¢] 2¥¥

- OP amp?] ¥ F2o]5(closed-loop gain) v,/v;= €4 A< sz A o]

s 249

O v|RbAFZ 7] 9] 3 =9 (feedback)

WA

R
f
R, Ry
~ oV,
J_ /\/\/\/ _ AE\/\/V v; _ .
—e—0V, - 7 Vg AVd
+
+
=+

-~ ry> R.,R, % r,<R,R, °l¥} 7t4std
R

(feedback ratio) & = R,/(R + R; )=t 9 v, = v,

- AsE
(1+48)v, = Av,

- E9A4Y% v, = A, —Pu,) = Av, — ABv, =
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v
<

v, 1+A3

v
S ARmels: Ay =0 =—A

R +R R
A=ococld ACL=L=%"—=1+7§— (o144 FE£719 A
1 1

oA 10-1) B, =10k$2, R, =90kQ23] vl

M ZE 7] 0] BT Zo| 5
sol) B=R,/(R + R;) =10k2/(10k2+90k2) = 0.1

() A=co ®: Ay =1/8=1/0.1=10

6

(h) A=10°% d: A = 1+AA[3 - Hllofg(m) = 9.99990
3
(© A=10°Y d: A,y = —2 10

= =9. 1% Ao
A7~ Ti0tq) — 00099 (1% Al

A _ ACL _ ACL
“1+1/48 1+4,/4

oAl 10-2) 7HF3Z o] 5 (open loop gain) A =10,000% H|HFAZE7]2] A A% ¥
FZo|5?

(a) R, =24k, R, =1k W(B=1/25) : A =25, Ay = 2494 (99.76%)
(b) R, =49k02, R =1k W(B3=1/50) : A =50, Ay =49.75 (99.50%)
(c) R, =99k02, R, =1k W(B=1/100): A =100, Agy =99.01 (99.01%)

# A9 7t 255 ATz S| o4l
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O WHAFE7]) 9 ¥ =4 (feedback)

U; v, — U,

. i _ 9T = olm 2 Ui ) _ Yo Yy
R R, v = vy/A] R, AR, T AR, R

_ _ R
L 1y /B, (A= W Agy=—"L)

v, 1+ (& +R,)/AR,
.+ AEE B=R/(R +R,)OlBZ (il

A, 14+1/48  1+1/48

2
WE,
=
=
rN
ol\
e
N
1o
)
rlct
o
rlo
oft
ne

O ¥d dHAF(ASS S AFZ 4943
i —> il—>
N\— W\
R, izl R,
_ r,
v, ) —o
F» Viga V, Avd
Trin r’i +
o <A FE7]>
v v, —Av
. © le sl ;o i d
KCL= Ab&std 4, Tiq R, +r,
o B} v, 14+ A)v, Av; v, : R
e Ao g o LA A R
Tid R+, Ry i
) R : :
« JEAG . ~ Rl+_LA — A=oc0d W r, = R, r, = 0(virtual ground)
O 8d S894%(SARS 58 AF= =9AY)
. . r, T, _
« FEAY ~ (AIREA 3} F D3

ot ™ 1+ AR~ A

= LSS e

oAl 10-3) Ry = 1.5k, R, =150k§2, A=2500 % r,=10002] REHZ

el

7]

@ FZo]5(loop gain) : A3 7IA B=R/(R + R;)
v — R, /R,

@ AFZO S A= =A< 9612

@ o AN £ QRAY: 1, = B+ L - 15600
HEL EHAG . — o = 3830

® AFE FAAF = Lo
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ACL
14+1/A45

o

Y;

Ay = actual

AB 7ol

o 5

H
W

B F3<+-8$F(frequency response)

el

O <+A A (stability)

i
NJo
70
O X

7 <

e

2y

(positive feedback) wjol Al

A
|=]

M= Ao 4

KN
=

o) = A (single-pole) & 3+ ¢

Q

RC3| =

]

o

-

O o]5-t19 % F(The Gain-Bandwidth Product)

(log scale)

-20dB/decade

=)

(slope

frequency

(log scale)

.

AN

fi

A

4 Open-loop gain

Ao
0.707A

At

A

wjr
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(e

- BUFH FRFSHS AL gt FE7)9) AT ZelSel dF AFH 3
_]

P

=1-
- 234 (cutoff frequency) f, @ A3 =& deol5 4,9 0.707w)1 F=3}5=
- GdSHEHY VIeve ma-raggeA -1
- olS-MAEH(GBP): Ay =Af, = Afy =1f, = GBP —  f, = Ay,
A71A  f, = GHo|5FIE, o]5o] 1Y wje] Fub
- HAFZAN A FH(BW,,) T o] 5-t A ZF Alo]e] ZAMA AA(F-EC Fx2):

BWey, = f,B=AfoB=BCBP (B #H2HE)

o2 10-5) %%71*‘%94 7H‘C‘JEJ O]%*EH@%%%%
o

sol) (a) B=R /(R + R,)=(10k02)/[(10k£2) + (240k$2)] = 0.04
BW,, = 8GBP=(0.04)(10°) = 40k Iz
HFIZ AFaaes dF I 9% 40kHze 2=
(b) 8= R,/(R, + R,) = (10k$2)/[(10k$2) + (15k§2)] = 0.4
wpeb A BW,, = (0.4)10° = 400kHz

¥ AEE 7t SFEFEFE S| Ao HFZY ARl STt

A (log scale)
A Open-loop gain
A, /
-20dB/decade
Closed-loop gain (slope =-1)
=1/ =0.04
(1B la B
B=0.4
2.5 frequency
u (log scale)

40kHz 400kHz \
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B &3 &(slew rate) ¥ A<sA|ZHrise time)

