Active Circuits: Life gets interesting

Active cct elements - operational amplifiers (OP-
AMPS) and transistors
Devices which can inject power into the cct
External power supply — normally comes from connection to
the voltage supply “rails”
Capable of linear operation — amplifiers
and nonlinear operation - typically switches

Triodes, pentodes, transistors

,HH‘HH’HH,I
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Active Cct Elements

v +| |—

+10v
Amplifiers — linear & active microphons | ——
Signal processors -
Stymied until 1927 and Harold Black
Negative Feedback Amplifier
Control rescues communications
Telephone relay stations manageable
against manufacturing variability
Linearity
Output signal is proportional to the input signal

Note distinction between signals and systems which
transform them

Yes! Just like your stereo amplifier
Idea - controlled current and voltage sources

Z|O | ZF—»
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A Brief Aside - Transistors

o

C
Bipolar Junction Transistors

Semiconductors - doped silicon E—F—C@ DF@)
n-doping: mobile electrons B i
Si doped with Sb, P or As c
p-doping: mobile holes
Si doped with B, Ga, In E—F—C@ B
Two types npn and pnp 5 .
Heavily doped Collector and Emitter
Lightly doped Base and very thin
Collector and Emitter thick and dopey

Need to bias the two junctions properly
Then the base current modulates a strong C—E current

Amplification i=/ip
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Common Emitter
Amplifier Stage
Biasing resistors R; and R,

Keep transistor
junctions biased in
amplifying range

Blocking capacitors Cg; and
Cs2
Keep dc currents out
Feedback capacitor Cg

Grounds emitter at high
frequencies

Small changes in v;,

Produce large changes in v,

MAE40 Linear Circuits
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Linear Dependent Sources

Active device models in linear mode

Transistor takes an input voltage v; and produces an output
current ip,=gv; where g is the gain
This is a linear voltage-controlled current source VCCS

o

(O

0]

CCVS r transresistance

o

(0]

_|_

Vi HV]

(0]

o}

VCVS uvoltage gain

MAE40 Linear Circuits
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W<

CCCS pcurrent gain

(0]

O
+

Vi gV

o (o)

o

VCCS g transconductance
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Linear dependent source (contd)

Linear dependent sources are parts of active cct
models - they are not separate components

But they allow us to extend our cct analysis techniques to
really useful applications

This will become more critical as we get into dynamic ccts

Dependent elements change properties according to
the values of other cct variables

(0]

o]
+ +

(o]
. ' , , - [ .
Ls CD l]l ri=rig=Vy is=0 ]l ri;=vy=0
D:

(@)

O

o

Source on Source off

MAE40 Linear Circuits
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Cct Analysis with Dependent Sources

Golden rule — do not lose track of control variables
Find iy, vp and P, for the 500Q load

Iy i,
WA= @ .
250 3000 o]
s CD 500 <l> 8i. 500 Vo
N 2 °
Current divider on LHS i, =_ig
Current divider on RHS i0=%(—48)ix=—18ix=—12i5

Ohm’s law vp=ip500=-6000i¢

: .2
Power PO =ZOVO=72,OOOZS
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Analysis with dependent sources

Ly

Mm—% &=

250 3000 iol +

s(D 500 <l>8ix 500 Yo

Power provided by ICS ps=(50ll25)i§=50 2

3'S
Power delivered to load 720003
| Po 72000%
Power gain i 50,12 =320

Where did the energy come from?
External power supply

MAE40 Linear Circuits
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Nodal Analysis with Dependent Source

R, R

Vg /\/\2 Va /ﬁ?’\/ YD

KCL at nOde C_ Gl(VC—VS1)+G2(VC—VSz)+GBVC+GP(Vc—VD)=O
KCL at node D Gp(vp-ve)+Ggvp-Pig=0
CCCS element description ig=Gp(vc-vp)

