Diodes NMOS Structure and Qualitative |-V Behavior PMOS Operating Regions
p - Op. Region Condition Equation
Anode Cathode D i‘:: region Eﬂ/:!:t:ﬁ!‘%\_]: Cl{t_Off Vse < |Vrp ?D =0
o Non-ideal Diode ; 2 100 l,"""*" '?" ;% Triode Vsa > |Vrp ip =
ool | | {deal Dlode G g ::‘:: 7 i \"""‘":f\' o 1 (linear) Vsa — ‘VTP‘ > Vsp Kp (VSG — |VTP| ) Vsbp
L s ” 7 — -
- | | O—l = e HH (Vsp >0)
. | [/ e / P Saturation Vsa > |Vrp| ip =
R 1 1 - :: 7 /'% 7‘,\::\1 i ‘t,,\:w (pinCh-OH) Vsp > Vsg — |VTP| %Kp(VSG — |VTP|)2(1 + )\VSD)
| o Vor N NI sg — Vrp| > 0)
ST wvce u LL Drain-source voltage (V)
Diode i-v Equation Alumys at = : E—
ode Ealio (ower potenhal 7D,S switcles; \hen Vs>Vp MOSFET and BJT Biasing Circuits
ip=Ig [exp (LD) —1 ] =1Ig |:exp (U—D) — 1:| NMOS Operatmg Regions Transistor Bias sets the DC operating point around which the device
nkT) nVr operates (off, triode, saturation). It determines the transistor
Is = reverse saturation current A Op. Region Condition Equation small-signal behaviors (Gain, BW, noise, ...) and large-signal
vp =  voltage applied to diode \% Cut-off Vos < Vrn ip =0 behaviors (linearity, compression points, slew rate, ...).
n = non-ideality factor dimensionless Triode Vos > Von iD=
. Bias Analysis Approach
_ _ s
Diode current for Reverse, Zero, and Forward Bias (linear) Vas =Vrn > Vps | Kn <VGS ) Vbs . .
. ) (Vps > 0) 1. Assume an operating region
Revers.e bias: D ~Is(0-1)=—1Is Saturation Vas > Vrn iD= (mostly saturation for MOSFETS, forward-active for BJTs
Zero bias: ip~I(1-1)=0 (pinch-off) | Vps > Vas — Ven | 2Kn(Vas — Ven)2(1 + AVps) - . .
Forward bias: ip &~ Isexp < ) (Vas — Vrn > 0) 2. Use circuit analysis to find Vg (biasing voltage) for
VT G5 — TN MOSFETs or Ig for BJTs. (Often assume Vgg = 0.7V)
: C open circuit | L short circuit
Constant Voltage Drop Model for Diode _ 5! _ " ’_ 1" 2
& P K/T/” =KaW/L = mnCW/L - K = “"_Cor (A/V ) . AC current source  open circuit | AC voltage source  short circuit
The ideal diode is either on or off: Cor = 50?/Toz. €ox = oxide permittivity (F/cm)
Forward-biased: | vp = Von = 0.7V | ip >0 | on Tor = oxide thickness (cm) 3. MOSFETSs: Use Vg to calculate Ip and Ip to find Vpg.
Reverse-biased: vp < Von ip =0 | off — NMOS Q-Point (Ips, Vps, Vas)
— PMOS Q-Point (Isp, Vsp, Vsa)
i ircui i NMOS: Transconductance
Diode Circuit Analysis Procedure 4. BJTs: Use Ig to calculate I and g and with these find Vo g
1. Assume operation region of all the diodes (either on or off). Relates the change in drain current to a change in gate-source — NPN Q-Point (Ic, VoE)
1t : — PNP Q-Point (I, Vgco
2. Analyze circuit using constant voltage drop model. votage ( )
3. Check results to check consistency with assumptions: gm = Wes [gm] =S 5. Check validity of operating region assumptions.
Q—pt

vp < 0.7V for all off diodes and ip > 0 for on diodes 6. Change assumptions and analyze again if required.

In Saturation mode: gm = Kn(Vgs — VTN) = unCl, Vl‘j (Vas —Vrn)

4. May need to iterate this process.
With channel length modulation: ., C, W 7 (Vas — Vrn)(1+ AVps)

Two-Resistor and Four-Resistor Biasing for FET and BJT Examples:

5. Obtain diode operating point = Q-point (ip, vq) Two-Reistor Blagiy

M1 yields Ty =) can calaulate Tg,Te
. ML yields V(E

Field-Effect Transistors (FET) PMOS Transistors

Horizontal devices. Source and Drain are symmetric. ig = 0.

M OS Ca paCItors \unru o ‘_L)mm ! 5 F)s :
Accumulation: V<< Vpy Depletion: 0 < V< Vpy Inversion: V> Vyy 32 P'|  Channel region 132 6
s == 1 = )‘ L - ® v, € B
e r—— , ) |
T R I n-type substrate o e Y Ve Vg
o 7 Na,
in Vee

SO\Ar[Q s ﬂ Wa } M1 yie eldy Tp =)I Te Mz Yields Vig =) check Q}JMW‘)’FW‘I with

ak Nighey POH’v\M\, Actonid Vo = Ve~ Ve
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Bipolar Junction Transistors (BJT)

Vertical devices. Collector and Emitter are not symmetric. ig # 0.

NPN: Operating Regions

Base-Emitter Base-Collector Junction

Reverse biased Forward biased
vpc <0 vge >0

Junction

Forward biased | Forward-active Region Saturation Region

vpg >0 (good amplifier) (closed switch)
Reverse biased Cutoff Region Reverse-active Region
vpg <0 (open switch) (poor amplifier)

NPN: Forward and Reverse Characteristics

Saturation Mode

&

Collector (C) .
! Mod

‘ ic | los > loa
i !

