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Chapter Goals

Explore the history of electronics.
Quantify the impact of integrated circuit technologies.
Describe classification of electronic signals.

REVIEW
Review circuit notation and theory.
Introduce tolerance impacts and analysis.
Describe problem solving approach
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Notational Conventions

» Total signal = DC bias + time varying signal
Vr =Vpc + Vg
iT = IDC + isig

* Resistance and conductance - R and G with same
subscripts will denote reciprocal quantities. Most
convenient form will be used within expressions.

1 1
G,=— and =
* R Jz r

X T
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Figure 1.10 Controlled Sources
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Problem-Solving Approach

e Make a clear problem statement.
 List known information and given data.
* Define the unknowns required to solve the problem.
+ List assumptions.
» Develop an approach to the solution.
 Perform the analysis based on the approach.
» Check the results and the assumptions.
— Has the problem been solved? Have all the unknowns been found?
— Is the math correct? Have the assumptions been satisfied?
+ Evaluate the solution.
— Do the results satisfy reasonableness constraints?
— Are the values realizable?
» Use computer-aided analysis to verify hand analysis
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What are Reasonable Numbers?

» If the power supply is +-10 V, a calculated DC bias value of 15 V (not
within the range of the power supply voltages) is unreasonable.

* Generally, our bias current levels will be between 1 pA and a few
hundred milliamps.

* A calculated bias current of 3.2 amps is probably unreasonable and
should be reexamined.

* Peak-to-peak ac voltages should be within the power supply voltage
range.

* A calculated component value that is unrealistic should be rechecked.
For example, a resistance equal to 0.013 ohms.

* Given the inherent variations in most electronic components, three

significant digits are adequate for representation of results. Three
significant digits are used throughout the text.
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Circuit Theory Review: Voltage
Division

Vi =R, and Vv, =R, AAN

Applying KVL to the loop,

- Ry L+
Vo=V, +V, =i (R +R,) USC—) g‘f

10V 2 k)
d i L
an s —

R, +R,

Combining these yields the basic voltage division formula:
R, R,
Vi =Vs Vy, =V

R +R, R, +R,
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Circuit Theory Review: Voltage
Division (cont.)

Using the derived equations

AAN
with the indicated values, R
V1:10V&=8.OOV b §!i2
8 kQ+2 kQ 10V k0
2 kQ

V, =10 V—=—" =200V
8 kQ+2 kQ

Design Note: Voltage division only applies when both
resistors are carrying the same current.
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Circuit Theory Review: Current Division

S A A .
Ig=1;+1, where |=— and |, =— g z ;
Rl R2 I 3
R, R,
Combining and solving for v, I ug
g g QS) M 2k0 3k
. 1 . RR, . 2 ;
V=i =i =iR, || R, ;
s~ s i . L s R, +R, s
R R,
Combining these yields the basic current division formula:
. - R2 - - Rl
Il = IS |2 = IS
R, +R, R, +R,
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Circuit Theory Review: Current
Division (cont.)
Using the derived equations ? i 71 1i
with the indicated values, R, R3§
. kQ CD
|1:5ma3—=3.00 mA ik EE Lt
2 kQ+3 kQ i -
. 2 kQ
I, =Sma———=2.00 mA
2 kQ+3kQ
Design Note: Current division only applies when the same
voltage appears across both resistors.
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Circuit Theory Review: Thévenin and
Norton Equivalent Circuits

Norton
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Circuit Theory Review: Find the
Thévenin Equivalent Voltage

Problem: Find the Thévenin
equivalent voltage at the output.

Solution:

+ Known Information and
Given Data: Circuit topology
and values in figure.

» Unknowns: Thévenin
equivalent voltage v,

» Approach: Voltage source Vv,
is defined as the output voltage Ry,
with no load. Uih

« Assumptions: None.

» Analysis: Next slide...
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Circuit Theory Review: Find the
Thévenin Equivalent Voltage

Applying KCL at the output node,
V,—V Vv
:Bil: OR S+R_0:Gl(vo_vs)+GSVo
1 S

Current i, can be written as: I} = GI(VO - VS)

I
: fi 20k
I

.. . . I g i R ; i
Combining the previous equations P <§” . R £ L

I
. !
I

G, (B+1)vs =[G, (B+1)+Gs v,
Gl(ﬂ-i_l) V. X RIRS _ (IB+1)RS

VO = S VS
G,(8+1)+G RR, (B+1)R+R,
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Circuit Theory Review: Find the
Thévenin Equivalent Voltage (cont.)