Substitute and solve
(G1 +G +Gp +Gp)ve —=Gpvp = Gvg + Govg)
~(B+D)Gpvc +[(B+1)Gp + G bp =0
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&R, 5th ed, Example 4-3 p 148

o
) Find vy in terms of vg
¢ What happens as p—0?
% R; v A
y /\/\/\3/ B iol o, Node
LAY (T)R] + y (G1+G2+G3)VA—G3VB=G1VS
D, R v R @
Ry 2 X
- MUV Node B:
o VR=—Uv,=—Uv 4
m— Solution:
VO=VR=—UV 4= ~HG %
OB AT Gl+Gy+(1+)Gy |

For large gains u: (1+u)G;>>G;+G,

Vo= R VS“‘R3VS
(1+ M)G3 Rl
This 1s a model of an inverting op-amp
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Mesh Current Analysis with Dependent Sources

Dual of Nodal Analysis with dependent sources

Treat the dependent sources as independent and sort out
during the solution

R e I
BN SN
+ v, -
x +
(O t e RZ v,
- _
R, (Ry + Ry + R3 + gRyR3)i g - R3ip = vg
—(R3 + gRHYR3)i 4 +(R3 + Ry)ig =0
R; Rz
M/\/— — W

9

gR3v
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&R, 5th ed, Example 4-5 BJTransistor

Needs a supermesh

Current source in two loops
without R in parallel

Supermesh = entire outer loop

Supermesh equation
i2RE _V)/ +i1RB + VCC =0

Current source constraint

i —ip = pip

Solution
Vee =V,

B RB +(/3 +1)RE

ip = —ii

87
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&R, 5th ed, Example 4-6 Field Effect Transistor

Since cct is linear vy = Kyvg; + Kovey
Solve via superposition
First vg; on and vy, off, then vg; off and vy, on

This gives K; and K,

MAE40 Linear Circuits &8



Operational Amplifiers - OpAmps

Basic building block of linear analog circuits
Package of transistors, capacitors, resistors, diodes in a chip

Five terminals

— Positive power supply V¢ Vng %Vcc

— Negative power supply - V¢ B %' v,

- Non-inverting input v, pII' -

— Inverting input v, Voo

— Output v, Vot Ve

Linear region of operation

vo = AWV, =) Slope A

Ideal behavior Vp_;n
10° < 4 <10°

Saturation at V¢/-Vcc limits range -Vee
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Real OpAmp (u741)

& P O

T ol
| A

Non-inverting

|
! I
[ I
| Q22 i
It
Offset . : !
|
— | soka< s00<;
! ! E
L . . o
_________________ Ve
_/
oFfFseTNULL [] 1 g[ ] nc
INVERTING INPUT [ ] 2 7] v+
NON-INVERTING INPUT [ |3 6[ ] ourpur
V- |: 4 5 :| OFFSET NULL
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Ideal OpAmp

Equivalent linear circuit
Dependent source model

10°<R, <10”Q  woQ)
10 < R, <100L2 0Q
10° < A <10° o0

Need to stay in linear range

VAa
0 Vee
Slope A
VoV
-Vee
_|_
R i,
= WA <Vo
A(V,y-vy)

_VCC = VO < VCC +
V G
p
_Yec SV, -V s—VCC
4 "4
Ideal conditions Vir
— n
Vp =V
i, =1, =0

MAE40 Linear Circuits
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Non-inverting OpAmp - Feedback

What happens now?
Voltage divider feedback

Rl + R2

Vi Yo

Operating condition v,=vy

—R1+R2V
Ry

Vo

Linear non-inverting amplifier

R TRy
Ry

Gain K= With dependent source model
_ RAR +R))+R,R, v
R(AR,+R,+R +R,)+R,(R +R,) °

92
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&R, 5th ed, Example 4-13

Analyze this
. y_ -—&1 M - Yo
Iy = 0 Vn> N o
y R 3
S Vg Rl +R2 C)VS 2 -
Ideal OpAmp has zero R
output resistance | 1 | 1
R_does not affect v, )
V Ry +R
Kanp = Yo _ 183 T Ity
Vp R4
_ _Vo_|_R | R +R4}
K = KK ===
Total SHAMP Ve { Rl N R2 }{ R4