» SFE STHV] Ald(step) = B2FH Y AT 7kE W S Ago] W
Il ] o}

v, Mahg =L =S [

o|N

718 £F&2 FYo] M F e A Al&d

o) EF&o] 10°V/s2 FZ7]
(a) 0.1 ,usLﬂoﬂ -5V Al +5VE Wah= ¥ s R o] 5ol 19
Heol Wakg AV/At = (10V)/(1077s) = 10°V/s
— EF& 100V6s 203t E ZEago] =4
(b) Lusdiel OVellA 1VE ®ats oz 10 o5& 7Hl F3%7]
=99 W&ol AV/AL = 10/107° = 10'V/s —> &F& 232 Zo] 9=+

o|\
NI
N

s
1o
e

o

=3 Hol] Al At vy(t) = Vp sin wtd wf tol] thaf m RS dlo] -3
o] A 8} -8 A8 (H) = Vew [volts/second]

- Az £R8e Aty ASHE 21

S > 27 f, . Vp(max)

- ANFEANG 2 Fhg fo NSRS AFFA @7 0 T 24

f<BW, 2 f<S8PV,

_45_



i "J: C Ve 14 BW
- - 10% t. «>
S I 5 .

A Algar d=E e o] FHFghe] 10% A4 90%7HA] Al &= AlZE
- 9Ad=3 RCI2AA SN t,=0.35/BW
4 v; A Ay /vi
V — ?__/\/\/\/_< +: v ;f?fi ;e
R 90% 0.707
v _

d et =0.35/BW,
. LA Aey [dB]
A EL°
l 90% [T 7 3dB
v v, v
1 o E
0 > f
10% t i «—> \
> = > !
0 0 BW

Q2 X Al(offset) AF L A

0O 44 mloloj2d 7

JAABE] PAHYL W AN EI] Y +5} -vae] BEE AF: L9} I,
e wholo s Wi 1= ([ +1,)/2

AWy
R 1 R
W
— 1' —O v
= Iy |
o ///rﬁ <9 whojo] 2>
- RC
Wy
Rf

C 11;r
<G R(=2E)>

<s7hE = (HEd)>
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O 98 = Al(offset) A F

T dHEe mlejojxdd T Aotk [, = I — Iy

O wroloj2dFol 9% 28 QEAAG
e LR 719aE 2E¢ wae] 948 QE9e gA)

Vo= _IéRl(__Rf‘) = lfRf

Vos (Ip) = Ipp[R, — (1 + L) R, < If T I; 7 LS

% WAAY R Ro= 2B _p R (hd 2w BE A48
R+ R

~ 4 00l Ro=R, | RE NYSY (A7NNE [ = 1 el 919

BBy R+ R
R+R TR

= (I — I )R,

Vos (13) = [B_Rf - [g(

Vos ([B) - Iwa <Rc =R || RfOE] o)

AN, L, = Iy —I;  YHLLZAAF

A 10-13) Y Hrte]lo 2 HF ()7 80nA, FHLZANAF(L,)7F A 10nA

H
M
10k2 100k
v, O—A\\—
—O v,
R
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(a) H3AGL R.ol A4 T Ry = R | R, = (10k2) || (100k£2) = 9.09k02

(b) R.7F AAHY wf vlolo] 2 e ZAAF=E g Hd &St :

Vis(l;) = LR, = (10 x 107100 x 10°) = ImV

(©) I,=10nd, Iy > Izolgta 7448t x, R.=0Y W ez AAge] a7

L= I; —I; , I= (I — I) A= H [;=8nA ¥ I;=75nA

Re=02 W Vo (I,)=L;R, —  Vps(Iy) =(75x1079)(100x10*)=7.5mV

% WA P glow emAAGe A FATE A4S % 4 AL

1o

= C io
ole] o A xetef| ¢33 Z7 o LAzt = EL
L H 1L "=" X149 LE =R VOS(I/L())—I/lO(l—l_R)
1

- F FYHLEAEGS dYntoloj gt B JH e At g L EZAHY
o @
‘ VOS’ = ‘ VOS(]B)| + ’ VOS(I/;O)’ (ke 3)
* Ro=R | R | Vos | = LR + | Vs (V,,) |

— d#] 10-15), 10-16)
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Chap. 11 Advanced operational amplifier applications

B Electronic integration (FAAX}Z &)

- AAAET) A ARE e 23 =9 o, (t)o] L ARAAL] JE " o, (t)
1 A o}

0
o) ¥ E7F 5V dedgolH, 8L t=1%x4 w 5V, t=2%4 u 10V, t=3%
d wf 15V7) HEZ A} o (t) = B

() v, (0)
A A

E Et

Electronic
o—— —0
Area = Et integrator

» AATZINE AR HAAA R
i
A, icl v c
v, O—MA—
— 0 (1)
1
t
R.=AR, (t)=— 1 /
v, (t) = v, dt
| (] RlO 0 (3

~ QEwRd QrkEE AFE 007 WE, i i, =0

dv,

=g le= O (7 w=0)
Uy o so AN _ —1
RTC@w 0 Y @ TROY

_ t
o B PR AR, o = o1 / vidt

o) REAAEe] 4ol g = Asinwtd WO F3H 2
—A

f(Asz'nwt )dt = WRC (— coswt ) = ﬁ (coswt)

\
—

— oA 11-1)
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» A

- Op—amp 42719 $2 9

EIESRaRs

A

b |y, | ogscale) 0.001uF
1000 I
IMQ c
; O—MA—
100 -20dB/decade K R —O
1 Yo
[T — 1M$2 AR, C)=1000

1 T~ rad/sec
1 10 100 1000 (log scale)

<RC=00012 A% BEMAE>

15271 (48 Jagkel g =95 g=agke] v)

v, | AlwR,C 1
v, | A4 wR,C
o|So] Futg ol ¥haldE (7]&7] ¢ -20dB/decade %=+ -6 dB/octave)
g9ol5e] MW FEFRS = AuEE|Y o)5-H 9 5F(GBP) Y 2&
AR718] @elolS A 1 /RCY F3RFE 127R 0
=Ne:]
—

