ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 1

Class Load
Syllabus & tentative schedule outline the workload for this semester. This is a very busy class. Every
week will require AT LEAST 10 HOURS of outside studying to pass class.

ECE3700 + ECE2280 = Very busy semester — Organize your time!

How can you survive??
1. Easiest way to get through school is to actually learn and try to retain what you are asked to learn.

e Even if you're too busy, don't lose your good study practices. What you "just get by" on today
will cost you later.

e Don't fall for the "I'll never need to know this" trap. Sure, much of what you learn you may not
use, but some you will need, either in the current class, or future classes, or maybe sometime in
your career. Don't waste time second-guessing the curriculum, It'll still be easier to just do your
best to learn and retain.

2. Don't fall for the "traps".
e Homework answers, Extra problem solutions, Posted solutions, Lecture notes.

3. KEEP UP! Use calendar.
4. Make "PERMANENT NOTES' after you've finished a subject and feel that you know it.

REVIEW:
e KVL,KCL, OHM'S LAW, THEVENIN EQUIVALENCE, OPAMPS

a. Derive an expression for [;. The expression must not contain more than the
circuit parameters o,Va, R, and Ry. (Make sure to eliminate V; from the
answer) (o #1)
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 2

Derive an expression for vi. The expression must not contain more than the circuit
parameters Vy, ip, Ry, Ro R3 and Ry, (Hint: It is not just a simple voltage divider)

1?1
) ° ¥,
\_/ Li s
l‘ Ry R3™
+ o
\“[ § Rz Vr]

Ohm’s Law: V=I*R

KCL: g@ma&h: La_ —L] "'[,2):0 @

bl (@)l (R) 1, (R) Vo= O @

KVL: yoltoog loop:
% Hus Info @)

Fom © =& (= lal, (PlUgng
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V= Lygt = LM
Q\*QL“PQ?)

Thevinen Equivalence:

CASE 1: Thevenin Equivalent (circuit with only independent sources)

Step 1. Turn off all independent sources. (This means V=0 (short) and =0 (open))
Step 2. Rth=equivalent R seen between the two desired nodes a-b.

Step 3. Vth= open circuit voltage between a-b.
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 3
CASE 2: Thevenin Equivalent (circuit with dependent sources)
Step 1. Calculate the open circuit voltage, Vth.
Step 2. Calculate Rth. Use only one of the methods below:

Method 1: TEST SOURCE

(a) Remove all independent sources.

(b) Apply a voltage source Vtest between a-b and determine the resulting current Irest. {OR apply a current
source Itest between a-b and determine the resulting voltage Vtest. Using 1V or 1A as the value of the applied test
sources allow easy multiplication or division)

(c) Rth=Vtest/Itest

Method 2: SHORT CIRCUIT
(a) Short circuit between a-b and find Isc, short circuit current.
(b) Ry, = Vth/Isc

Example, Case 1: (independent sources) Find Thevenin across R2(Removing R2 from the circuit).

< http://en.wikibooks.org/wiki/Electronics/Thevenin/Norton_Equivalents> independent sources.
hort) and I=0 (open))
R.
*WV—‘ .\
R,
v
Vi
L A R.Z R,
Step 2 and Step 3: Rin
Ry, = Ry + Rsi||Ry Vih §R2
S =V, =
th 1
Example Case 2:
Find Thevenin between a-b.
10Q b a
—>

Step 1: (Find Vo?open circuit voltage))

) =-4012

-10v1=Vg

'th
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 4
(a) Remove all independent sources.

(b) Apply a test source (Itest in this case). Analyze circuit for Vtest=Vo in this case.

Vo=Vtest = (101140)*(Itest-5i2)

i1=0

v1=-3v1(3) => v1+9v1=0=> v1(10)=0 => v1=0
i2=0

Vtest = 8ltest

Rth = 8ltest/Itest = 8ohm

Step 2:
Method 2: SHORT CIRCUIT

10Q iy
—>

T == ®

Rin
o
L

Vth=-512(101140)=-4012
Rth = Vth/Isc=-40i2/-5i2 = 8ohm

SAME

Note: Use of the Isc is sometimes easier than the test source. Suggest trying that method first. Both method’s can be used to
“check” the other one.