MAE40 Linear Circuits



Voltage Follower - Buffer

Feedback path i, V
p A
vV, = V0 v,

Infinite input resistance (Dvs

I =0, Vv, = Vg

Ideal OpAmp
:Vn _

Loop gain is 1

Power is supplied from the Vcc/-Vcc rails

MAE40 Linear Circuits




OpAmp Ccts - inverting amplifier

Input and feedback applied at
same terminal of OpAmp

R, is the feedback resistor

So how does it work?
KCL at node A
Vs —V VaAr =V .
N S+ N O+ZN=O

Ry Ry
iy =0, vN=vp=O
Ry
Vo =——=y
O Rl S

vo=-Kvg hence the name

MAE40 Linear Circuits

Non-inverting amp
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Inverting Amplifier (contd)

R @ \f
Current flows in the inverting amp T_J'V\N"Nl' “ Yo
’

. Vg Vs N> R

I =R—1’ Ry =Ry L% i)

.V, =V

l2 = 0 = S = _ll

R2 Rl
iL=V—0=—R2>< 1 X Vg
RL Rl RL

96
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OpAmp Analysis - T&R, 5th ed, Example 4-14

Compute the input-output ﬁ; /\/1§3 @ N/]%
relationship of this cct [ N1 Vo
Convert the cct left of the node A ¥ > R
to its Thévenin equivalent Vs —> R; > L
o R -
TTIOCT ARy S = TR @ R -
4
RIRy  RIR)+RIR3+RyR3 0—/\/\7\/—’_/\/\ Vo

Rr =R. =R =
r in 37 R1+Ry R1+R»

Note that this is not the inverting =2
amp gain times the voltage =
divider gain 5 Ry

There is interaction between Ry
the two parts of the cct (R;)

Ri(Ry{+R R
This is a feature of the =— 4(Ry+Ry) 2|y
inverting amplifier RiRy +RIR3+ Ry Ry || R+ R
configuration RyRy

near Gircu " R\Ry+RRa+R Ry S 97
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Summing Amplifier - Adder

So what happens?
Node A is effectively

—MA M
j R .
grounded VICDI AN s vy >

v,=v,=0

Also iy=0 because of R,,
. . SO.
N+ +ip =0

V1+V2+V0=O

Ry Ry Rp

This is an inverting
summing amplifier

Ever wondered about audio

MAE40 Linear Circuits

R ) R, )
=-Ky1— Koy

mixers? How do they work?
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_(_Rp Rp Rp
Virtual ground at v, Y0 = "R Vit "R, Vat...t "R, Vim
Currents add
Summing junction
Permits adding signals to create a composite
Strings+brass+woodwind+percussion

Guitars+bass+drums+vocal+keyboards

= KIVI +K2V2 +°'°+Kme
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&R, 5th ed, Design Example 4-15

Design an inverting summer to realize y, =—(5v +13v,)

R R
Inverting summer with —Eos TR o3

Ry Ry

13KQ 65KQ 11KQ 56KQ

v\ W vo v VW\ /\/ VA Vo
5KQ 4.3KO
V) 0—/\/\/\/ N v, o—\\ +
Nominal values Standard values

If v;=400mV and V- ~=x15V what is max of v, for linear op"?
Need to keep vp>-15V ~15 < =(5v; +131,)
15> 5v +13vy
by < 15-5%0.4 _

MAE40 Linear Circuits 13

1V
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OpAmp Circuits — Differential Amplifier

1
MAE40 Linear Circuits 10



OpAmp Circuits — Differential Amplifier

i; R R, I .
=YV} —M\N—= : Use superposition to analyze
i \%
k"n J ¢ v,=0: inverting amplifier
On ity
_ —A\N\ L R2
Vp Vol = —RTVl
1
— V2 R, v;=0: non-inverting amplifier
| plus voltage divider
1
- N R4 Rl + R2
Vo2 = V2
R3 + R4 Rl

_I_
= — & v T Ry R+ R v, K; inverting gain

K, non-inverting gain
==K, T K,v,
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&R, 5th ed, Exercise 4-13

I KQ
This is a differential amp —\\N\N— 1KO
v, is 10V, v, is 10V AR WA=
R;=1KQ||1KQ=5000Q B | >_ v
R,=R;=R,=1KQ 1ov () Ry
IKQ
vo = K T Kovp 1