Using the given component values:

- (B+1)Rg V. = (50+1)1 kQ V.= 0.718v,
(B+1Rs +R, (50 +1)L kQ+1kQ

and

v, =0.718v,
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Circuit Theory Review: Find the
Thevenin Equivalent Resistance

Problem: Find the Thévenin "

equivalent resistance. AN
. i1 20kQ iy
Solution: :
. (v,=0) Bi,  Rg2 1kl
«  Known Information and
Given Data: Circuit topology B=50

and values in figure.
» Unknowns: Thévenin
equivalent resistance R,.

» Approach: Voltage source
V, is defined as the output
voltage with no load.

» Assumptions: None.
* Analysis: Next slide. ..

Test voltage v, has been added to the
previous circuit. Applying v, and
solving for i, allows us to find the
Thévenin resistance as v,/i,.
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Circuit Theory Review: Find the
Thévenin Equivalent Resistance (cont.)

prplyn_lg KCL, . ,
Iy =—h _ﬂil +GSVX =0 Bi, RyS1KkQ
=GV + GV +GgVy [ B=50
=[G, (B+1)+Gs v«
iy G (B+1)+Gs B+1
Ry, = Rs AP EUL.S kQ[392 Q=282 0
+1 50+1
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Circuit Theory Review: Find the Norton
Equivalent Circuit

Problem: Find the Norton
equivalent circuit.

Solution:

Known Information and

Given Data: Circuit topology

and values in figure.

Unknowns: Norton
equivalent short circuit
current i,.

Approach: Evaluate current
through output short circuit.

Assumptions: None.
Analysis: Next slide...

Ry

O

MW

i 20kQ 0

Bi, Ry 21k

B=50

A short circuit has been applied
across the output. The Norton
current is the current flowing
through the short circuit at the
output.
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Circuit Theory Review: Find the Norton
Equivalent Circuit (cont.)

Ry

Applying KCL,
L, =1+ A4 !
=GV, + G, O
=G, (B+1),

iy

M
20 kQ

o~

:vs(ﬂ+1)

Rl
I_50+1v_ A
" 20kQ 3920

Short circuit at the output causes
zero current to flow through Rg.
R, is equal to R,, found earlier.

=(2.55 mS)v,
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Final Thévenin and Norton Circuits

¢

Vi =

Voc

A e *
Ry=282 Q)
) o CT Ry =2820
5 .

vy, =0.718v,

2.55 x1073 SJU

Check of Results: Note that v, = i,R,, and this can be used to check the
calculations: i,R;=(2.55 mS)v,(282 Q) = 0.719v,, accurate within
round-off error.

While the two circuits are identical in terms of voltages and currents at
the output terminals, there is one difference between the two circuits.
With no load connected, the Norton circuit still dissipates power!
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Alternate Approach: Ry, = Vy/ige

: Ry ‘ R

I ANN—o | o AAA ; .

| i 20kQ : + i 20Kk a

|

I v, i, Ryg ke) ‘ U, v i = i

: P : : s C_) B R Z 1k 3

: . 1 o p=s0 |

I B=50 :

Voc/Rs = (1+B)(Vs-Voc)/R, isc= (1+B)i; = (1+P)vy/R,

oc = [(A+PWVg/R, V[1/RgH(1+B)/R,] = 51vg/20kQ
= [(1+B)Rg)/[R; +(1+B)R¢] Ry, = Voc/isc
=0.718vg =R, Ry/[R,+(1+P)R¢] = 2820
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Fig. 1.16/Example 1.4 Circuit with VCCS (BJT CE amplifier)

I
Rl + gmu 1
RO
3 kﬂ - 0. ]. v 1
U,
i
R, 2k
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Amplifier Basics

» Analog signals are typically manipulated with
linear amplifiers.

 Although signals may be comprised of several
different components, linearity permits us to use
the superposition principle.