DFTeel Aee FolE o 4
Tr]i_“ xé =] =

Hel slg AAre R FE/) 91@ ohdEo AFE ] A

A ALA 7)ol AF8-3F= Op—ampte "-F- 2F2 offsetd 4= 7FAoF st

T H=

4
YHAH HRH o] FE/E EAT

EPA |
AN (log scale) ideal integrator
I/ ’qf response
I\ R./R
H, A ~_ open-loop
v, O—\W\ -
—e—O |/
+
R=R, 1A “Ju

Je=1/C 7R, O)

(log s‘cale)
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C AFEAEA W = Aol Mol MAFE R B4 (FZol5 1~ R /R)
c RFREY W Co) Pt Rk WA O Aopd N ARIE FA
— o] A{7]E ac Aw7|ea §F
~ A8 B4 W X.= RS Fhrut O 2 Fareld 444 54
1 - 1
= AAA] AE7]9 - F I (break frequency) :
. 1
fo= 21R;C
— oA 11-2)
> 3-9E AT
R, ’\/\/\/R
v, va_l I
R, c
v, O—\W -
R, —O v,
v, /
% R =R, IR ,||IR;|IR,
- #9
1 1 1
v, =— lBlC’U1+ RZCUQ—F Rscv3 dt
ol oo fa e
v, = RC v, dt R,C vy dt R,C vydt
1?__0"]: R1:R2:R3O]qu_
1
v, :—mf(vl—l—%—l-vs)dt
B Electronic differentiation (FA}=]&E)
- AAEEI) Qo) Az EEgte 1 A 4 Wshed 2e A
o)
v(f) = Et v, ()
EA El t . Elk
ectronic
O differentiator O
dv, Zd(Et)_
0 > time S time g
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-
v, O I(
C D—O vo
R.=R, B dv,
’ 1 1)0 —RfCE
- w2k el e dRe i,+i,=0
dv,
— o= = L
v 0 o= =, v, =, ) Cdt
_ Y% om v, e dv,
iy = R, SIR=R=4 C + 0 E+ v, Rdet
- w271 dEo] o = Asinwtd Wel =9
v, = d(Azztnwt) = Awcoswt ~ — A FZ Fkol H
- Op ampE AF&3F AR E7]9] A& o] v, = Asinwtd ®We &9
v, =— Ry CM AwR; Ccos (wt ) = AwR,; Csin (wt —90°)
— ZYe Fugol BAgel, 9L 900 AN
EEEIES
AwR,C
0 AR = 8]
S EE R FA: 9L Qee] Furo vaed FEn
2 a5 e S5HE
- AAA 7]
el & ideal
(log scale) | differentiator
\ practical
O ( differentiator
R, C ——ov, R/,
Jy=1/2mR,C) Jor=A, (log sc{:le)
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* R-C A% dydx:

Z,=R —jloC 2 |Z]|= R+ (/w0

« AFdaEd W Z7F 94 dAE s ARl fAlstER vEvR F2t
- AFSEd o L wCE FARER Z5 A R okd HASH|E $F
(o152 —R;/R)
— Hie] HA @7 e AAFve] A fe 09§34 -

zoh o) AgAel gobd W Fnql

fb >>fh,
AR YgE B FE70 B3 AuFa

fo=Bf, (71X G=R /(R +R,))

oA A 11-3)

1. A F957F 200HzS A E5E njiEd 2Aa2e v|27]E2 AA sk 10Hzo A9
o5& 0.10]1).

2. "kek o] AAd AMEE AANEFE7|7F IMHzolA ©9o)SF S sHR T,
o] mjE 7)ol A= X]'E} e drplrk?

£o]

L f, =200Hz Wt} & AAFAS £, W5V 6 B 2 O % Aol .
[, =10f, =2kHz (f,° 102 Aelst C=0.1uF g 39,

f 1 1
=2x10° = , = = 79612
Sy 2rR C 2m(210%)(10°7)
S d=v 10HzOl A o] 50 0102 =
_ 1
—|=01=wR,C= (27 x10)R,(10" ") — szo—77:15.9k(2
v, : 27 <10 10
& 7 & sl
2 g=—t0 196 _ 0477 olm= £, =ff, = 0.0477 X LMHz = AT.TkH:
R+ R, 7964159k “
I\N\/ v /vl
79642 15.9k0 (log scale) A
v, O—AMA— - R/R,
0.1uF ——O v =19.97
+
0.1
15.9k02 % | .
10Hz / f,=2kHz  f,=47.7kHz Y

(log scale)



B 9 o] 5 (phase-shift) 3 2

&3] 2 B (constant-delay filter) =+ A 9532 H (all-pass filter):
FIgo & Y ESHAIN AT o5& FA G ol E s TS I=E
c dAGAA: FarF HE w dHY =9

Aol A3 FA

« Ao F I (all-pass): S He] BE Fako A dAg o

Apele) b F e Fhol

‘.4

A5 o] 5(HF 1)S A
0O X 4 (phase-lag) 3] &
RfIRI /vl A
AN 1
RI
_ > f(log)

A
v; R —O v, 0 > f(log)
+
-90°

_ 1 _ o 2 _ p(Ll=jwRC
V,(jw) = I/z+21+]wRCI/i_V;( 1+1+ij0)_ i(1+ijC)

> Il A ERE AR Bag Felo|uE a5 Av]E $U (35 19)

37k 0 = —tan ' (wRC/) —tan” " (WRC/1) = — 2tan” ' (wWRC/1)
(w —>04 W H — 0° w—oocd d g —>—180°)