CCC 2100 A Stolp
DC REVIQW NOtes 270 Resisiors and impedances
i d 5 LUnit Schematic symbols R R, R, Voltage divider:
uhPrje ac‘[uall; mcues 1] Goulomb (G) nattery . — " Exactly the same . u
Q [ sories: Ryg = B Koo B3 cuprent through each Yo~ Vo R.rR s R

Current, ke fluid flaw 1= = &mp (A, mA, pA...) J_i a %t e Tasistor 1rRyrRay
voltage, like pressue vV volt (W, mv, kV,..) __orT‘ —) | )

: \i Ko : i fair e parallel: R og = ————— current divider: RN
Resistance R = = Ohm (£, kG Ma,. part wiltage soLrces e RifkqurRi_ . Exaclly the same . Ry
Power energytime P - VI Wat (W, mW, kW, MW,...) Mode = Allpaints P voltage eross each Rn = Chotal |

[
'aj:/sanlggo CINNBCIed oy wi'e —+— _’_ k! tesiater K—]fk—: rrj+
R=0 nat £ M.
KCL, Hrch ff's cumrent law IQL —| +— —+— s S

| cannected cannectsd .
Iy = y of any paint, part, or section EL_ - - f=em R Multigle unknown:

’5\ 1. Combine resisiors into equivalenis where possible.
L _,I-'f_'ll-'f & ':,H_/' 2. Use superpasition if there are muliiple sources and you know all the resistors
ground, v==_ Yol AT Ohm 4. Use KCL, KVL, & Ohm's laws to write mulfiple equations and solve.
KVL, Kirchotfs volage law —yéi /\/Q‘/\ nelers Nordinear slements;
Vogain= Y drops 200N 20y loop o PO J_ i Aceume a linear region and iry to solue
i e 5
—:'T -T:': eestors T

capaeiter iITCuCth
T or coil

- v light hulb s :1_|/\] :E

{J R ’{_ _H_ speaker ‘trcns:uir;mer

-
¥-1IR dizde
W v _\
::LR R - T desed, 2=D t "'>
R—
mﬂ|td1w transistor +£§mp
Power Py = Py for resistor circuits
ceniribute OuT ’ V2
P-VI - FR - — Maximum power ransfer: Ry = |2
4+ A_F R Maximum power ransfer: Ry - |Zp
e HEy Load = Thevenin's
[} diggipats
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 5

12V
Example #3

12V

2k 2
<+> Hl Ik l 6k Same as
T Hl 3%121 6k
1

12V 12 12 L2y
Solve for I, I1, 12, and V1: [ = = 560\ =3mA
2k +3k|6k 2% + (3k+6k) 2k + 2k
I
_Vi. _ Vi
n=¥n=4 l 2k

_ _ 1 1 |_ 3k ) _ 1 — _ —
1=11+12=VI[L + 1)=vI()=vi(l )= vi=1-2k =3m2k) =6V “l BKIzl »
N=2=2mA;12 =5 =1mA

==
Example #4 -
Given V,=6.25mV, find V,. Find the Thevenin equivalent between terminals a-b.
10Q a
AVAVAY; 0
—_—>
1 +
Vg 400 100Q S0 V12.50
2011 5012 -
o)
b
Vi = Vo > Tharefre, &find U,
) . PR ¥ "Fr.'l."lk'l-’w-ﬂlf' o
Vo= (gos \1aom) (20150 = -800 {4 e 0%
e -;"‘L:";-L.)\_
&G ".a-u"-:a -
FIE) *ED_' PQ..IL-
) Ve : ' 0T o o e o
= Uy = To6 = 200 (asiheo) = a0y . ‘Q;:"‘ ':;0%___54,(“}_ g
oo [Yele! 0d = g ..D%
= L, = ey = A5 = 1350 W W““‘“"‘“S
Ten | e Pigeiydo )
‘iin’@_ulﬁui %m;h[)ﬂ%

= U= -UGRSM) =" 5n
Vg =\o= - 5001y = 4500(1.6) = 450V
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 6
Ny

bﬁc{ where i is the short circuited current =>

IOQ 12
—>
b
1 + + Isc
Vg 40Q V; 100Q ({5 50Q V12.5Q
201} _525Q 5013 B

From the analysis for Vth (above). Vth=-500i2
Isc=-50i2 so

Rth=-500i2/-50i2=100hm
(note that for this circuit configuration, it appears that the output R (Rth) that the "top" of the dependent
current source looks like an "open" so that the equivalent R is 501112.5=10ohm).
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 7