 Superposition allows us to calculate the effect of
each of the different components of a signal
individually and then add the individual
contributions to the output.
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Amplifier Linearity

Given an input sinusoid: Vg =V, sin(agt + @)

For a linear amplifier, the output is at '
the same frequency, but different Vo =V sin(agt +¢+06)
amplitude and phase.

In phasor notation: Ve=Vslg Vo=V, L(p+0)

Vo _Vol6+0) Vo,

Amplifier gain is: A= 0
v, VZg Vi
l\ +o—1+

+O A O+ vg A e

Ug l{ vo=Avg -O0—- vo=Avg

-0 = =

— —
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Amplifier Input/Output Response

Inverting amplifier

(=

[=] =
I
/>
B
——

v, = sin2000mt V

vg (volts)

[\
W,
\/

[~

Note: negative -2
gain is equivalent \ /

to 180 degrees of -4

,
-
\/ == Input voliage

phase shift. = Quiput voltage
—6 I 1 1 1
0 0.0005 0.001 0.0015 0.002 0.0025
Time (sec)
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Ideal Operational Amplifier (Op Amp)

Ideal op amps are assumed to have
infinite voltage gain, and
infinite input resistance.

These conditions lead to two assumptions useful in analyzing
ideal op-amp circuits:
1. The voltage difference across the input terminals is zero.
2. The input currents are zero.
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Ideal Op Amp Example

Vi —igR —1,R, —v,=0
Vg —V_
Rl

Writing a loop equation:
i,=i, =
From assumption 2, we know that i_= 0.

Assumption 1 requires v_=v, = 0.
Combining these equations yields:
Assumption 1 requiring v_=v, =0
creates what is known as a virtual

ground, or (more generally) a virtual
short-circuit. i
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Ideal Op Amp Example
(Alternative Approach)

S A A A A A
From Assumption 2, i,= i.: I, = R = E] =1, = R, = R,
And Assumption 1,v_= 0 Vs _ Vo
R R,
o Vo R,
Yielding: A, = V_s = —El
Design Note: The virtual ground is not an 2

actual ground. Do not short the inverting
input to ground to simplify analysis.
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Circuit Element Variations

* All electronic components have manufacturing tolerances.

— Resistors can be purchased with £ 10%, + 5%, and
* 1% tolerance. (IC resistors are often = 10%.)

— Capacitors can have asymmetrical tolerances such as +20%/-50%.
— Power supply voltages typically vary from 1% to 10%.
* Device parameters will also vary with temperature and age.

 Circuits must be designed to accommodate these
variations.

* We will use worst-case and Monte Carlo (statistical)
analysis to examine the effects of component parameter
variations.
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Tolerance Modeling

» For symmetrical parameter variations
P.(l-€)<P<P (1+¢)

* For example, a 10K resistor with £5% percent
tolerance could take on the following range of
values:

10k(1 - 0.05) <R < 10k(1 + 0.05)
9,500 Q <R < 10,500 Q

nom
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Circuit Analysis with Tolerances

* Worst-case analysis

— Parameters are manipulated to produce the worst-case min and
max values of desired quantities.

— This can lead to over design since the worst-case combination of
parameters is rare.

— It may be less expensive to discard a rare failure than to design for
100% yield.
* Monte-Carlo analysis

— Parameters are randomly varied to generate a set of statistics for
desired outputs.

— The design can be optimized so that failures due to parameter
variation are less frequent than failures due to other mechanisms.

— In this way, the design difficulty is better managed than a worst-
case approach.
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Worst Case Analysis Example

Problem: Find the nominal and Ig R,
worst-case values for output AN
voltage and source current. 36 k) 5%
Solution: ¥
+ Known Information and Given Vg R‘§ Vo
Data: Circuit topology and 3
values in figure. 15V10% 18k 5%
+ Unknowns: Vrom, Vmin
Vomax’ Isnom’ Ismin’ Ismax .
« Approach: Find nominal values Nominal voltage solution:
and then select R, R,, and Vg Rrom
values to generate extreme cases VAL VAL —
of the unknowns. ° s Rlnom + R; om
» Assumptions: None.
P ; 18kQ2
* Analysis: Next slides... =1 - =
18kQ + 36k
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Worst-Case Analysis Example (cont.)