T @= —2tan ' (f/f,)°13 7N f,=1/27RC
f=r & 0

—2tan"'(1) = —90°
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O A A (phase-lead) 3 2

vyl 4
AN ;
R, R=R,
i > f(log)
v; C vt —e—O v, A
: N 180°
R 90° —\
= 0° I > f(log)
- Z9as) U@ ne:
. JwRC
S VA Y Bl | v4
Vo) Vi 2 jure)
- A= (transfer function):
V;(yw) _ —1+jwRC _ 1. 1—jwRC
v 1+ jwRC 1+ jwRC
O =27]: 1 (Be FIagdA d93 S99 1F0)7F 12 dF)

O YA 0=180"—tan ' (wRC/ ) —tan ' (wRC/1) = 180° — 2tan ' (wRC)
« FHETE o AT E %S 80°R H

Sk Zohgel whel, AFAGe dada AFHOR G P2

N

o S Fug 2 FdsE 0 =180°—2tan t(f/f,) D (A7 f,=1/27RC)
f=f%4 W 0=180°—2tan ' (1) = 90°
— oA 11-5

Bl 7= 5 Z 7] (Instrumentation amplifier)

» Op ampE 0|8t J|=2&0l XIsSED|

AMN M
R, Rf R, Rf
V2 ( )—‘\/\/\, - -
O, v —O v,
v, + + +
R R
7 1
Rf Rf
< 71EA Op-amp AE5ZZ7] > < F-E A2 (floating source)E 7HA =

Op—amp A&F=E7] >

S ze , Y _ A (a4 0w
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>
o H-%5 2~ (floating source)el] 2

PN
(=3

ur
v

R

9|

of FxE LT AR}

RO
A

Nr,._ B
Bl O

Ho
T
o T

or

il

F(mismatch) W&ol

%
d

o w7
o

o)
TP

—

ol

+

ok

= v

AHg3RaL, W & CMRRS 7HY

=
=

~
i
Nlo

Hin

>

-7 QEEE) 9 oo}y

Al
il

of
AT
Ko
K

\4

Fohar 7hA

~ ()%

_v;

N2 5D

— 1
R

1

Ual - Uo2

IR
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oluy}b & A (Thermo-couple)oll A & 7o), F-S-9]

Z
T

ih
Hr
T e

A 7]

=13
=

mV)<

ZHA AL glem

t(=

d

o dex

A
&l

of mlelét=

2709 e+

< 2 E(shield) ¥

ol &

KeN
=

)

=1 R
=

= O
= =

MEA 1

Ko
Ho

S

L
-

A7171 A

4

A
AZZZ 7)o H-5(floating) =2 2 ¥ o

ojn
=

2719 82 EHMALI(CMRR)

=
=]

Kir

d
cm

~

CMRR

< A,u
o0
2
o
[a\]
1
5
Md
S
B
=)
gl
<
=

Aok 3

15, 39 CMRR=

o

TRE

cm

IA or DA

ac AUl 7PA)= <17F

+15V ol F A ¢

i

Hi

!

ofy
s
T

o

I

o] ¢F 14V HE+= 10V

cRL

3

(D] I/ZZY7

s}
=

Ny
A

—~
fils)

ol

(ground loop)” &}

Ay

G AT

o
=

|

o
A

)
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- 2E ¥ FERE o5 REE otrpd Aul we FSATUL ASFE7]
o3 AAE F dErtE AR F YS
- AZFAELS 4,9 #S ATT 5 SRR 24T A 4,9 #hol
o]F& 7] Wi) - A FxPYAE= dBE CMRRS B A g
- AaARE L oA R £
« NTAR E9 g, =Ap, (A7NA v, FHENEEE)
« FEAEe 290, =A4,,v, (714 0, & FEFFAHE)
—A V. Ad Acm —v. A Acm _ vinAd
emTin A A, md 4, CMRR

1714 9] CMRR2 dB7} ol =& dBE #eHg Ea; Von = 7 OVRR20

o dEAFT] I ZSH(INR): SNR, = v, /v,
o FHAZ g FSU(SNR): SNR, = v,, /v,

N SNRO _ Uf)s Uin — Ad — CMRR “x SNR SNR (CMRR)

— dBY9lel %d: SNR,(dB) = SNR, (dB) + CMRR,,
=)

- OMRRy,= AZZ%7)7) e 4% o %81 SNR (dB)°] NAEAE A4
- Ze] A5 o ol RTE 22477 9% ASFE7)] H4 CMRRES 2
a7 9 AAMAA o wE AT

o) SNR, =—35dBe 7HA+= dHANZ7F 23 +60dB2] SNR, & 7HA == 744
7] YA E AZEFE7)E Holk 95dB2] CMRRS 714 ofgt 3

» HESZSIIY E otLe =2 88
- JaErAR Add A vAg WHites @A
e 5om0el WS RS AUBE ¢ mVe] e A
5 A =R A
- -

=
X

E R R, 4 v
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[

fol
rr

AH: of | Qoo FiAsrE e AT FAAYIL, GE BE ATEe 7
<
-

T
pu
AR ddts FardEEs FESAY, e 22

AatA] @ AITES AAGE b 2y AL

« LPF, HPF, BPF, BRF(Notch %+ BSF)

. ‘k .
gain ideal samn — ideal
> > f
gain A gain
] practical
3dB =«
* * practical
> L f
f, f f)
< Low-pass filter > < High-pass filter >
gain . gain % .
ideal ideal
> f » f
gain A gain A
3dB v practical 3dB | practical
f f
> > f
fy f fy f
< Band-pass filter > < Band-stop, notch, or band-reject filter >

o 5 E(passive filter): A&, AIMAIH L QAYY T T5oA=E 4
S5 dE (active filter): Atd AHPAEHE 71 2o EUdX A 2L AAF
Z719} e TEAAES Fol] AL