Signals
A DC (direct current) signal refers to a fixed voltage whose polarity never reverses. {Ex. 5V,-15V}

An AC (alternating current) occurs when charge carriers periodically reverse their direction of
movement. {Ex. Sinusoid => 5sin(10t), Square Waves, Sawtooth-shaped }
¢ The voltage of an AC power source changes from instant to instant in time.
e  Wall plug is AC with a frequency of 60 hertz and 120V
o 120*(1.414) peak value

e RMS value = peak value/ NG

Real signals such as your voice, environmental sensors, etc. are time-varying voltages or currents that
carry information.
e Transducers transform one form of energy into another:
o Ex: Microphone, Camera, Thermistor or other thermal sensor, Potentiometer, Light
sensor, Computer, etc.
¢ Sine waves are ''pretend'' signals
o Although sine waves are not real signals, we use them to simulate signals all the time,
both in calculations and in the lab. This makes sense because all signals can be thought
of as being made up of a spectrum of sine waves.
These types of signals can be hard to characterize mathematically. If a signal is periodic but arbitrary in
amplitude, recall that it can be expressed by the Fourier series(a series of sinewaves of different
frequencies and amplitudes).

Example #5
Sketch the following waveforms. Identify the dc component of the waveform and the ac component of
the waveform.

MhdbrRnaoO=NwasO

a. Vs=5sin(10t) V b. Vs=2V +4sin(5t+90°) V
6
5
4
/ \ 3
\ 2
\ /
L Y !
0
-1
pi/10  pi/5 “ pi/5 2*pi/5
c.Vs=1V =1V
2
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING

Sine wave:
Time domain:

Frequency domain:
V(1)

NN S

1
'7’1.25 0 1W75 5 6@75 10
Lok

200 400 (Hz)
. o 10V . 1 .
amplitude := 10-V VRMS fT f=200"Hz T =5ms f=— o =2n-1
2
Example #6

When analyzing a time dependent element(capacitors), translate

1 1
into frequency domain => C = —— = — and then analyze the

jwC  sC
circuit using normal circuit analysis techniques. Analyze the circuit V C
. . . Vo .
to the right to find the transfer function — . Solve the circuit

Vi
symbolically first (with Rj, R;, R3, C) and then plug in their Values.

R | ;Cs \4};‘: Q& L

7
23 _ ‘ 5
1T g e
@VA,; SRy, -
+ = _
VR —_— 20( an) N ( '20)
Ve |( Rﬁrﬁz))a??fﬁﬂ@gsﬂ) (102855 1o s+)

VT RIS T ST
What does this equation mean? By substituting s=j® in the above equation. The magnitude of the
equation is:

133n(w)j |133n(w)j]

|(266.7n(w)j +D| " [@266.7n(w)) + D

133n(w)

J(266.7n(w))2 +12
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 9
This magnitude can now be graphed with the x-axis as ® and the y axis as the calculated value. This is
one of the graphs used for the Bode plots. To plot this, an understanding of dB is needed.

Decibels
Your ears respond to sound logarithmically, both in frequency and in intensity.
Musical octaves are in ratios of two. "A" in the middle octave is 220 Hz, in the next, 440 Hz, then 880 Hz, etc...

It takes about ten times as much power for you to sense one sound as twice as loud as another.
10x power ~ 2x loudness ,
I The bel is named for

bels

2
P I) Alexander Graham Bell.

It is a logarithmic expression of a unitless ratio (like gain).

A bel is such a 10x ratio of power. Power ratio expressed inbels = log

The bel unitis never actually used, instead we use the decibel (dB, 1/1t" of a bel).

1)
Power ratio expressed indB = I(J-Iug( ~| dB
1)
1 y2
dB are also used to express voltage and current ratios, which related to power when squared. P = A IR
R
Vs
Voltage ratio expressed indB = 10-log| —| dB = 20logl—| dB
Vo Vi These are the most
common formulas used
I for dB
Current ratio expressed indB = 20.log|—| dB
|
Some common ratios expressed as dB I
3 3B
20-log L) =-3.01 -dB 10 * =0.708 Zfl-lug{ﬁ) =3.01-dB 10 ™ =1.413
2
N 5 Gdny
zn-mg(l =-6.021 *dB 10 ¥ =0.501 20log(2) = 6.021 -dB 102 =1.995
2
} 2 2048
zn-lug(i) =-20-dB 10 ¥ =01 20log( 10) = 20-dB 0¥ =10
10 w0 40 dB
20-log %J =-40-dB 10 ¥ =001 20.log( 100) =40-dB 10 ¥ =100
100

We will use dB fairly commonly in this class, especially when talking about frequency response curves.