’L ! ot > s
/

Base (B) o>

N 1
lE ! 2> oy
f > UL Modte
Emitter (E) o

Vee

NPN Transistor: Forward Characteristics
. . UBE
ic =tp=1Ig |exp| — ) — 1
e [ p( Vr ) }

iB = e = Is [exp (UBE) — 1:|
Br  Br Vp

I v
ip=ic+ip=—> {eXp( BE) *1} = (Br +1Ip
ap Vr

In forward-active region: Sp = % and ap = % = B

NPN Transistor: Reverse Characteristics

) ) vBC
= —ip=—1I 9BC) g
o = —in = ~1s [owp () 1
z‘B:iiR:IiS{exp<vBc)*1:| Br = —
Br  Br Vr ’ 1-agr

ic=ip—ip=—5 |exp (2BC) 1], ap= LR
B E an VT ) R BR—‘rl

Collector current

ic = ip = Base current

i = Emitter current Vr = 25mV at room temp

Is = BJT saturation current, 107 18A< Ig < 107%A

Brp =  forward common-emitter current gain, 20 < 8r < 500
(as high as possibe)

ap = forward common-base current gain, 0.95 < ap <1

Br =  reverse common-emitter current gain, 0 < fr < 0.95
(as low as possible)

aprp = reverse common-base current gain, 0 < ap < 0.95

NPN Transistor: Complete Transport Model for any bias

ool () ()] & ()
v %% Br Vi

e o () on ()] £ ()

_Is YBE | _ Is vBo\

"~ Br {exp( v ) 1} * Br {EXP( Vr ) 1}

First term in both emitter and collector current expression gives
current transported completely across base region.

iB

NPN: Simplified Operating Regions Models

Re. Cutoff Forward Reverse
active active

Co. | vgg<—4Vp vgg = 0.7V > 4Vp

Ve <—4Vrp Ve £ —4Vp = —0.1V

. I v I v

ic i Isexp[ 5TE] =Brlp fiexp[—é;c]

; Is Is YBE | — vBC

(2} ~Br EGXP[W‘ *(5F + I)IB —Isexp[vi]

; _Is _ Is Is VBE Is vBC

‘B Br _ Br Br eXp[ Vr ] BReXp[ Vr ]

PNP Transistor

Emitter (E)

|
ip ‘ 'E y
VBC z \/BE “Vee
Base (B)

Yic

Collector (C)
For the PNP Transistor we can take the same I-V-equations and the
same conditions for the operating regions as with the NPN, we just
have to replace vgg with vgp and vgo with vop everywhere.

BJT Transconductance
o (o (F2))] =78
gm = = ——— | Isexp ==
6VBE Q-pt 6VBE 1% Q—pt Vi

BJT Early Effect

In a practical BJT, the output characteristics have a positive slope
in forward-active region; collector current is not independent of vo .
Early effect: When the output characteristics are extrapolated
back to point of zero i, the curves intersect at a common point
vog = —V4 (between 15 - 150V). Simplified equations (Early effect):

ic = Igexp (L‘JjTE) (1 + LSAE) s

VCE ) Is UBE
= 14 £ = 5
Pr =Fro ( * Va )7 " Bro exp( Vr )

781)CE 7&
- 9ic ¢

Transistor Amplifiers

Amplifiers usually use electronic devices operating in the active
region: Forward-active for BJT and saturation for MOSFET. The
FET triode region. (BJT saturation region should NOT be used as
amplifiers.)

DC and AC Analysis

Coupling Capacitor: DC blocking capacitor; their reactance at
signal frequency is designed to be negligible i.e.
1Z] = [1/(wC)| << R + Rin

Bypass Capacitor: AC blocking capacitor; provides low impedance
path for AC current sources to the transistor terminals.

Since impedance of a capacitor increases with decreasing frequency,
coupling and bypass capacitors reduce amplifier gain at low
frequency.

+Vpp

Full circuit G DC equivalent

& Q== RS Yo

S S

Vss
(@ ®

AC equivalent ,
Ry Ry Vo R
om _’ i M i U*
i Re ’ v Rg bl
— Rs -
) L I

Step 1: DC analysis

Simplified AC
equivalent

C open circuit | L short circuit

AC current source  open circuit | AC voltage source short circuit

1. Find DC equivalent circuit with these simplifications.

2. Find Q-Point fron DC equivalent circuit by using large-signal
transistor model.

Step 2: AC analysis

C short circuit | L
DC current source  open circuit | DC voltage source

open circuit
GND

1. Find AC equivalent circuit with these simplifications.
2. Replace transistor by its small-signal model.

3. Use small-signal AC equivalent to analyze AC characteristics
of amplifier.

4. Combine end results of DC and AC analysis to yield total
voltages and currents in the network.




Small Signal Modeling

Diode Small Signal Model
Diode Small Signal Conductance: (Slope of I-V Char. at Q-Pt)

oi 1 Vi 1 1 1
= 22 ' S exp |:7D:| :ﬂ D 4OID7 (ID >> IS)
9vp |q-pt Rz Vr Vr Vr
Diode Small Signal Resistance: ry = i

Small-signal (linear) operation of the diode is valid for vg < 5mV

Hybrid-Pi Model
The hybrid-pi model assumes active region of operation.

We assume Bp = By in this lecture for simplicity.

BJT MOSFET
B i, i G i )
O O O O

+ + + L

Vpe T 8mVbe To Ve Ugs 8V 3n U

_ =i - - 9

(e} 0 o )

E S
BJT MOSFET
Ic 2Tp
Transconductance gm v N 401¢ Vas—Vin = 2K, 1Ip
Input Res. rr L‘}VT = Bo rx — 00
VitVer s IEDNGYS T
YATVCE ~ YA 2TAVDS N S
Output Res. ro i ~ 14 o R g
Intrinsic Voltage ImTo B gmro
: _ VatVer o Va -1 /2K
Gain py = Vi Ry =5/ T2
Small signal op. Vpe < 5mV or IZ—]‘; = ig‘ vgs <04
valid for (x) F = Yhe < (0.2
C

(%) i -

(*x) We find the signal range by taylorexpanding ig with respect to vgq
(Diodes)/with respect to vgs (FETS) resp. i with respect to vpe
(BJTs) and stating that quadratic term << linear term

Single Transistor Amplifiers (Terminology)

Ry

Lin Lout

> |-

Amplifier
Zin =

Ry,

Source Load

Impedance Yin Zout = Lout

tout
A — lout
tout=0 i
=0

Vout

Yin |y, =0 vs=0
— Yout

Vs

Gain

] Vout=0

Transconductance out
mn

Transresistance = %
n

tout=0

Common-Emitter Amplifier (Inverting Amplifier)
C-E-Amplifier

————0 V=12V

Ry 1
R, Q
- Lk & Roo*
300 kQ 22kQ ‘J Ry=R,IIR, C x§ v

R
CE E
© l04kQ § 2kQ< 100kQ
3k
DO
100 kQ =

SmaII slgnal equlvalent circuit

Q.
2

AC equivalent

Signal
~— source
= [

KL

iy

Hybrld -Pi model (neglect o)

Rig v, v,
+
- re <> Bis Ry v,
b 0] B+ iy | o = fk,,
R, v,
I U s — '
_A_

©Apply & test source =

()

Emitter is common to input and output signals — C-E-Amplifier

Terminal voltage gain from base to collector terminal:

R R
AGE =2 = - Pl ~—ImI Ry =Rc| Rs
Vp Tw+(60+1)RE 1+ngE

Input resistance looking into the base terminal:

v
Rip = Tb =7+ (Bo+1)RE ® 2 (1 + gmRE),
b

(Bo >>0)