=
AeEE 7], 0§ DGR g FEoE TEAL T AFHA @S

o|N

4H 9 &5

ZH+= A (order) B+ S H (pole)o] ol o8] &+
o< RC3I 2%S 1x}H(first order) =& @Y A (single-pole) ZEl g}l &g
I, I $HEHS AY9EAFFA A 20dB/decade E o]
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=
2,
2
[-40
L
a
=
i)
r
ol
ol
=
M
pay
o
-
oX,
ol
ol
~N

. AHe A5t Be5E, AHE

A8 v o 553 =

(o
)
N
)
fo
-
il

- ZE o AAFRE wE &5
« WH 9 = (Butterworth): 3t o] FagolA 2159 o5
A2 Wsks 7A7] wjiEe] H ¥ h(maximally fla) 2 H 2t F5.
(29 11-30% =)
« AW A Z(Chebyshev)ZH: T34t WolAx= HEY: B of & WstE 7}
A3 YA B gl E g% JtgE vev 2 7aE

(1% 11-31%%)

gain[dB] gain(log scale) gain(log scale)
A A BW.
Chebyshev 2 —f /BW
-t 1o
* | Butterworth 0.707M L lowQ
NS
1 f(log scale) » f(log scale)
f2 fo
< 2nd order filters > < Bandpass filter >
- W95 2 E = Qquality factor) #holl 98] S54eo] 44
o=
BW
O sSZEAA
> ANH P
V4
L=
2%
Za 2 Zc Zp
Low-pass filter | X R C C

High-pass filter| ¢ C R R

Ny
=]
AV
=
O« ¢~ —»l

- HE Y29 A AHZ 22 LPF 2 HPF AAd 2% AH¢E & 9%
- VCVS(HA YA A AL FZE 7R 31, Sallen-Key 3| 22 F-&

- ¥ AF(FHe F)7F EolH, ofF9o] 1&(first-order) & 50] 2 &
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0 A o 53gE

» AAEIIEHE AL

op
9‘_‘,
5/
19
3
o
-
EN

input O

" " T"
L stage 0 L stage 1 L stage 2

- 57 LPF: 97 09] 13 2531 2719 24 Sallen-Key®& 4212
T4 A5 e el 144 BEo] U8
43 F Che 24

- ¥ 1125 o] &3%o] R ¥ C#2 24 RS 2AHT
OlA 11-9) =eF3ta=7} 25kHz 32k #9593 vE Y A~dEE A A st
R=10kN=E A elsta},
Z0|
i 1-22%Y, qp=1,0,=1,a;=1& 7 T 3, A3 tgstH,
1
G = Sresnaon)  ome
1
G = s e
3} 2o

stage 2

Ol"l 11-10) x}e+5=3}5=7} 800Hz, 2-dBe] &=

= M= =Eelel 59 43 19 E 30
AV A ZZE S A, C=100nF= A8 sk},
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1225, a, = 0.20977, a, = 0.92898, a; = 0.50644, a, = 0.22157% T+ & 9]
TAEF Ao Y s,
0.20977
17 (800)@00nE) 2087
0.92868

7(0.20977)(800)(100n.F)

0.50644
— 80N
47r(800)(100nF) HU3.8
0.22157

= =1.741k0
4 7(0.50644)(800)(100n.F) 7

S 2

=17.62k(?

BSICSI
I

=

3 ),
0w 954U

» IGMF(infinite-gain multiple-feedback) Z &

1
BW= TR, C
_

Go= 2R,

B 1
fo= 2nC\/(R, | R,)R,

[v /v
o 1
LP HP HP LP
vi filter "l filter vo ‘
S

I 1, £ f
O o 9 A A F & (Band stop filter)

R, 7|
. |
V., — \%
! - ° V. RZ
» BP filter !

» LPF 2 HPFE o] 4% BSF
I

LP filter

\ 4

A 4

HP filter

1=
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m 2 7 F% 7] (Logarithmic Amplifier)

- 2a5E7] fdEe] 29 vyt 9S24

=

‘VOA

1 f/ I
R, c L.,VBE aain

Vi o—AW\—

large
gain

1l
v
~

small large l
y 2aZEs]0 Fo 2

1) §12 A5Z(dynamic range)E 7HA L = A5 gk o=

o - Z ATt vfg Fe AT E BT MR Qe ATl 3 =
o) =% A= wg e LA F mV, g & 254 F VE A
— 2 BalTS A7 HEAE FL Az g8 St F HEE o5S
EAE Nl
2) 2139 ASkE wshAY wWires obg = ANt

o 1) F d9d%9 & v, TA

« T 99 Ao masEsta o]l5S ¢ ¢ logly, ] +loglv,] =loglv,v,]

« gRIaFE7) JHd loglyw,]E A7tEr E3 0 vl HlE s

]

» TIOZE7|e &=HAYL %
- BJT®] AAHAF wo]x-on g St #A:

Vil Vi Vil Vi
=1 (e

—1)::[56 S (" 1018 74A)
- YWl a5 FHaa Vol Ws EH Vy =V, In(l/L)
- AYHE JPEEA(= 0V)olBR [,=V,/R T Vy=—Vo|BZ
v,
V,=— VTln( 5R1)
- AR AAdR 99 BAE Inr=2303log,z O|E=

I/o =—2.303 VT 10g10

S

V.
V, = —0.0257 In( - ) = —0.0592 logw(

" w0
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q
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i
N,

Ip — )
R, V-
—o I,
L=rl” )= g e (s 1018 )

Vy,=VyInlp/Ig)0la, V,=—V, o]

V,=—-V,=—V,Inl,/L)

R A (EEY9Ea)FE7]
- Al 9(exponential or anti-logarithmic) &% 7]: =] Ao vt 249&
i=]