Example #7
The frequency domain expression for the output over the input of a circuit is solved to be

output _ 10°(s+5)
input (s +1)(s+5000)

phase (degrees). Plug in values for @ equal to 107", 0.8, 0.9, 107, 2, 3, 4, 5, 6, 7, 10", 10%, 10%, 3000,

4000, 5000, 6000, 7000, 104, 10° rad/sec and plot these values on a semilog graph for both magnitude

and phase. Recall that magnitude, la+bjl = va” +b” and the phase, Z(a+bj) = tan‘l(% )

Substitute s=j® into the above equation and calculate the magnitude(dB) and

Maeniude: [0t |_| 10°Ge+s) | 10Ge+s) (o) +0'V5 4o
S Tinput | |G+ D(j@+5000) [+ D](j@+5000] i + o 5000 + o )

Phase. | output ) 10°(jw+5) ) L0 Ljo+5)
" | input (jo+D(jo+5000) ) Z(jo+1)* Z( jo+5000)

=0+tan’'( % )-tan™'( f% )-tan™'( %000) {@®=0.1rad/sec =>

magnitude=99.5V/V=20*10g(99.5V/V)=39.96dB; phase=0+1.15-5.7-0.001=-4.6 degrees
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10

o (rad/sec) | Mag(dB) | Phase(Degrees)
1 [ 39.95852 -4.56598
0.8 | 37.96134 295787 | Bode Dagram
0.9 | 37.56169 -31.7936 B
1| 37.16003 -33.7015 .
2 | 33.65488 S41.6565 | ©[ T nimT T T T IS T T T T T T R T i T 0T T
3 | 31.33539 -40.6357 |2
4 | 29.84395 -37.3498 | § - 4-rrrinn- -1
5 | 28.86056 -33.7474 | £
6| 28.19187 -30.412
7 | 27.72321 -27.4878
10 | 26.94647 -20.969
100 | 26.02927 -3.43523
1000 | 25.85037 -11.5391
3000 | 24.68522 -31.0402
4000 | 23.87217 -38.7171 |
5000 | 23.0103 -45.0458 |5
6000 | 22.1467 -50.2326 |=
7000 | 21.30768 -54.4951
10000 | 19.0309 -63.4579
100000 | -0.01084 -87.1399 2 : : ‘ : : 4
1000000 | -20.0001 -89.7138 | ‘ ‘ vy (i) ‘ *

Frequency response

The "response” of a system or circuit is the output for a given input.
sianral in system signal cut
A "transfer function” is a mathmatical descripticn of how the gnd 11 ., ar =
output is related to the input. aireyit
output = Transfer function x input "Block diagram”
, . oulput
or... Transfer function = input

Mo real system or circuit treats all freguencies the same, sc all real transfer functions are functions of frequency.

Transfer function = H{w) or H{f) or, Transfer function = H(s)

The transter function can be used to describe the "frequency response” of a circuit. That is, how does the circuit
respond to inputs of different frequencies.

Bode Plots
e 2 plots — both have logarithm of frequency on x-axis
o y-axis magnitude of transfer function, H(s), in dB
o y-axis phase angle, in degrees

The plot can be used to interpret how the input affects the output in both magnitude and phase over
frequency. To sketch the graphs, the circuit is first analyzed to find output/input (transfer function).
This equation is used as the basis for the plots. The equation is analyzed for magnitude and phase as
shown in the previous example (#5)
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 11
Is there a shortcut to graph the Bode plots?

MAGNITUDE PLOT:
1) Determine the Transfer Function of the system:

K(s+z)(s+z,)

(S+ pl)(s+ pz)
2) Rewrite it by factoring both the numerator and denominator into the standard form

KZIZZ...(S +1)(S +1)
H(S): Al AZ

pipy (¥, DY+

where the z s are called zeros and the p s are called poles.
3) Replace s with jow. Then find the Magnitude of the Transfer Function.