__ Rk {R1 Ry }{ Ry } =
- oM V2

R R | Ry+Ry
=—20+3" % 10=-5V
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MAE40 Linear Circuits

Lego Circuits

Inverting amplifier
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Lego Circuits (contd)

R
R R v | K, =—2F
Vi °—W\] /\/\KT Vo Ky Vo ! Ry
—\\ P
cok > 1K Ky = _fz_F
L 2
Inverting summer
v R; R,
)\ { —A\\N 0
R -
Y2_AN] + >J . P Ry
S >: : v : Ry
R, O
= Ky — R1+R2\ Ry
R ey
- I 3T Y

Differential amplifier
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&R, 5th ed, Example 4-16: OpAmp Lego
e W
9.7Y—1/\(}{</§2/— Ko >_g%\g/z_* _;\OAKQ >—&)A%—~— K%Q +VC

>

!

VCC: =+ 1 SV

So what does this circuit do?
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Example 4-16: OpAmp Lego
e WL
9-7\07_1 «(}{(/gz/_ i _3«;\KQ >_L\(}{(/\£/2_* _}Q\KQ >—%/§/£\2,—.— K%Q +vc

>

!

VCC: =+ 1 SV

So what does this circuit do?

— _1
-5 Ve
9.7V 3.2 3.2-vi 9
—.0.33 1

It converts tens of OF to tens of °C
Max current drawn by each stage is 1.5mA
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OpAmp Cct Analysis

What if circuit is not simple interconnection of basic
building blocks? OpAmp Nodal Analysis

Use dependent voltage source model
Identify node voltages

Formulate input node equations

Solve using ideal characteristic v,=v,

Rest of Vpr b, |+

CirCUit j: ReSt Of
Rest oﬁ Vit iy circuit
circuit )
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OpAmp Analysis -

_|_

e
v, CD % _ Vo
.

N
®
(D %

i

MAE40 Linear Circuits

&R, 5th ed, Example 4-18
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OpAmp Analysis -

_|_

e
0 () %
%o

R,
D
R;
R3
R4

Yo
<

=

NG %

&

MAE40 Linear Circuits

_T_ {@
+ +
Vo =ve = {Gl Gy }W _ Gy {G3 Gy }Q

&R, 5th ed, Example 4-18

Seemingly six non-reference
nodes: A-E

Nodes A, B: connect to reference
voltages v; and v,

Node C, E: connected to OpAmp
outputs (forget for the moment)

Node D: (Gl + GZ)VD _GIVC _szE =0
Node F: (G5 +Gy)vp —Gyvgp =0
OpAmp constraints
Vg—V1 —Vp, Vg —Vy) — Vg
Give + Grvg =(G1 + Gy)vy
G3vg =(G3 + Gy

Gy G L Gy

110



OpAmp Analysis - T&R, 5th ed, Exercise 4-14
— WA~ —
®—/\/]\QIA/—‘ R;

5O L
1 e

. . 111
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OpAmp Analysis - T&R, 5th ed, Exercise 4-14

— WA~ —
Node A: v,=v
Node B: &A@ R
(G +G)vg-Gv-Gve=0 & L v
Node C: :
(G2+G3+G4)VC-G2VB-G4VD:0 - | g @

Constraints

P
+Ga+Gy)s —
Solve Ve = (G +G3+Gy)- =Gy v
Ve = —ﬁvS Gy G
¢ __(RyRy + RyRy + R3Ry) §
N S

VO =VD R1R3
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OpAmp Circuit Design - the whole point

Given an input-output relationship design a cct to implement it
Build a cct to implement vy,=5v;+10v,+20v;
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OpAmp Circuit Design - the whole point

Given an input-output relationship design a cct to implement it
Build a cct to implement vy,=5v;+10v,+20v;
Inverting summer followed by an inverter

T Se=amia= al)

> 14 Inverter

N
||N<
|||
|||

- ' «—— Summer
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300 &R, 5th ed, Example 4-21

o K%\I%;} ¥ i How about this
VCJDCD —i}\< W\> one?