: 'V"a\/\r
Nominal Source current: 36 ka2 5% +
jom __ V& 1sv 278 ® 332
s R/™+ RO 18KQ + 36k 15V10%  18kQ5%|

Rewrite V, to help us determine how to find the worst-case values.

B R Vg V,, is maximized for max Vg, R, and min R,.
° °R+R, R,
1+ R V is minimized for min Vg, R;, and max R,.
1
15V(1.1) min 15V (0.95)
max _ — V =T = = 420V
Vo 1+ 36K(0.95) 8N o, 36K@.05)
18K (1.05) 18K (0.95)
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Worst-Case Analysis Example (cont.)

Worst-case source currents:

max _ Vg 15V (1.1)

P L = 3224A
RMR 4RI 18KQ(0.95) + 36kQ(0.95)

I min _ Vsmin _ 15V (0.9)

min _ _ = 2384A
RI™ +RP™  18KQ(1.05)+36kQ(1.05)

Check of Results: The worst-case values range from 14-17 percent
above and below the nominal values. The sum of the three element
tolerances is 20 percent, so our calculated values appear to be
reasonable.
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Monte Carlo Analysis

» Parameters are varied randomly and output statistics are
gathered.

* We use programs like MATLAB, Mathcad, SPICE, or a
spreadsheet to complete a statistically significant set of
calculations.

* For example, with Excel®, a resistor with 5% tolerance

can be expressed as:  R=R__(1+2RAND()-0.5))

pin)
The RAND() function A

returns random numbers
uniformly distributed

between 0 and 1. o L -
0.5 1
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Monte Carlo Analysis Example

Problem: Perform a Monte Carlo Fs R,
analysis and find the mean, standard . ANN-
deviation, min, and max for V, Ig, 36 k€ 5%
and power delivered from the source. - - +

Solution:

« Known Information and Given Vs Ry Vo
Data: Circuit topology and values in -
figure. 15V 10% 18 ki} 5%

¢ Unknowns: The mean, standard
deviation, min, and max for V, I, .
and P, Monte Carlo parameter definitions:

* Approach: Use a spreadsheet to

evaluate the circuit equations with VS =1 5(1 + OZ(RAN D() — 05))

random parameters.

Assumptions: N()-ne. Rl =18,000(1+ 0.1(RAND()—0.5))
*  Analysis: Next slides... R2 _ 36,000(1 40 I(RAND() _ 05))
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Monte Carlo Analysis Example (cont.)

Monte Carlo parameter definitions:
V, =15(1+0.2(RAND() — 0.5))
R, =18,000(1+ 0.1(RAND() - 0.5))
R, =36,000(1+ 0.1(RAND() - 0.5))

Circuit equations based on Monte Carlo parameters:

V
Vo =V i l=—"— Ps =Vsls

SR1'*'Rz S_R1+R2

Excel Results:

Avg Nom. Stdevn Max WC-max Min WC-Min
Vo (V) 4.96 5.00 0.30 5.70 5.87 4.37 4.20
Is (mA) 0.276  0.278 0.0173 0.310 0.322 0.242 0.238

P (mW) 4.12 417 0490 5.04 -- 3.29 --
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MATLAB Monte Carlo Analysis Result

S0
45 Il 1
40
5 A {
" |
2 0| . 1
S a5 L] [
2 H HITTH]
ERRITS H
z T ‘
|
: Tl—H | |
] ﬂ-! 1 f A | {
4.2 44 46 48 5 i

Output voltage (volis)

Histogram of output voltage from 1000 case Monte Carlo simulation.
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Temperature Coefficients

* Most circuit parameters are temperature sensitive.
P =P, .(1+70,AT+ a,,AT?) where AT = T-T,,,

nom

P, 1s definedat T,

» Most versions of SPICE allow for the specification
of TNOM, T, TCl(a,), TC2(0a.,).
» SPICE temperature model for resistor:
R(T) = R(TNOM)*[ 1+ TC1*(T-TNOM)+TC2*(T-TNOM)?2]
» Many other components have similar models.
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End of Lecture 1
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