week 13



Kirchhoff’s law:
KCL -> Nodal Analysis (current source)
KVL -> Mesh Analysis (voltage source)

superposition -> multiple sources

tera I 1012
giga G 10°
mega M 106
kilo k 103
milli m 103
micro u 106
nano n 10-°
pico p 1012
femto f 101




Thevenin

Definition

= Any one-port network composed of ideal voltage and current sources, and
linear resistors, can be represented by an equivalent circuit consisting of
an ideal voltage source V in series with an equivalent resistance R,

Deriving the Thevenin equivalent circuit
Step 1: Remove the load from the rest of the one port network. This is the
first most fundamental step.

Step 2: Find the equivalent resistance R.| Disable all ideal sources then find
the resistance across the terminals.

For voltage

source — replace with short circuit

For current source — replace with open circuit
Step 3: Find the Thevenin voltage source. The Thevenin voltage source is

equal to the

open circuit voltage seen across the terminals |(with no load).

Solve for this voltage using any preferred method (NVA, MCA,
superposition).



Definition
= Any one-port network composed of ideal voltage and current sources, and

linear resistors, can be represented by an equivalent circuit consisting of
an ideal current source I [in parallel with an equivalent resistance Ry

Deriving the Norton equivalent circuit
Steps 1 and 2 for deriving the Norton equivalent circuit are exactly the same
as that for Thevenin.

Step 3: Find the Norton current source. The Norton current source is equal to
the|short circuit current seen across the terminals (with no load). [Solve for
this voltage using any preferred method (NVA, MCA., superposition).

O

E Ry

O

Fig 3: Transformed Norton equivalent circuit




Gapacitors

Differentiaion and Integration
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Inductors

If the current through an inductor is time-varying, then the generated voltage
must also be time-varying:

9
’l Flux: ¢ = Li The equivalent
+ Faraday'sLaw: () = a9(¢) inductance in series
IigL | T at di(t) and in parallel can be
Differentiating with respect to time (t):  v(t) = LT calculated the same
o way as the resistors.

Voltage depends on the rate of change of current

If current is constant with time - di/dt=0 - V =0 (No voltage)
No current change - No voltage difference

If current changes with time = di/dt # 0 =2 V # 0 (There is voltage)
Current change - Voltage difference



C&L

Resistor (R) Capacitor (C) Inductor (L)

1 di
v-i v=iR V== flrdr+vt =L—
), 1+ v =L
dv . 1ft .
i-v i=v/R =C— i =—| v(r)dt + i(t
/ i=c L ), v@dr +itto)
: 3 C,C,
Two in series Req =Ry +R; Ceq = G+ G Leq=1L1+ L,
Parallel R Coq=Cy+C Ly 2
arate S E TR O ST,
At DC Same Open circuit Short circuit

Circuit variable that
cannot change Not applicable v i
abruptly

Resistance:
C: 1/jwc = -j/(wc)

L: jwlL



Transient

Ve Of i : e of i, = Simple 1% order RC circuit
4
|
zo) - — — — = :r(lo) ————— — =GR
Az I Ar
: = Simple 15 order RL circuit
-l.(lu) _____ — IJ'(‘X) pre o — — —
: L
l' i T =—
t, : to
Case A I CaseB R
|
[

x(t) = x(ty) + Ax(1 — eCE=ta))/7y x(t) = x(o0) + Axe(—(t=to))/z

1. Find the time constant T
2. Find initial value x(tg) and final value x(c0)
3. Determine whether Case A or Case B expression shall be used



AGC circuits

. b Phasors:

A 7

L Short circuitatde 050 4ances and admittances
dLLA - of passive elements. e FEuler's Form

——0 O——  FElement Impedance Admittance ® Rectangular
Open circuit at

high frequencies R Z=R Y = 5 Form
(a) Rl e Polar Form
E Z = joL Y=—
]wL . . .
g I _ which is the easiest
C Open circuit at dc Cc Z= oC Y = joC
I / to calculate?
Il e
Short circuit at De Moivre’s Law

high frequencies



AC Power: Instantaneous vs. Average

Although the average voltage across a resistor with a sinusoidal AC voltage across
it is zero, note that the average power dissipated is not zero. Since P = V#/R, we
should consider the square of the voltage.