L~ VCD 2.941(9%L OOk
3

1
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KO Example 4-21

<+> M-y > How about this one?
_ Q) - Vo
V] CD —g}\i vy Non-inverting amp v,—>Vvg
LT okaz 100710°42.94710°
V3 v0=Kvp= . 3 vp=35vp
= 2.94 10
i «5\] KCL at p-node with 7,=0
Vio——— Vi — — —
1 \% V2 \% V3 1%
VZO——/\KZA/ + , Z+ 4p+ , p4 =0
. > vo 2 10 10 0.5 10
—/\/\/\j = + s +
vmo—/\}% KR 3.5vp 0.5v] T vy +2v3
K Non-inverting summer
Fewer elements than inv-
R R R summer + inverter
e e e
vo = K _%V1+_QV2+"'+_QVW1 Reg = Rl‘|R2“R3”“'Rm
Rl ' Ry R,
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Comparators — A Nonlinear OpAmp Circuit

We have used the ideal OpAmp conditions for the
analysis of OpAmps in the linear regime

w=ip =0 if Av,-v, <Vcc

What about if we operate with v,=v,?

That is, we operate outside the linear regime.
We saturate!!

vo =tVee it v, >y,

vo="Vee it vy <V

Without feedback, OpAmp acts as a comparator
There is one of these in every FM radio!
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“Analog-to-digital converter” - comparators

8V

3R

—l— —o V03
ZR%
Vg -
R
+VCC:5V

'VCC:OV

MAE40 Linear Circuits
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“Analog-to-digital converter” - comparators

Current laws still work

8V . .
=1y = 0
K Parallel comparison
_|_
Pt Flash converter
ZR “3_bit” Output
! TSI Not really how it is done
2}%7_ ” Voltage divider switched
R
V=5V 1>vg 0 0 |0
5>vg>3 5 5 1|0
Vs>5 5 5 5
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Digital-to-analog converter

vy o MSB_ R/

R Vio—»
—/\W/L& /\P/\/\/ [ ovO 1 8
. Vy)o—»
V3 © /W > s i @_";O
vy LSB _/\% 1 V3o—»p 2 R
Vyo—» 1
Single
"9 Analog
Voltage
Conversion of digital data to analog voltage value
Bit inputs = 0 or 5V
Analog output varies between v,,, and v, . in 16 steps
120
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Signal Conditioning

Your most likely brush with OpAmps in practice
Signal - typically a voltage representing a physical variable
Temperature, strain, speed, pressure
Digital analysis — done on a computer after
Anti-aliasing filtering — data interpretation
Adding/subtracting an offset - zeroing
Normally zero of ADC is OV
Scaling for full scale variation — quantization
Normally full scale of ADC is 5V
Analog-to-digital conversion — ADC
Maybe after a few more tricks like track and hold
Offset correction: use a summing OpAmp
Scaling: use an OpAmp amplifier
Anti-aliasing filter: use a dynamic OpAmp cct
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hévenin and Norton for dependent sources

Cannot turn off the ICSs and IVSs to do the analysis
This would turn off DCSs and DVSs

Connect an independent CS or VS to the terminal
and compute the resulting voltage or current and
its depRendence on the source

T

Compute vy in response to is: Vg = vy TigRp

Or just compute the open-circuit voltage and the
short-circuit current

MAE40 Linear Circuits 122



hévenin and Norton for dependent sources

Thevenin equivalent circuit?

Open-circuit voltage

)
)

)

)

)

)

)

)

)

av )
X )

)

)

)

3

)

Y 1+a

N

=V +av =av.

ocC

Short-circuit current

__ _oC __
R, =- R O=v —-v . a
: lSC

=—V

O=-Ri_+av R

What would 1nstead be the resistance obtained by turning off IVS?
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Where to now?

Where have we been?
Nodal and mesh analysis
Thévenin and Norton equivalence
Dependent sources and active cct models
OpAmps and resistive linear active cct design
Where to now?
Capacitors and inductors (Ch.6)
Laplace Transforms and their use for ODEs and ccts (Ch.9)

s-domain cct design and analysis (Ch.10)

Frequency response (Ch.12) and filter design (Ch.14)
We will depart from the book more during this phase
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