Ry Ry

L=I ("™ " —1)~ "'V L=r("" " —1)=1, """
Veg=V;, R V,= — IR, °|=% Vp=V, R V,= —IpR, °|2%
R
"
5 Ip A
Ic M «
Vi o— Vi o
VBE+ ._OVO VD D—OVO
A A S | Y A L=Ie" 1)~ g e
Vep= =V, B V,=IR, o|2% Vp=—V, RV, =R °|=%
V,= IR " V,= IR
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Chap. 12 Wave generation and shaping

B Voltage comparator (A8 al7])

19 2 d= ¥

0
0

—r

0
]

el
i
.zwﬁ

o)/
H

)

i

fuy

0

o

ljN

0

—

o
ol

e

w4 A

= o
=95

A AA (

=
=

b= 15 YA Y

-
R

Ejrlol B o]y &

al 1™
= =

, Al

1 V
> >
! 1] Il
AN X Ay
x X x
] (] (]
NS £ NS
N _ Ny [ +
X X X
@ ] VO (4]
NS 7 NS 7 £
+ + [
_\)
>
1
+
>
N
<
Il
NS N Ny
AN
I +
% % | |
NN X =

vi=vy,

+15V

+6V

-151V

+10V [,
+6V

+15V

-151V
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+5V

o

=
n
E]

2.

TTL output
(+57,00)

pull-up

VH=+VCC
Vi="Vecc

OR= output return

pull-up

(VDD = VEE)

0 3| zE A2 FHEEZA

o] Mz &

3}
=

4

N

1

ol

N
o

"I

] 2~ H] 2] A] 2 (hysteresis): ©]

- 3

ol

-

!

ol

°ol-&

A9l

S E RN Rt

!

|22 A 28 7R

S

4

Vir

A
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c o7k e EGAAD(Y,) otdR WA W 1R A%
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National
Semiconductor

LF353

December 2003

Wide Bandwidth Dual JFET Input Operational Amplifier

General Description

These devices are low cost, high speed, dual JFET input
operational amplifiers with an internally trimmed input offset
voltage (BI-FET II™ technology). They require low supply
current yet maintain a large gain bandwidth product and fast
slew rate. In addition, well matched high voltage JFET input
devices provide very low input bias and offset currents. The
LF353 is pin compatible with the standard LM1558 allowing
designers to immediately upgrade the overall performance of
existing LM1558 and LM358 designs.

These amplifiers may be used in applications such as high
speed integralors, fast D/A converters, sample and hold
circuits and many other circuits requiring low input offset
voltage, low input bias current, high input impedance, high
slew rate and wide bandwidth. The devices also exhibit low
noise and offset voltage drift.

Features

m |nternally timmed offsel voltage: 10 my
W Low input bias current: 50pA
B | ow input noise vaoltage: 25 nViHz
m Low input noise current: 0.01 pA/NHz
m Wide gain bandwidth: 4 MHz
| High slew rate: 13 Vips
| Low supply current: 3.6 mA
® High input impedance: 10'"Q
m Low total harmaonic distortion : <0.02%
| Low 1/f noise comer: 50 Hz
| Fast settling time to 0.01%: 2 s

Typical Connection

A

fiin 2
¥ G

Simplified Schematic
1/2 Dual

D05E42%4

_ INTESN AL
NTTRNELLY | AR UED

TRAM& 0

Y O » -

0EE2818

BRFET ™ s a lrademark. of National Semiconductor Somporation.

Connection Diagram
Dual-In-Line Package

PTRLE A — : LI
M6 RTINE IRPUT & — b QuTPUTE
ASTAY
s 1 o £
RONINVERTING - v =
INPUT & NVERTING INPUT B
8  AONINVERTING
NEUT B
[H{T:13-R 0
Top View

Order Number LF353M, LF353MX or LF353N
See NS Package Number MOBA or NDBE

Jayijdwy JeuonesadQ ndu] L34r [enq yipimpueg apIM £5€471



LF353

Absolute Maximum Ratings (ot 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales Office/
Distributors for availability and specitications.

Small Outline Package
Vapor Phase (60 sec.) 215°C
Infrared (15 sec.) 220C
See AN=450 “Surface Mounting Methods and Their Effect

Supply Voltage =18V on Product Reliability” for other methods of soldering

Power Dissipation (Note 2) surface mount devices.

Operating Temperature Range 0'C to +70°C ESD Tolerance (Note 8) 1000V

T{(MAX) 150°C 6,4 M Package TBD

Differential Input Voltage =30V Note 1: Absclute Maximum Ratings indicate Imits beyond which damage to

Input Voltage Range (Note 3) +15V ihe device may cccur. Cperating ralings indicate conditions for which the
’ ” . s dewice is functional, but do not guarantee specific performance limits, Elec-

Output Short Circuit Duration Continuous trical Characteristics state DC and AC electrical specifications under paricu=

Storage Temperature Range —£5'C to +150°C lar test conditions which guarantea specific performance limits, This assumes

) : thal the device is within the Operaling Ratings, Specificalions are not guar-
Lead Temp. (SOHQFI“Q. 10 sec.) 260°C anteed for parameters where no limit is given, however, the typical value is a
Soldering Information good indication of device performance,
DuaHn-Line Package
Soldering (10 sec.) 260°C