KZIZZ"'(jW +1)(jw +1)---
w5

plpz...(j%l +1)(j%2 +1)--

If we take the log;o of this magnitude and multiply it by 20 it takes on the form of
Kayzye () #0041
20 logio (H(jw)) = 20log, ! : =

plpz...(j%lﬂ)(j%zﬂ)... -

2010g,,|K| +2010g,,|z,| +2010g |z, | + - +20l0g,, (j% D
1

w
w w
(]A+1) (]%ZH)
Recall => log(a*b) = log(a)+log(b) and log(a/b)=log(a) - log ()
You can see from this expression that each term contributes a number to the final value at a specific
frequency. Therefore, each of these individual terms is very easy to show on a logarithmic plot. The
entire Bode log magnitude plot is the result of the superposition of all the straight line terms. This

means with a little practice, we can quickly sketch the effect of each term and quickly find the overall
effect. To do this we have to understand the effect of the four different types of terms.

H(s) =

+20log,, +~-~—2010g10|p1|

—20log | p,| —++-—201log,, —20log,,

These include: 1) Constant terms K
2) Poles and Zeros at the origin ljoo |
3) Poles and Zeros not at the origin 1+ 22 or + L2
P Zq

4) Complex Poles and Zeros (not addressed at this time)

Effect of Constant Terms:
Constant terms such as K contribute a straight horizontal line of magnitude 20 log;o(K) (not dependent
on frequency)

20 log,o(TF)

20 logo(K)

TF=K

T T T y W (log scale)
0.1 10
Dr. Rasmussen 100
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 12

Effect of Individual Zeros and Poles at the origin:
A zero at the origin occurs when there is an s or jo multiplying the numerator. Each occurrence of
this causes a positively sloped line passing through «,= 1 with a rise of 20 db over a decade.

TF=|jw |
20 log(TF) ]«
If 0=0.1 => [0.11 = 0.1V/V=20log(0.1)=-20dB
: 20 db
If =1 => fj11 = 1V/V=20log(1)=0dB
If =10 =>1i10l = 10V/V=20loe(10)=20dB
! i |

01 | e 10 100 @ (log scale)
cC

A pole at the origin occurs when there are s or jo multiplying the denominator. Each occurrence of
this causes a negatively sloped line passing through @ = 1 with a drop of 20 db over a decade.

20 log(TF) TF = ‘1
jo
dec If ©=0.1 => 157 1= 10V/V=20log(10)=20dB
! |
T T (0]
0.1 100 If @=1 => 157 | = 1V/V=20log(1)=0dB
20db | f@=10=>1571=0.1V/V=20log(0.1)=-20dB

Effect of Individual Zeros and Poles Not at the Origin

Zeros and Poles not at the origin are indicated by the (1+jw/z;) and (1+jew/p;). The values

zi and p; in each of these expression is called a break frequency. Below their break frequency these
terms do not contribute to the log magnitude of the overall plot. Above the break frequency, they

represent a ramp function of 20 db per decade. Zeros give a positive slope. Poles produce a negative
slope.

20 log(TF) .
jo
1+
TF = i
jo
Tr— @  (logy scale) 1 + »

Before looking at the effect of the 2" order terms, let's learn how to plot with the three terms already
described. We will work several examples where we show how the Bode log magnitude plot is

sketched. To complete the log magnitude vs. frequency plot of a Bode diagram, superposition all the
lines of the different terms on the same plot.

PHASE PLOT:
For our original transfer function,
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 13

Kz,z, ---(j% +1)(j%2 +1)---
PP ---(j%l +1)(J'%2 D)

the cumulative phase angle associated with this function are given by

/K222, ---4(1% +1)4(J'% F1)e--
1 2
4P14Pz"'4(jy +1)4(J'V +1)---
Py P>

Then the cumulative phase angle as a function of the input frequency may be written as
ZH(w)=ZK+2,+2,+—p, — P, —---]+tan*‘(y )+tan*‘(y )+---—tan’l(y )—tan*‘(y -
Zl Zz pl pZ

Once again, to show the phase plot of the Bode diagram, lines can be drawn for each of the different
terms. Then the total effect may be found by superposition.

H(jw) =

ZH(jw) =

Effect of Constants on Phase:
A positive constant, K>0, has no effect on phase. A negative constant, K<0, will set up a phase shift
of +180°.

Effect of Zeros at the origin on Phase Angle:
Zeros at the origin, s, cause a constant +90 degree shift for each zero.

*0deg  Ljm=+90

ZLTF
o (log)

Effect of Poles at the origin on Phase Angle:
Poles at the origin, s '1, cause a constant -90 degree shift for each pole.