Overall input resistance looking into the amplifier at C:
R,-C;lE =Rp || RiB
Signal source voltage gain (overall voltage gain):

ACE

Approx. (%) holds if Ry << Rp || R;p and (x) if additionally Rg =0

Resistance at the collector:

i i i '

X — i . .
H ‘:I“_ ,y_% @ B o x
v %Rm v
i

T O N o

P S—— s
ifu B3, [ o ]

g
s
A
N

B ’ hd -
Rn = Rp || R, vis a test source, ve = (Bo+1)iRE, iz = Bot,
roBoRE roBoRE }
Ric = _ R =) || Re~ _
¢ [TOJF Rr,thTerRE}Jr( T | Re [To+ Rin + 72 + RE
if rr >> RE

~rogm(R Tr),
o [1 +gm(REH"‘7r)] = {< ﬁ(;fo (% 5fHT )if Rg >>r

Overall output resistance:
roBoRE
RSE =R ll R = Re | [ro + ]

Ry +7m2 + RE

ACE (ﬁ) " ( —gmRr ) [ Rp || Rip ] _fASE (x
vt \ v 1+ gmRE Rr + (R || RiB) —gmRL (*

Common-Collector Amplifier (Follower Amplifier)

+Vee

C-C-Amplifier AC equivalent

RI

RS 2kQ
300 kQ C

F

160k g

Slmpllf ed AC equivalent R,

wﬂ” )
(ﬂ*l)u
v

Hybrid-Pi model and n;pty atest source

Ry

2.00kQ
B

<

3
104 kQ

Collector is common to input and output signals — C-C-Amplifier

Terminal voltage gain from base to emitter terminal:

DR R
ACC _ Ve _ _ (Bo+ DRy gmBRL , RrL=Re| Rs
vp e+ (Bo+ )R, 1+ gmRL
Input resistance looking into the base terminal:
RiB:jl:Tw‘i’(ﬁO“l’l)RLzTﬂ'(l‘f’ngL)v (Bo >>0)
b

Overall input resistance looking into the amplifier at C1:
R$S =Rgp | Rip
Signal source voltage gain (overall voltage gain):

cc cc [ Vb cc
A'u = Avt (;) = A'ut |:

i

Rp || Ris
Rr+ (Rp || RiB)

Resistance at the emitter:

R = Rp|R;

v, 18 a test source,

ip = —i — Boi =

Bo)

re+Ren 1
Bo +1

~ gm
Overall output resistance:

Rip

Rip = )
e Bo

(Bo >>1)

1
Rout = Rs ” Rip =~ —

m



e
Power: Pp=ViT =Vee T +Vge Ig

Common-Base Amplifier (Non-Inverting Amplifier)

C-B-Amplifier —) AC equivalent
“Vee R,
Re$ 2kQ 5 ’;{}R% ’;: TZ ;:‘R %’:&(E‘R%J
R, 3 300k [ i ¢ ‘ R
+— - a

vo =
l 100 kQ -

Small signal equivalent circuit

Ry =R(lIR;

Cs

E
g
5
&
=
s L
=
=)
o

Base is common to both input and output signals — C-B-Amplifier

Terminal voltage gain from emitter to collector terminal:
B _ Yo
Ag‘t = — =gmRL
Ve
Input resistance looking into the emitter terminal:
Rig = e I ! )

760"!‘1 gm

Overall input resistance looking into the amplifier at C1:

. Ve
1= —

(Bo >>1)

+ gme,

T Vi

RiC;LB = R¢ || Rie

Signal source voltage gain (overall voltage gain):

gmRL Re 117;,:‘11%1 (%)
A0 = g ( > ~ L Rip = R R
v 1+ gmBRin \Rr+ Re Rt}}% E*; (Rtn 6 || Rr)
gmiiL .

Approx. (%) holds if Rg >> Ry and (x) if additionally g, R¢p >> 1.
Approx. (e) holds if g, Ry << 1.

Resistance at the collector:

ToB0Rin
rx + Rin

roBoRE _
RSE +rpi + Rp

Ric =710+ R 1o+ Togm(Ren || 7x)

a7

=
Vps Ipt VésIz,

FET

MOSFET Single Transistor Amplifiers

We can take the same formulas as for the BJT single transistor

amplifiers and just let:

Rrp — Rg,
Ve — U,

e — 00,

Rp - Rg, Rc — Rp
vp — Vg, Ve — Vs
Bo — o0, ig=0

The resulting equations will look like this:

EWUse DC cirenids for thig

Overall output resistance:

RSB = Rc || Ric = Ro || 7oll + gm(Rs || Rr | 7))

out

C.-Source C.-Drain C.-Gate
(C-S) Amp (C-D) Amp (C-G) Amp
BJT eq like C-E like C-C like C-B
Terminal ACS :1%% = ACDP : % = ACE = Z—‘i =
Volt. Gain - 15_’;‘171/1% + 15_;;m éL ~ gmRL
Signal Src ATS = Z—‘Z’ = ATD = Z—‘Z’ ATC = % =
: cs_R CcD_R gmR R
Volt. Gain At R1+c§3c Avi RﬁS%G 1+gmBL’4,h {RI‘FGR(J
Inp. Term. Ri;g — o0 Rig — o0 Ris = g%n
Res.
Outp. Term. R;p = R;s = g%n Rip =
Res. To(1 + gmRs) To(1 + gm Ren)
Amp Inp. Ric,;LS = Rg
Res.
Amp Outp. Rgust' =
Res. Rp || Rip
Inp. Signal | 0.2(Vgs—Vrn) | 0.2(Vas—Vrn) 0.2(Vas—Vrn)
Raﬂge '(1+g7nRS) '(1+ngL) ‘[1+gnl(RI H RG)]
Term. Curr. A; = 0 A; - 0 +1
Gain
Rip, = (Rr || Re) in the C-G Amplifier
C-E / C-S Amplifier Analysis without Rp resp. Rg Gimple)

AC equivalet Circnit
R

Aty teh squrce at B

Swall signal guialey arcut

Re BR
‘sf_vo =
R =RIRy
Rm:\;_:-;

Vi, Ix=
Ry, =RylIR;
iz 0 gﬁo;:ﬂ
2 Ve iy (re 1R

x

Vx

Rx = RyliRjy = Re1R,TRy)

(% _V
Avt ‘\,iv

N3
9 Roap = 5 lIR,

s

Ne VN, Ve - 9,V (RellRs Uyo)
3 p%=-g,(f IR3 )

A = -9 (IRNR,) « =

Hmpli‘ie;s with odive loods

Common Source. fimplifier with
)

Mp

PM0S  adhive load
Vnp
Vlias"_‘

—_—

o

\}MK%

o My

Vot

A) Look o odive load & dedumine Keq_ usingy small signal

L_/vs ]—: U.Sa‘ 0
Usﬂ
Ya U’x = ix' rGP
D s 7
‘>— " =-=) R eg{= \-’_‘l [ FGP
. i

Do—in
@1b

(alwmjs he some)

2) Now ook o whole Grast X wploce My With small signol
\’in°—°6 ?
° U’M
Wi = Vos ‘ 95 <l ImaYss S, g&f Fep

Ot == G 555 (o Be)= G Oin (i 1 1)

= k= Vot = ~Omn (VoN I VOP)

in
Common  Source Amplijier with diode- conneded  PMos adive load
Vip
Regq
Vot

Vgg=—

1= T+ gmp sy = ix ~ Gnp O
My Top= Ux=0
= 0y=Ty (iy _9"‘?”‘)

= ch_=£= Yop = Fop A
[ Nt gm,,-ro', 9m,P




Differential Amplifiers

Any two signals can be decomposed into their differential-mode
signal and its common-mode signal.