DC Electrical Characteristics

(Note 5)
Symbol Parameter Conditions LF353 Units
Min Typ Max
Vs Input Offset Voltage Rg=10k{2, To,=25C 5 10 m\V
Over Temperature 13 mV
AVos/AT Average TC of Input Offset Voltage Rg=10 k2 10 Vi
los Input Offset Current Ti=25°C, (Notes 5, 6) 25 100 pA
T=70°C 4 nA
Iz Input Bias Current T;=25°C, (Notes 5, 6) 50 200 pA
T70'C B8 nA
R Input Resistance T=25C 102 Q
AvoL Large Signal Voltage Gain Ve=x16V, T,=26'C 25 100 VimV
Vo=£10V, B =2 kQ
Over Temperature 15 Vimy
Vs Output Voltage Swing Ve=x15V, R =10k +12 +13.5 \"
Vem Input Common=-Mode Voltage Vg=£15V +11 +15 Vv
Range -12 v
CMRR Commaon-Mode Rejection Ratio Re< 10k 70 100 dB
PSRR Supply Voltage Rejection Ratio (Note 7) 70 100 dB
Is Supply Current 3.6 6.5 mA
AC Electrical Characteristics
(Note 5)
Symbol Parameter Conditions LF353 Units
Min Typ Max
Amplifier to Amplifier Coupling Ta=25'C, f=1 Hz-20 kHz —-120 dB
(Input Referred)
SR Slew Rate Vg=x15V, To=25C 8.0 13 Vips
GBW Gain Bandwidth Product Vg=£15V, T,=25'C 2.7 4 MHz
e, Equivalent Input Noise Voliage TA=25"C, Rg=100Q, 16 Iz
f=1000 Hz
[ Equivalent Input Noise Current Ti=25'C, f=1000 Hz 0.01 pALFE
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Detailed Schematic
Vpp O— . 4
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@ PID (Proportional-Integral-Derivative) Controller

PID Aloj7]& 7|24 o2 7= (feedback) Alo)7]2] HE|S 7142 3l A}
7Hg ol AbgE = WEAQl FEe Alol7Iolth AlojetuA st W] &
#loutput) & Aot ol& dstiat sk FEgh(reference value) =& AA
(setpoint) @}  wluLste] A (error)E ARk & o] xbgkel  dis]  wlE
(Proportional) Al ¢}, & & (Integral) A} 2 1]&(Derivative) Al o1& Z3F3ste] Ao 5}
= TEE 7RI

r(t)

Plant / y(t)_ +l e(t)
Pr“:)ltl:ess _>®_

P Ke(t) |«
u(t) (t)
+
+ :
< | K.IG(T)dT <
+ . . .t . de(t)
u(t) = Kye(t) + K, [ e(r)dr + Kq
7 de(t) | o 0 dt
—_— —
Kﬂ Kd=05
1 1k

Kp=1 Ki=1 Kd=1
nsl Kp=1 Ki=1 Kd=1 {asl

K,=1
14

Ki=0
B | K,=0

<PID A% 252 /Mg Ao 288w
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m o}g=1 PID (Proportional-Integral-Derivative) A3 = 4
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LM211, LM311

Single Comparators

The ability to operate from a single power supply of 5.0 V to 30 V or
+ 15 V split supplies, as commonly used with operational amplifiers.
makes the LM211/LM311 a truly versatile comparator. Moreover. the
puts of the device can be 1solated from system ground while the
output can drive loads referenced either to ground. the Ve or the Veg
supply. This flexibility makes it possible to drive DTL. RTL. TTL. or
MOS logic. The output can also switch voltages to 50 V at currents to
50 mA. therefore, the LM211/LM311 can be used to drive relays,
lamps or solenoids.

Features

® Pb-TFree Packages are Available

Split Power Supply with Offset Balance Single Supply

Inputs 5

Output

Veg =

Input polarity is reversed when
GND pin is used as an output.

Ve
Input polarity is reversed when
GND pinis used as an output.

Ground-Referred Load

Load Referred to Negative Supply

Output

TTL Strobe

1.0k

A

Load Referred to Positive Supply Strobe Capability

Figure 1. Typical Comparator Design Configurations

_87_

ON Semiconductor”

http://onsemi.com

PDIP-8
N SUFFIX
CASE 626

SOIC-8
D SUFFIX
CASE 751

PIN CONNECTIONS

] Vec

Output

(6] Balance/Strobe
(5] Balance

(Top View)

ORDERING & DEVICE MARKING
INFORMATION
See detailed ordering and shipping information and marking

information in the package dimensions section on page 7 of
this data sheet.



11g. INPUT BIAS CURRENT (nA)

I1g+ INPUT BIAS CURRENT (nA)

LM211, LM311

8

1 Ve

. —L

5
Balance 30K
Balance/Strobe o—eA 100 =N .
6 300 [ /
~ t 50k
3.7k [ 7
» 1
- || O Qutput
200
S Ly et B
250 0
800
2
N
Inputs B 5.4k
3
Figure 2. Circuit Schematic
140 T 5.0 ‘
Vge=+16V | - Vee=+15V
VEg=-15V z Veg=-15V
120 p— = 40
] AT 5 Pins 5 & 6 Tied
— ~ = toVee
100 Pins 5 & 6 Tied ™ 3 30
to Ve \ o /5-———
@D =
80 Normal g 20 ,//
p—— 2 #
e I =
40 ~ Z 1w Normal
= | |
0 ) L
-55 -25 0 25 50 75 100 125 -55 -25 0 25 50 75 100 125
Ta, TEMPERATURE (°C) Ta. TEMPERATURE (°C)
Figure 3. Input Bias Current Figure 4. Input Offset Current
versus Temperature versus Temperature
140 1 T T I
Voo =+15V v,
120 Vep=-15V 1—| cc Referred to Supply Voltages
Ta=+25°C T = 05
100 £ 10
=
D 3 -15
80 e
Q — | —
6 fE e v
~ S w
40 g
S 02
20 Vee
0
-6  -12  -80 -4.0 0 4.0 8.0 12 16 -55 -25 0 25 50 7% 100 125

DIFFERENTIAL INPUT VOLTAGE (V)

Figure 5. Input Bias Current versus
Differential Input Voltage
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Figure 6. Common Mode Limits
versus Temperature



m Schmitt trigger 3=

Uy

VR i = S

Noisy input signal
(expanded scale)

Comparator
output

~Veg b=

Figure 12.68 Comparator response 10 Figure 12.69 Schmitt-trigger circuit.
noisy input signal,

Upper trigger
point (UTP)
\ _ Lower trigger
\ o
point (LTP) V2
| | uTP” N\
Vin ! I f ‘\ ! - Va
' ' e Kire
| I v | |
I l " ! I
I l ! I
I I ! I
| | | |
I [ ! I
+V | |
+V|
Vour Vou
-V -V
FIGURE 19.22 Schmitt trigger input FIGURE 19.23 The UTP and LTP

and output signals.