Z L =-90
ZLTF W Jo
-90 deg
Effect of Zeros not at the origin on Phase Angle:
Zeros not at the origin, like (1 + J @ , have no phase shift for frequencies much lower than z;, have
Z)

a + 45 deg shift at z;, and have a +90 deg shift for frequencies much higher than z;.
+90 deg | If z;=1=> Z(1+ jow)=tan (2)

/ -1 [
LTF +45 deg If ©=0.1 => tan" (0.1)=5.7
/ If o=1 => tan'l(l):45°

1 1 l
0.1z g 10z, 100z, If 0=10 => tan™ (10)=84°
If 0=100 => tan"'(100)=89°

(6]

To draw the lines for this type of term, the transition from 0° to +90° is drawn over 2 decades, starting at
0.1z; and ending at 10z;.
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 14
Effect of Poles not at the origin on Phase Angle:

Poles not at the origin, like : , have no phase shift for frequencies much lower than p;,
jw

P
have a -45 deg shift at p;, and have a -90 deg shift for frequencies much higher than p;.

1+

ZTF

I f | Q)]
N 10p; 100p, 45 deg
-90 deg

To draw the lines for this type of term, the transition from 0° to -90° is drawn over 2 decades, starting at
0.1p; and ending at 10p;.

When drawing the phase angle shift for not-at-the-origin zeros and poles, first locate the break
frequency of the zero or pole. Then start the transition 1 decade before, following a slope of
+45° /decade. Continue the transition until reaching the frequency one decade past the break frequency.

SUMMARY OF STRAIGHT-LINE APPROXIMATION PROCEDURE STEPS(NO COMPLEX):

(Note that a decade is a multiple of 10 — 1,10,100,1000,etc)

1. Rearrange the equation into standard form:

KZIZZ...(S +1)(S +1)
H(S): Al AZ

by (Y, (Y, D)

where K, z1, z,, etc are all constant values.

2. Determine the poles and zeros.
Note: If there are more than one poles/zeros at the same break frequency(say there are r), just multiply

the slope/phase changes by r. (ex. (1+s/1 0) =>itisa negative zero(numerator) and so it will change

the slope by 2*20dB/dec and have a 2%45°slope/dec.

3. Draw the magnitude plot:
a. Determine starting value:

Case 1: No pole or zero at the origin:

starting value = 20 10g1o((KZ1 ©2 j
ppy

Case 2: A pole or zero at the origin:

® Pick a frequency value less than the lowest pole or zero value.
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ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING 15
® Plugin the frequency in the standard form equation above and take the magnitude. This

value is for that frequency only. There is a constant slope going through this point.
+20dB/dec slope if the location is a zero. -20dB/dec slope if the location is a pole.
b. Begin at the starting point. Start with the slope (0 slope if a constant, +20dB/dec slope if zero
at origin, -20dB/dec slope if pole at origin). From left to right, at each zero add +20dB/dec to
the current slope and at each pole -20dB/dec. Continue through each frequency.
4. Draw the phase plot:
a. Determine the starting value:

Case 1: No pole or zero at the origin:

If constant>0 then starting value = 0°
If constant<0 then starting value = +180°

Case 2: A pole or zero at the origin:

starting value = +90° if zero at origin
starting value = -90° if pole at origin
b. Label each range of frequency according to the following(suggest putting on graph):
zero => from 1 decade before frequency to 1 decade after frequency: +45°slope/dec
pole => from 1 decade before frequency to 1 decade after frequency: -45°slope/dec
(eg if =10 and is a pole then range is 1<w<100 with a slope of -45°slope/dec)
c. Look at each frequency range that has a slope. Add all slopes within that region. From left to
right: start with starting value and slope of 0, continue until first region of change. Add all
slopes within that region. Continue until the end is met. If no slope during a region the slope is

constant (0).
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Example 8: Sketch the Bode plots for H(s) = £H10G+1k

(s+10)(s+10k)
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Example 9: Sketch the transfer function for H(s) =

ENGINEERING
100(s+100)(s+10)
(s2)(s+10k)