Common-mode signal = 0 — two signals are called fully differential

Differential-mode signal component: V;q =V, — V;_

. Viy+Vi_
Common-mode signal component: V;.,,, = %
v
V1 = Vie + AL Uig = V1 — V2 Ved = Vel — vz (FET: vg1 — va2)
v; v1+v Vel+v . vg1tv
Vo = Vje — éd Vie = 12 2 Voe = cl2 c2 (FET: d12 dz )

b VIII‘

Half Circuit Analysis

o +Vee

Q-pt of Q1 = Q-Pt of Q2

Power supplies: split into 2 equal
o halves in parallel. (WaVg in M”"V‘L

Half circuits must be fully symmetric:

Emitter resistor: seperated int&e ¥

two equal resistors in parallel.
(doubles in V"\Ajy\) Vint

Differential Mode Half Circuits

ground for AC analysis.

2l

Gowr
Ve AmYbe
Re ‘>v.,+

Common Mode Half Circuits

Points on the line of symmetry are virtual grounds and connected to

i€ = OmLpe + Obe

Points on the line of symmetry are replaced by open circuits.

Common Mode Rejection Ratio
1+ ngz + piZs Rp=
CMRR — “dd 1 _ 2 "% gmRes
Ace 2(14 gmRp + 22)
CMRRgp = 20 - log;o(CMRR)
1L MOSFET Differential Amplifiers
ETN
Vou(
\/s"[z\:\)'”""h"‘ hode Comnmon  Moja
Rp ) Rp )
Vd

Vai

ie
Re fr
= Yowr = ~9m0be: Re = =
v,
j Vo =—8n (Ro|r,) 24 L __ &R
MA' Win= Ve + igRe = B + Ke {ﬁml’be + l:be a1 ( o )2 Vp=Va= l+2ngR“ e
L v,
Var =48 (Ro||1,)
2 v, =+ 28,R, V. =V,
= Bpe = Gin = Ado|= -Qm Re "M:*&.(Rn"’., Vi T 142g, R T ©
A+ oke + Ke A+ omke + Re A= == (Rolr) = B L ok, R,
[z 2 In == =——°= =
L v Gain for single-ended output is Vie ly~0 1+2g, R 2R
. . R, =
If Rg = 0, following equations hold: Au=2 = %:%" fle = A
v v o (Rl s i CARA = L0
B i . (Roll,
ve1 = —gm(Re || mo) 4L, ve2 = +gm(Re || 7o) =5 A=) =t el
R,= R,=2(Ry|r,
Vod = Ve1 — Ve2 = —gm(Rc || 70)vid | ”K . (%)
laput Resigtance A+
i . 2.9m Ryy
Rig= "t =2, Ra=2Rc | ro) R e
Above formolag +Vop

v dvtied ‘

o Rp Q-eo‘m‘ff we malke L obsevalions

@ 1 the circuit it pecfectly symmdric,
fhen e Q- poind of M, <Mz

Upr Um

+ Vop ~

then each branch earties Ly )

)

@ 14 the cirenit is pzr%ecﬂy symmetiic,

’
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If Rg = 0, following equations hold:

- - _ BoRc o _Bc .
Vel =Ve2 = = 5 (Bo+ 1) Rpp V¢~ ~ 2Rpp Vi

_ .. 2Bot)isREE ..
Ve = Vicr +a(Bo+1)Rpp - Uic

= 2Bt VREE — T 4 (8y + 1)Rpp

v,
Agg= -2 = —gmRc
Vid |v;,=0
If ve1 or veo is used alone as output, output is called single-ended.
. R A R A
Addl:ffﬁ,; viC:O:_gm2C: 52, Add2:+gm20:_ 54
BJT Common Mode
=
ke S ke
v ; , <Pu,,.,, 2: r I, ;u,ﬂ> , L-: v
v, Zw,,»f‘ln,
Reg
A _ Yoc _ BoRc . _Rc
oe = = = ~ —
Vie |y, =0 = +2(Bo + 1)ReE 2REE

[l s1gnal mod-el
R A Small Signal
b g Aec=_—omRe
¢ A+ opRy Ko
ke Ro=Re + 2Rss T
2 )

Diff mode

fr tRe-rz (1 G
Half arewit= Ai)p: 7 tRe= 1z (11 gmRa)

R (4+3MR1)1- R4 ('n: -fRE)

VCC

_iour
Vin2 s

For G

Diff mode Half-

Creuit Dgommon emiter amplifies
with RE and 1= k,
both non-negiecied) !

0§1="o
00
I'{TE=2Rsr

} MOSFET circuip

Simplificanions @ R, = Mormal BIT (7o

. { R I [Ry+ (1+g,,,R1)(fn”R€)}




Frequency Response

Bode Plot Guide

1. Factorize: F,,(s) = Kos" F(s) - Fy(s) ... F,(s)
Fio(s)

Singularity  F;(s) Amplitude  Phase
LHP Zero 1+sT,; +20dB/dec +75 (over 0.1s; & 10s;)
RHP Zero 1—-sT,; +20dB/dec -3 (over 0.1s; & 10s;)
LHP Pole H%’l—‘;),i —20dB/dec —% (over 0.1s; & 10s;)
RHP Pole =7,  —20dB/dec 43 (over 0.1s; & 10s;)
Zero at s=0 % +20dB/dec const. 3

0dB at s= g
Pole at s=0 20 —20dB/dec const. —%

0dB at s= g

2. Sort partial systems by ascending corner frequencies:
s; = 1/Ty ; resp. s; = 1/T) i, (s1 =smallest corner freq.)

Amplitude Plot (log-log plot)

f w30 isnegahve
3. Starting point at si: 20 -logo(|F,,.(551)]) b

Don’t forget the -j and the absolute value!