The following graph shows the voltage across a 1Q resistor in blue and the

corresponding square of this voltage in red. The red curve therefore shows the
INSTANTANEOUS POWER. The instantaneous power is clearly

Vi(t) = 5%cos’(2nt) V | sinusoidal with a DC offset:

= il V2(t) = 52* 0.5 * (1 + cos(4mnt))
» =V,a’ * 0.5 * cos(4nt) +
V, 2% 0.5

= 12.5cos(4nt) + 12.5

15+

1o} | Mean of V2= 12.5 (DC offset)

s 1 Average power of V2(t) is 12.5 W

! N S e 72 — 8 %V 2
Average power of V(1) =05*V

/(1) = Scos Q)Y Mean of V=0



Erequency Response

Low pass filter High pass filter

Let us consider the response of the output V; in relation to the input V,. We keep the
amplitude of V; constant but vary its frequency o.

Let us consider the response of the output V, in relation to the input V,.
We keep the amplitude of V; constant but vary its frequency o.

. V,,. 1/ joC v
By voltage divider rule: —>(jo)=—"—"—— By voltage divider rule: —2(jo)=—F—
v, R+1/joC y voltag Vi(J ) FYSTIE:
1 & 1
T (e, O+
1+ joCR /1 S———
il " e I 1+1/ joCR
o—Ww | . Note that CR is a constant based on the circuit . RS v,
v c v values unlike o, which is a variable. 3 Once again we re-write RC to define the cut off
T "~ Re-write CR as a constant with the same unitas © O- radian frequency, ®, whereby o, = 1/RC:
-0 ¢ O-  angular frequency:
= 1 This frequency is called the cutoff radian
¢~ grc frequency (o) and is a CONSTANT Sub back into above equation: ﬂ(j(o _ 1
7 1 v, 1+(o,/ jo)
Sub back into above equation: | —2(jo)=————
v, 1+ jlo/o,)




RLC Series Resonator (Bandpass filter)

AT o flter. Tho cheolt Let us consider the response of the output V, in
prosees encien withhs relation to the input V,. We keep the amplitude of V,
e 5 constant but vary its frequency o. Im
s AN
+0—) * By voltage divider rule:
Vi R \ Vs R
—(jo)=
i | Vv R+ jolL+1/ joC > Re
B 1
[ ol 1 J
+J -
R oRC i
|V,/Vi| is max when denominator is minimized Plot of denominator for V/V;

We can see that the output will be at its maximum when the imaginary part of the
denominator is zero:

(wL/R) — [1/(@RC)] =0 2| w? = 1/(LC)

When this happens, the impedances of the capacitor and inductor are equal and
opposite. This is known as resonance. Max value of V_/V, for all frequencies is 1 in
this case.




Quality factor

Amplitude ratio

ad)

Phase angle (r

== 8% | known at the resonance frequency, o,
- (3) For frequencies move further away from ®, (whether
higher or lower), |V /V|| gets increasingly smaller

V, . j@CR
—2(jo)=——
V. l1-o LC+ joCR
Make the subst. using: @, =—
g 0, TC

j( 0] J R
=1 B @, ){1/C
: | i Vi 10) ] | o R
1— +J ‘
0, @, )\ L/C L/C

- If we define: O =

~d

(jo)= jlo/a, \1/0)
1- ((!) @, ): 3l | ((.')_““(,:)0 )( 1 Q)

Q 1s known as the Quality Factor and it describes the
i G ey - sharpness or width of the peak relative to ®,

20
7
Ii




* Closed loop gain (V,,/V},)

* Gain: vﬂ:l+&
Vs R

* Circuit input resistance : Infinite

Figure 5 : Non-inverting amplifier

Closed loop gain (G)

= Note that 1;, = 0 since it is going into the op amp input
Sv,=vi=v (D)

= Note there is also no current running into the inverting input of op amp as
well (i;, = 0 for either inputs)

- R and Ry are thus in series

e e om

Note that since v™ = 0, therefore v- =0

A = Therefore:
i
Vs, I i= VSl i = vS2 i = vSN
1 - PN T
- Rs, RSl Rsz SN
¥ 1 =  Applying KCL at v=:

|
Vs :
I
I

Ip+i+iL+...+i, =0

= Hence by nodal voltage analysis:

Vou Vo1 . Vs2 , Vv _
R, Ry Ry, Ry

Figure 6 : Summing amplifier

<
<
<
<

Vout

T O

= Note thatv-=v =0

=  Apply KCL at inverting input (V")

ve—0 v -0
S i out

=0

Rg Rp
Vout = &
Vs Rs
\‘ln

Figure 3: Source follower

out

* Closed loop gain (V,,/V},)
Vot __RF

v R

* Circuit input resistance : Rg

* Gain:

Figure 4 : Inverting amplifier

OpAmp

* Closed loop gain (V,,/V,,)
v,

Tou

* Gain:

. bt .in ~ e
* Circuit input resistance : Infinite




Active Filter

Implementation of:

Comparator
Differentiating Amplifier
Integrating Amplifier
Decibels(dB)

2nd order Filter

Active Band Pass Filter

Passband gain is Rp/Rg

Sallen-Key Filter Topology

Assuming that the op-amp is
ideal, transfer function of this Vine—]
filter is given by

Vout
H(iw) = =
(l ) Vin lez +Zg (Zl + Zz) + Z3Z4

different types of R, L. and C for Z’'s components
=» different kinds of filter responses.



Sallen-Key Filter Topology: Low Pass Filter

Cl
|
R, R, v o0
Vi AAA AAA » ) H(i o out: 3~4
> oo () Vin Z1Zo +Z3(Zy +Z3) +Z5Z,
=1L
1. It can be formed by choosing Z,=R, Z,=R,, Z;=1/joC,, Z,=1/joC, ;
. woz
2. Convert the above equation to the following form H(j®) = - D\ .
(jw)*+ (7) (o) + w,?

1
3. The undamped natural frequency oy is given by Wy = \/—
RiRyC1 Gy

4. The Q factor is given by G- VR1R2C1 6y
C2(Ry + Ry)




Ideal diode model

Offset diode model

15§ Actual diode
characteristic

10H

Approximation
(thick line)

h
1

yd B

0 5 10 15 VD, \Y%

required for reproduction or display.

: S

> VD —
VD — = i

Circuit models for
vp 2 0 (short) and
vp < 0 (open)

Symbol for
ideal diode

In other words, diode is

p > 0: Short circuit / treated like a switch here

vp < 0: Open circuit

Copyright@The McGraw-Hill Companies, in
Parmiaion recuired for eproduchion o dipley

ip, mA
———— Physical diode

10

Offset diode model

5 / (thick line)

0.7 2 fvp, V

On Off

~T %

Device Circuit models

+
0.7V —

V. is typically used to denote the offset voltage

v Diode —0.7 V battery
LTV Diode — open circuit



MOSIET

Summary of operating modes

Cut-Off:

Ves <V, Vep <Vr
Linear/Triode/Ohmic:

Ves >V, Vep> V1

Saturation:

Ves >V, Vep < V1

For n-channel
enhancement MOS

Power consumed by MOSFET = I, Vpg

This sets a limit on the operating conditions
Too much power and the transistor burns out

De+
VG T—
I-‘ Vps VG
Lol 4
' Region 3:
-] ' Triode
S ;
____________ i pomeimniics
E Vr VGs
Region 1: E Region 2:
Cutoff ' Saturation

Ip(mA) I (mA)
10 = Vos=+8V
9
-
7L Vgs=+1V
6k
A= Vis= 46V
4
=
% ‘GS =45V
2
L Vos =+ V
| ; } - Vos=t3V
\ -
0 1 15 20 25 \ Vs
Vos=Vp=2V



el oI,
Sl T gmvgs L vds/ro AID o oV GS +T AVDS
GS 1vps DS |y
The chain rule equation is esman mamk
now a simple KCL equation: "¢ EmVgs T Vag¢To
i 1
G D e
Oo——0 o)
=Wi g — aID + gmvgs s +
0 a ID s m 6VGS o vgs ‘ ( loo Y ds
0 - o

NOTE: The SSEC only shows variables that are small signals.
DC values have no small signals and thus assigned to be ZERO.