Vou

FIGURE 19.24  Schmitt trigger hysteresis.
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0 Vi I'r
(a) L =—=—=—4 | —
(h)
Ao | %o
—_——— L, —d- -t - - ——L
i i |
Ve 0 ;; LET 0 Viu vy
1!’
L= - - L, === -t ~=<i - -
(c) (d)

Fig. 12.19 (a) The bistable circuit of Fig. 12.17 with the negative input terminal of the op

amp disconnected from ground and connected to an input signal v.. (b) The transter
characteristic of the circuit in (a) for increasing v, [€) The hransfer characteristic tor decreasing

v, [d) The complete transfer characteristics.

Y
|
|

~
|

(b)

Fig. 12.20 (a) A bistable circuit derived from the positive-feedback loop of Fig. 12.17 by
applying v, through Ry. (b] The transfer characteristic of the circuit in () Is noninverting.
(Compare it fo the inverting characteristic In Fig. 12.49d.)
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13.3 Audio-Frequency Oscillators

An audio-frequency (AF) oscillator uses RC components for generating a sinusoidal waveform in the fre-
quency range from several hertz (Hz) to several kilohertz (kHz). There are different ways to make an ampli-
fier oscillate. We will consider the following types of AF oscillators: phase-shift oscillator, quadrature os-
cillator, three-phase oscillator, Wien-bridge oscillator, and ring oscillator. The op-amp Wien bridge is the most
common and easy to implement. The MOS oscillators allow CMOS implementation.

13.3.1 Phase-Shift Oscillators

A phase-shift oscillator consists of an inverting amplifier with a positive feedback circuit [1]. The ampli-
fier gives a phase shift of 180°, and the feedback circuit gives another phase shift of 1807, so the total
phase shift ardund the loop is 360°. A phase-shift oscillator consisting of an inverting op-amp amplifier
with positive feedback is shown in Fig. 13.5(a). The feedback circuit provides voltage feedback from the
output back to the input of the amplifier. Any signal that appears at the inverting terminal is shifted by
1807 at the output. Therefore, an additional 180° shift is required for oscillation at a specific frequency f,
in order to give a total phase shift around the loop of 360°. Since the feedback network consists of resis-
tors and capacitors, as shown in Fig. 13.5(b), this type of oscillator is also known as an RC oscillator. The
transfer function of the feedback network in Laplace’s domain of s is given by

Vi(s) R

B(‘) = d o = 3.3 3 —7;.,: — (13.8)
Vols)  R'C’s” + 6R*C*s* + 5RCs + |

(see Prob. 13.3). The closed-loop voltage gain of the op-amp circuil is

V,(S'J Ry

Als) = =~ =_F (13.9)
\’i(S‘) Rl

AN

= )
Vv, % R R Vi

; R
L

—lj—lﬁ?li:

(a) Oscillator (b) Feedback network

e —= e = s

FIGURE 13.5 Phase-shift oscillator




Since AB = | for an oscillator. from Egs. (13.8) and (13.9). we get

RF[ RIC? .
g T —— | = it TR
R, 51+ 6RICE 4 SRCs + |
Substituting s = je into Eq. (13.10) and canceling the clements in the denominator, we get
e | PR e | L2 2 . &
“RE( R Cw’) = Ri(—jRCw” — ORC w™ + j5RCw + 1)
Lguating the real parts o zero. we get
Ri(—6RC20® + 1) = 0
which gives the oscillation frequency w,, as
W, = @ = 27mfy, = —— (in rad/s) (13
VORC
where f, is the frequency in hertz. Equating the imaginary parts on both sides yields
Re(—jR}C e’y = R{(—jRIC W + j5RCw)
which gives
S .
= =3 - (13.12)
R*C%?
Substituting the value of @ = w, from Eq. (13.11) into Eq. (13.12) vields
Rg .
— = 29 (13.13)
Ry

which gives the condition for sustained oscillations. This relationship does not control the peak amplitude
of the output voltage. The oscillation frequency w,, in Eq. (13.11) is inversely proportional to the RC prod-
uct, assuming that both resistances and capacitances are equal. Theoretically, the frequency can be varied
by varying either R or C. In practice, it is usually easier to vary R on a continuous basis and to vary C on
a discrete basis. Identical capacitors are switched into the cireuit at each frequency range. Also, identical
resistances, which together are referred to as a gauged potentiometer, are mounted on the same shaft and
are used to vary the frequency on a continuous basis in cach frequency range.

Note that setting the loop gain to unity is not a reliable method for designing an oscillator. To stabi-
lize an oscillator, usually it is necessary to limit the output voltage by introducing nonlinearity. Stability
can be achieved by adding two zener diodes in series with the resistance Ry, as shown in Fig. 13.6(a). As
long as the magnitude of the voltage vy across resistance R is less than the zener breakdown voltage V.
the zener diodes act as an open circuit, and the gain of the amplifier is

R]:
Al ==L (13
A4 R,
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olol A Viz3g A Vi, Vo, VoF T3 U
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wetd 949 7+ go] Az REDHEA
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7} 93, A% ssjes Aolde] {5 e o33 2rh
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. - ] (12.69)
pe L Y T S W
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] A A= (ECG; electrocardiogram) Al&ZZ 7]
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