4. Starting point to the left: Line with slope r - 20dB/dec
(For r = 0 horizontal)

5. Starting point to the right: At each corner frequency s;, the
amplitude slope changes according to the corresponding partial

system F;(s). Higher order poles/zeros: Change slope multiple (=

order of this pole) times.
Phase Plot (logarithmic x-axis)

6. Starting frequency s; to the left:
r-Z, if KoFy,(0) >0

p0)={" 2 T
—m4r- 5, if KoFf,(0) <0

7. Starting frequency to the right: At each corner frequency s;, the

phase changes according to the corresponding partial system Fj(s)

8. s — oo: Phase ¢¢ot approaches (m —n) -2
(n=deg(denominator), m = deg(numerator) of F, ,(s))
Frequency Dependent Hybrid-Pi Model

Cu c Cop

BJT MOSFET

8mUbe r,

by

Remember the hybrid-pi model assumes active region operation!

Cu=Cu/\/1+(Ves/bjc), Cas=2/3Cgc + CasoW,
Cep =2/3CcpoW, Coc =CJ,WL

or CﬂlCMMI—( W‘)O &u‘)ﬁo

|
e start at p=180°

Operational Amplifiers (Op-Amps)

Basic Op-Amp Circuits

Voltage Comparator
Vout = Sign(‘/in) - Vee

Voltage Follower

Vout = Vzn
Invertin
Vout = _?? . Vzn

Non-Inverting
Vout = (1 + %) Vin

Integrator

Vin(s
Vour = =i

= Vout(o) - % /5 Vin(T)dT

Diffentiator
Vout = ‘/in(s)SRC =
—RC de‘dn (t>

t

Summing Amghﬁer

R3
Vo = —R—lm — —vg

J:: >—q
(o + l
Viu ¥

VWour
=

Vout

|||-

C

VWout
=

Assumptions for Ideal Op-Amps

Ideal Op-Amp Non-ideal | Practical
Infinite input impedance | Finite 107 to 10720
Zero output impedance Non-Zero 1 to 10012
Infinite differential Finite 80 to 120dB
open loop gain

Infinite (OL) bandwidth | Finite 1 to 1000MHz
Infinite CMRR Finite 70 to 120dB

Contstraints for ideal Op-Amps with a negative feedback loop

Input Voltage Constraint: V;y =0& Vi = V_

Input Current Constraint: [ =/_ =0

More Op-Amp Circuits

Floating Resistor Output
Ay = Vout

_ RL(R1+RF)
Rp(R1+R2)+R2(R1+RF)

Negative R Converter
R, = Yin — _R1p
Rp

mn = T,

General Impedance

Converter
o Vin _ | Z1237Z5
Rin = Tin = T 2,7,

Resistive Ladder Feedback

L = = %
Vin = 2Tl B = T
_ 3
I = Ro+Rg3 h
Rln - Rh Rout =0
AV Vout — _R4Rs _ Ry+Ro
Vin RiR3 Ry

+
Ii RZ Vou




Instrumentation Amplifiers (InAmps)

Used for precise amplification of weak sensor signals in the presence
of distortion and noise, typically at microvolt level.
Linear circuit — Analysis by signal superposition

Basic Instrumentation Amplifier
Ry

Vo
{

1. Enable Vi4, Vi- = 0 resp shortéd to GND
2. This is a non-inverting Amp with input = V4 - Ra/(R1 + R2)
Rs R3 4+ R4

VolVipy) = —— - ——V;
o(Vi+) R1 + R2 R3 ’
3. Enable Vi-, Vi+ = 0 resp shorted to GND
4. This is a simple inverting amp Wit}éinput =Vi_

4
Vo(Vi-) = _R73Vi—

R2(R3 + R4)

Ro(R3+ Ra),,  Ra
R3(R1 + R2)

Vo =Vo(Vit) +Vo(Vi-) = Rs

i+ Vi

For a fully differential amplifier, we need
Ro/R1 = R4/R3 =G = Vo =G(Viy —V;)
However, the input impedance of the two inputs are not the same:
Ry,, =Ri1+ Rz, Ry,_=Rs
Buffered Instrumentation Amplifier

Goal: Obtain high input impedance

_ Ry(R3 + Ry4) Ry Via (R2(R3+ R4) R4
Vo=Viem | 55— 5 e
R3(R1+ R2) Rs 2 \R3(Ri1+R2) Rs

A — Vo _ Ro(R3+Rs) Ry

" Viem R3(Ri+Rs) Rs

Vo 1 (RQ(R3 + Ry) R4)

Ay = — (SRR T ) T

Vid 2 \ R3(R1 +R2) R3
Aq Vo/Via _ R2(R3+ Ra) + Ra(R1 + Ro)

CMRR =

Aem - Vo/Viem 2(R2R3 — R4R1)

Input Stage Gain

v,

Vid = Vit — Vi Vit = Viem + 5L
2

UBD = VB4 —UB—  Vi— = Vicm — —&¢

Goal: Achieve higher CMRR
Input Stage: (Differential and common mode gain)
Rs + Ry Rs Re¢ + R7
= _ - ==V

Vii — By,
R, 7 Ry 't Ry Ry

_ By,

Vi_ Vet

VB, =VB_.  Rs+ Rs+ Rr
Vi, =Vi_ B Rr

Ve, +VB_
Vip +Vi_

(No current through Rs, Rs, R7)

v
Ap = V";D

Acm,B =

Total: (Differential and common mode gain)

Vo _Ap (R2(R3+R4) _'_&)
R3(R1+ R2) Rs

Via = 2
R2(R3 + Ry) B E)
R3(R1 + R2) Rs
A A
CMRR = —4 = Ap 74
A Aem

cm
— CMRR increased by factor Ag due to an input stage!

Ad/ =

Aem = Acm,B (

i—

Negative Feedback Theory

Non-Ideal Operational Amplifiers Circuit Analysis

A = open loop gain
Ay = closed loop gain

ideal __
FGE = Ay Av

GE = Ai}deal — Ay = Ai}deal (1 _

2P] v,
A
+ —
v; -
vy Load
B -
Closed Loop Gain Analysis
A, =22 = A :l( AB ):Agdeal(iT )

v 1+ AB B \1+ AB 14T

T = AB = loop gain/loop transmission
Aldeal — % ideal gain (if T — o0)

Gain Error: (ideal gain)-(actual gain)

T Aideal
_ v
1+ T) 14T

Fractional Gain Error: (ideal gain)-(actual gain)/(ideal gain)

11

i 1
Ai)dea

« At the Input

(1) Voltage -> Series Feedback. “Series” connection
means the feedback voltage signal and the input voltage
signal are connected in series. Because input voltage

btraction needs series i

(2) Current > Shunt Feedback. “Shunt” connection
means the feedback current signal and the input current
signal are connected in series. Because input current

ion needs series i

Intermezza. Bade plot tanstr £t coconstenchon ;
wp=180°, +0dB/ec

n,

Vout

Il s
H::(O 20log(|T(jw)]) oo s@u {,’:r ardar RHP 10 '90:'*2‘“5/&1.
9Ho=-1 +opdBd 3 1 oder LHP polR - - 902 -2048/dec |
: Voltage - Qut '
TN w900, 4 (0dB/ec et Yoltng (Series) gu put Voltage (Shant):
wy [ wy; ws Ws; w (rad/s) in . 2 RHP eras -30', fZOJB/du in Vout i Vo
od8 \loq scale 9@y : I Jerof {4 9P 2 490% 2000/ ow
W3i270% - 60dB/dec ) 7 ik ’ x
Phase(T(jw)) ) Ry 2 R, 2 Vies
wi  wd  w wl  wy wlads)in @y, Spoles €ILHP poles -30°, -2048/le,

log scale
Wei ~270°, ~20dB/dec
s@““:{zw rolest ~30°, ~20A8/4,,

"R - 909 12048/ e,
wg: = 190°, -40dB/dy,
S@us: 2LHP polest - 960, ~20dB/dgc
1.5
2 2
S
o

)'—)51
2! . M .
g-Plarg: 150 w3,

W+ W 2 ke

St
A A e 1
rhin e {"i { Y eder
>
U Ly U -ty <ty W Wy Wy We

B N(l)=(~1)v

Open the Feedback, apply test voltage ;urce
the output kmeasure Hhe feediack voltage:

=!& :L B - Vowr 1. R,
/3 Vn:f Rq"‘R] AV-V—m—:ﬁ-”-‘H’ﬁ

S
ivg 1

542' S\
(4+ ;70) {11;;\

9~

o

TiyT T

Different Kinds of Feedback

(T >>1)

* At the Output

(1) Voltage -> Shunt Feedback. To measure the load
output voltage, “Shunt” connection means the feedback
voltage signal is sensed in parallel with the load. Measuring
a voltage, you need a voltage meter placed in shunt.

(2) Current -> Series Feedback. To measure the load
output current, “Series” connection means the feedback
current signal is sensed as a voltage across a sensing
resistor in series with the load. Measuring a current, you
need an Ampere meter placed in series.

Iv . R
Feedback | |
signal "

Feedback
signal

Input Current (Shund)- Qubput Voltage (Shum);
Ry

Iurw‘@

x R Viest

Vin R ‘m\lin Ra ¥
— Vour

Open the Feedback, apply test voltage swirce at
Hhe output kmeasure the feed back Curvent:

:Iﬂ.: iﬂv”—‘": i:R
A Vi Ra T B2

Vin Vot _Vour V; (.1 Ry
Y Ry Ve Vaw Vin o (1).o B2
Tin R Vin  Via I.’.,‘R)“ R1) Ra



Non-Ideal Non-Inverting Amplifier

1. Set all :input sources to zero
2. Cut the loop open between Av;q and Rp
3. Insert a test source vtest where the loop was cut
4. Find Awv;q using standard circuit analysis
_ Rp||(Re+(R1||(Riga+Rr1))) .
VO = Vtest* Rot (R [(Re+ (Rl (Ria+ R)Y) — L1~ Vtest
(R Rp)|IR
U4 :UO'#M = /{5 - K1 - Vgest
= K3+ Ko - K1 - vVtest = K - Vtest

Vid = U4 - Rr‘rR 4
5. Calculate Loop Gain T' =
6. Calculate 8 = ﬁ

7. Caleulate A, = Aiet ({25, where Ajfeet = 1

Av;g
Vtest

=A-K

Input Resistance Calculation:

R

Rall (Ry*(RoIRL))

1. Apply a test source V at Vj,

2. Break the loop between Av;q and Rp & ground Rp

3. Use property of input voltage (series) feedback & calculate R;p,
Rin = Rip,o1(1+T), (Rin,or is input resistance with broken loop)
Rinor = 3% = R+ Ria + (R1 || (R2 + (Ro || Rr)))

Output Resistance Calculatlon
%y\ @v‘, @Vn RL% Ra% %ﬂﬁ(k NRIMR,,)

. Apply a test source V, at the output
. Break the loop between Av;q and Rp & ground Ro
. Set the input voltage source to zero (ground) & simplify circuit

. Use property of output voltage (shunt) feedback & calculate Rouyt
R . . .
Rout = i’_’;qu’l , (Rout,ol is output resistance with broken loop)

Rout,or = 52 = Ri || Ro || (R2 + (Ra || Ry || Ria))

[

Non-Ideal Invertmg Amplifier
will be (/' -3)

open < ircwidk
fru,,, hon-ihv

v, B
@ -
*)Vw Rq: RAN(RE+(Re i) Rm))
. solve For Vig: vigsoy Ret  (R.01R)
G) 7= Av, T Regt Ry R TR
T= Avig ( VA, = A q e+ (RgllRig)
Vien” x "ij (4TT)
\/ _ﬂ.
Tl w fﬁ Tin,ideal
Vryr
X x v
1 R A=t -+ 3 Yo “ Yresk =
F I * ke Vies, Re el T T Ims
I = “Irg
Rip: Wse W/Hf*v of inpuh carrens Ghund) feedimde R, = M (1)
MLR) : f 2+
Rt [Ro1R)

=IV-'n/ ,‘_R‘,,,o,_—(R IIR,,‘)II(RF+(R,,|]RL)) -qq.m,qk Rin wsing (L)

Rouy* Rmu = '“‘*'"’- @
(1.-4) ! M R -) v,é %RL“Ro %RI"R"
> &M Jmmu (RF+(R, IRa)) 9 Ry = Rl ()

(heme 20 ’:rqumy dependent spall signal model:
V(l-

R Vi Ve el ® ix=9.Vxt \R/f_
L
r, 1= Vx-V
L R Vouy 1 I‘n Va.vx 3R @ ix= \’;_”_ =5Cn (V- Vo)

1 ° - H

SC/«A
O V, Vs Rs("*ﬂ'nc;c)vx +R ix

Subskiwie. @ o @ hosibve fr vy SubshMrte bacle o4, €} X
in 0

BIIGH \\,’—‘(s) and solve for V.‘n=Vo'g“‘
in Vin~Vs Eh.
RVLL i B v Gog oy 7 SGxt (W)sCya
% L "‘”"T—IK?—% _
v —AM—y Vo (""I - R, Solve for V.= Vy (4+SR553I$ SR;(M)-jks g‘\lo
E3 - (4
: ? = @ $Caali-vo)=9. Vx5!
Solve py, vx_Va(""IRL(g-l)
RCod-a. kL
Solve for Vo /Vn
TABLE 11.3

Inverting and Noninverting Amplifier Frequency Response Comparison

B= NONINVERTING AMPLIFIER INVERTING AMPLIFIER
Ri+R;
R,
dc gain A,0 =1 + — A, 0) = —R—’
R 1
) (T=Ap 1
Feedback factor = =
p= A, (0) B 14 A,(0)]
Bandwidth fs = Bfr s =Bfr
Input resistance RicllRia(1 + AB) R + (th;\‘H—A)
. R, R,
Output resistance
1+ AB 1+ A8
. ; 1 4
Frachonal Gain ey 55 —

Frequency Response and Bandwidth of Op Amps

Most general purpose op-amps are low-pass amps designed to have
high gain at DC and a single-pole frequency response described by:

A
A(s) = =
1+ o5

Aowp wp

s+wp

s+ wp

“B

Ao = DC open loop gain, wg = open loop bandwidth (fB =
wr = unity gain frequency at which |A(jw)| =1 (0dB)
) Aowp Ao
|A(jw)| = =

Ve + e \/1+%
“B

Gain Bandwidth Product: GBW =

const. for w << wp
“T for w >> wp

l[A(jw)lw = wp

Non-Inverting Amplifier

Aowp

A(s) Stwp Aowp Ay(0)
A“(s):1+A(s)/)_1 Awh g s twp(lt Aof) = 41
+ e P B 0 wH
Ry (1+ A0B) wr
= =wp(l+ ApB) = =
B Rt R wg =wp(l+ Agp) Ea— A5(0)
AgB>>1
wg = upper cutoff frequency = closed loop bandwidth ————— Swr
Ay (0)= 1+A 5 = closed loop DC gain Aof>>1, 1/8
Inverting Amplifier
R R
Ay = ( 2 Al)B ) , where g = -t
R11+A( ),8 R1 4+ Ro
A
Au(s) = ( R2) s LA (,&) Aobwr
v Ri/) 1+ AO“’B,B Ri1 /) s+wp(l+ AppB)
A, AgB>>1 <_%) sl+17 o = ﬁz AgB>>1 B
1) ey TFAgB
S W (14A.8)

Non-Ideal Op Amp Characteristics

Output Voltage & Current Limitations

Vout is limited by the supply voltage: max(Vout) < VpD
Tout = 8% < Tout,mas

Vbp
Iout,mazx

- RL,min =

Slew Rate: Large Signal Dynamic Limitation
maximum rate of change of the output voltage of a physical circuit

d
SL = maxﬂ
dt

Ex.: vo = sin(wt) = SL = max(wcos(wt)) = w

Common Mode Rejection Ratio

CMRR = ﬁ which is typically around 60 ~ 120dB



Filters

First Order Passive Filters

Low Pass Filter

c v, T(s) = E = ;
Vi 1+ sRC
. | VeGw) | 1
Amplitude Response: V.o | = iTwRo?
Vo (j
Phase Response: £ (% = —arctan(wRC))
High Pass Filter
C
Ve RC
R |V, T(s)= Yo _ 80
Vi 1+ sRC
Amplitude Response: VO(J..M)‘ = WRC
Vi (jw) V1+(wRC)?
Vo
Phase Response: / (V 8:’)) =7 arctan(wRC’))
First Order Active Filters
Z;
Z Y Vout () Z,(s)
Vin out H(s) = out __%
Vin(s) Zy(s)
Active Low Pass Filter
Set Z1(s) = Ry and Za(s) = R || X — R25g — Rz _
1 = 2 =2l sc = R2+$ T sRoC+1
Ro> 1 Ro> 1 1
A(S)=—F" T ~="p5 T 5 (wn =2nfg = ——)
R1 14 sR2C Ry 1+T R2C
Active High Pass Filter
Set Z1(s) = R1 + % = % and Z2(s) = R»
Ra s Ao Ry 1
Ay(s) = ——= = . (A =—=2, =onfy =
= e arer TR ==

S

Other Configurations — Other Transfer Functions

Bilinear Transfer Function Synthesis

With the previous Filters we can only realize LHP zeros and poles.
To realize RHP zeros and poles, we can use following circuits:

=0C, Zs = Rg

Set 71 z Set Z1 = Rg, Z%Z C
C—GgaL sc &L

H(s) = —orgok H(s) = WgF

Zero: +(G;; Ga , Pole: 77 Zero: +g; Sa Pole: — C“

By setting @ = 1 we achieve an all pass filter.

Second Order Transfer Functions
N(s) N(s)

@) @) @)

N)< 2. Defines the zeros of the system

H(s) =

N(s) = polynomial with deg(
wo = natural frequency of the second order system

_ 1 _
Q=% =

Quality factor, where ( = dimensionless damping factor

P12 = (—¢ £ v/¢? — 1)wo are the two poles of the system.

Underdamped: 0< £< 1 =0
Poles are complex conjugates in LHP |, _---}¢-3
Decaying sinusoidal function +lw0 x Z <0 Unstable System

Poles are in RHP
Sinusoidal function with diverging envelope

Critically damped: {=1

Pia= wo '\ f=
-~ Wy, O J{_e cwa
M / —‘]M + I?‘CI w,
Overdamped: >1 Modylys: W,
Poles are real & negative *, -iwo xz <0 A“ﬂ'&- (oser

0< z <1 ( =( Poles are complex conjugates on imaginary axis
Constant envelope sinusoidal function
Ry R,

Second Order Low Pass Filter (LP)
Set N(s) =1— Hrp(w) =

Vin

1
o €7 el € I

9
i—]

Second Order High Pass Filter (HP)

_LQ
w,

2
Set N(s)=(%) — Hpp(w) = (= fé(ﬂ)

low freq 5—0 <<1 high freq = oo > 1 | characteristic freq wio =1
|Hpp|: +40dB/dec | Hpp ~ 1 =0dB Hpp = jQ — 7 phase shift

£:1§ Q

[Hyp )| @

Q=20 4
2 *E;f Higher Underdamped
Q=1414 \

AMPLITUDE (d8)

PHASE (Dogrees)

FREQUENCY (Ha)

Second Order Band Pass Filter (BP)

wo

Set N(s) = % (i) — Hpp(w) =

low freq 570 <<1
|Hrp|: +20dB/dec

high freq wio >>1
|Hrp|: —20dB/dec

|Hpp|~ 1 =0dB

-10

Amitude (48)
8 8

Iy

Band-Stop Notch Filter

2
Set N(s) =1+ (70) — Hy(w)=1— Hpp(w)

low freq 5—0 << 1 | high freq wio >>1 | characteristic freq wio =1

Hy(jw) =~ 1 Hy(jw) =~ 1 Hy =—j {1 - (wioﬂ Q

Second Order All Pass Filter (AP)

low freq :’—O << 1 | high freq wio >> 1 | characteristic freq :’—0 =1

Hpp~1=0dB

Z1:R1H ZQ—RQ”Sé.z =R+ 07Z2—R2+
__C S+ R101 stz _ _Ry TRy chz _ stz
H(s) = C2 s+ R2 k8+p H(s) = Ry s+ Rlcl ks-HD

|Hpp|: —40dB/dec | Hpp = —jQ — 7% phase

|Hup(a)| ..%“ i Q
) . Underdamped
. <\ Higher Q
:

overdamped |

PHASE (Dogroes)

1
FREQUENCY (Hz)

)
FREQUENCY (Hz)

Set Ny =1+ ()7 = 3 () = Hap(e) () -8 ()
e s) = =) -2 (2 ) 5 Hap(jw) = —25——=0L
W) ) a0 = T
one pair
M G = 1 for any 1 : e
s p(jw)| =1 for any frequency one pa
(onylex palﬂ (Lhe) (RHP)

ZHpp(jw) = —2arctan {W} € [, +m]
-(%5)




Sallen Key Fitiers (WRC F

Problem with ')."‘ﬂnlcr pnssivz Filkers

fHCVS)

Q<059 Two real poles 3 pve,

Goul® Incredse @ o boost awplitude response ot wy

Sallen Key Lowpass (LP) Fil

Vout
0

Vo
HLpfs:O)
i
b Re 1
K=1+ =
L TR ool

45unknowms K, R, G,Ry, G but 3 equaons H 5= 0),W,
gEqMal-(owonen-l' KRC F:lkr Set k,_Rz R [ (Z

= Qs completely set by K

R
= Sl variahon in 7;
—yPossitle osillation

Borp=K=1+ ZE R

==, wy= =1

Ra" 7 Re Q- 3K
However, Q=—2 == T
- @ -58
3 (4+7§) -2

Sno cow«rfcbg? ;?;({dnj & no sharp wll off

lers

0“" V K kRJ_CzS-f/’ v

kLahy VinVa  Vowdk ~Vo oy
1 R)_ 4/(\1

HG)= v—"‘~ .
&2y (w)

= k1(1kzclsl +[(1‘K R1C1+K1(1+Rl(1],(+1

T

Sallen Key Highpus (P) Filiers

Sallen Uey Bardpass Filters

Vout

©

" Double-T Notch Filter
by ordey RC Notch
Filter Prototype

HGs)= K-

HoLp:K = ‘H-%.B.

wp, Q= wder-dtecmined desgn problem

may lead 1o large @ varighn
(A)‘

(Uu) a)f"
ot

/ 0 'R‘I C1R1(7_

A

_ 1
(1—'4)“% RiG | [RGa
Ricy T ‘ 7RG T J RaCy

H(s) =

Hawp =

Equa[ Component design’ R =R, R=R, (== C

Equu[
H(s)=

HON

5 (&)
&

K

HoHP

1K) R )R " RGRG

:K:1+%_f:

Rz(z R Cl
+1 4 { 2 4
1 K R3 R1(-1 K;(, chl

Component KRC notch filler design yields:
K &)+

(w.,) R (Uo) 1

,;

"

Cascade 0( Op ‘Amp Based Achive Filters

Any high ordey fct. can be decomposed indo vulbiplicaipy of 1°" and 2"
ordey 2! 15 orclay fillers© Bilineay op-amp Fitrers

2 orddey Gilters € KR L Op-amp filfers

Zobis _, TTRo (-2 TT% (s-20)(s-28)

Zas T Gor) T (R

K is real, 3, are real, either posihve or negative (RBP or LIP 2ros)

T _N[S)
()= D(s)

2p, 2} are amplex conjugale, eithey on LHP or RHP

P; redl; must be negatve (only LHP), fﬂ/ P* (omPIGX (MJMjNFE/ must be on LHP

%

Example : KRQ/fa)|en-qu Achve Filkers

Compl \ jw
el c
I
-21x2.5k v“_‘/\?\/«_ .
radls ¥ _V""‘
\.,‘I o Re =
: / ¢ g
‘\ // I <
% / 1 Ri S
\\ / B '-:[
\\ /
¥
U4 ~-
//
=272 S"krad/g D Rz — = ;ﬂ- = 127‘(12
oC 27T 2.5:0%- 510
- (4 1 1 -
‘5057(-)‘60 9 —-cos60°=2 Q"7
2Q° 2

K= 3‘5‘3 122= "*R“ Since Ry 10k = Rg=10k

The Sallenkey LP Fiiter has DC gan=K=2 before modifcahoy

The desired gain s 348 =42
JWe need Jo attenuate the signal by 2
Using  the equivalent voltage source Concept

Yin i 2 R ke -2 @
V) = - - 8 =) ——
R LI _V‘ .rl
vln s A Rig : it KlB " R0A+Rl5 2

Y]

RialRp <123k~ @

12.96kN

Solve Syst- of 67..' Rm:ﬁ.ﬂék!L
Rig = 4336k

Example : Mulhple Feedback All-Pass Filter
. Okapv, ."""’* (r-Vou) € + G Vi Vo) &
IL
|
Oili C R:E > @KC[@V_:(VA,.;—V‘.");C :(%v[h_vw‘)%
vﬂul
+ T = - A
@ >VX';VM*R(%VM-V0W}> ®

®:7 v‘h~vX: (Vx-Vaw)% + (%vm'vo\#)‘ %

1
(sR(

)(%Vm‘;v,_m-'% Vm4+) @

w+ +3 = Vow)

x =

@:@:)%-V;h 2= (3V0 Vous) *RC ) (@
5 )

SR
2 - SR(VmP 3 Vit (%* L)(SV,,‘ Vout) = X Vm"‘ zvﬂbﬂ' + = C Vouy

SRC

= =sR(vi +1v, +2 1 -1 1 5 R
=) GSRC in 3\/:'. + c Vi 1‘3 RC ‘.n 7 V‘M{,*E\/M;: va*gvm* ,.S—Z—L-an_
1
2 —sRC Vin- —v "t TRC RLv,.,. Vow * 7Rz Vout t 5%_(—%»\»
> H(s)-v"“ ZsRC- 3f 3,RL -1 RC-BREHT SI‘FZZ”:%
SRC =3 222 4 +2_3- . =
= *1+SR( SAR*CE+ 2RC ;1H5*R2TL1
[] X3
General all-pass tvamstfer fanchon: Hpp(s) = Hao' -t
51.‘; Swo +wy
2 a 7 2\ 2 Ry
o ) , P 3 2\
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Multiple Leedback All-pags filter (gencral firm)
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