17
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Example #10 Bode Plots;

b Y55
T 3o (2insH ) =

= = at onm
Roeale req) <> (2eens + | )= S=gein =% m-j)
B Ir@'\m% w=1=> 2o loql 153*95'?}% 5dg ¥ ”:‘"%fmﬁﬂld% e

w=AT6MG % 4o 193[ 1B3n* 375 Meg J}
'*,‘Qa:etﬂmrﬁilaj)ﬂ,
=20 jog (253)= _ql,

bucswst of 2B aLoVGILL
Sl phoat ot 2D

gorc 3768 - 3I5%10 _ .
{ e m.m'lbmlﬁ wﬁiﬁiﬁf’ﬁﬁ%’mﬁfﬁh

Example 11:
Analyze the following circuit to find the transfer function Vi/V's. Solve the circuit symbolically first and then

with their values. Sketch transfer function using a strmghtvlma approximation procedure.
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F"E e e
+ Re + (RUIR; 1)

— G .Vi E:”EL‘HEE'in‘:L‘-I'ﬂ-; = |
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~bdn Jyxﬁ[&‘u“— - T
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Amplifiers
Purpose: a weak signal is produced by a transducer (ex. Microphone) = too small for reliable

processing, so amplify magnitude, i.e. make it larger v out
10 1+
Amplifier = basic element of analog circuits /
Mo dlhs y )
e Transfer Characteristic: __ o Vout
- 3 o . Vi, Vvoltage 'gain"=2= —
A
Batteries or power L
+ +  supplies are rarely shown
¥in VYouk  on the schematic. /
L o
- — Signal voltages are

L T assumed to be referenced
to ground even if the
grounds aren't shown.

The output of all amplifiers are limited by the power supplies. Usually the limits are less than the power voltages.
Output limits, L+<V+, L-> V- (usually)
The output can't go beyond these limits no matter what the input does. If you want to avoid the "clipping” distortion

in the output, you have to limit the input (make sure it's within an acceptable range).

The transfer function has ¥ out

some non-linearities: 1T clipping

I | 1 1V s
TS 0 3 o M

-1 clipping

1oL
Often the clipping levels are not so well defined

Vout
10T

-0+

Many of the transistor amplifier circuits that we'll see this semester will have DC offsets and will invert the signal.

Vout v(t)

20

n 0 12 24 36 48 60 72 84 96 108 120

0 5 5] 15 a0

The signal is considered the AC (changing) part of the waveform and the DC is called "bias" or the
"quiescent - point" (Q - point) of the circuit.

e s _pring 2011
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Gain
voltage gain = A, = Y out The two below require a load, otherwise there's no output
ge ga v. current, & no output power.
m
lower -case current gain = ‘out _ 'L
letters refer to 9 P i
signal values m m
v p p
DC: is rarely gain power gain = ou _ L
VN Pin Pin
(Gains are dimensionless numbers Gain is just an idealized transfer function.

If only 1 input is shown, assume that other input is grounded.
Two stages

1

Vout Vou = ViAv2 T Vouwrfv2 T VinAyiAw
Astotal = AyrAy2
if Ay =10 & A 5:=4 then Atotal = AyA=40 Same holds for multiple stages

Multiple Stages

Gain expressed as ratios: Avtoral = AvrAvaAs
Gain expressed as dB: Aviotal B = Avi dBTAV dBTAVI dB
'_j = = . . -
A =20 A =8 & Aq =4 then A A A Ay =640

A1 4B = 20-log(20) A2 gp =20-log(8) A3 g =20 log(4)

20log(640) = 56.124 B

Avtotal dB = Ayl dBT AW gt A3 g =56.124+dB
Amplifier Models

Up until now we haven't worried about the currents into and out-of our amplifiers. In reality, any source, including the

amplifier, will have a source resistance (F; or Z for the source and R, or Z,,; for the amp). Also any amplifier will let
a little signal current flow in (modeled by an F, or Z,).

At this point, the triangle symbol gets to be a little cumbersome and is dropped.

Dr. Rasmussen Spring 2011
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R . v R v
S m (4] out
Basic amplifier model: "
Voltage amplifier
with source and load +
g R in - R L
5 .
A vo Vin
- . _ _ , _
- —-- amplifier --——--—--—-

Notice the dependent source inside the amplifier

A, Iisthe "unloaded" gain or "open-circuit’ gain because
A oVin Would be the output if there were no load resistor (F = = ).
¥ out R. R L
Owverall gain: i T A o'
v R +R R,+Rp
v R R
or,indB:  20dog|—°™| = 2000l ™ |4 ZU-Ing(A w) +20dog|——=
vy 1{51—1{“_' R(:"'RL
-dB +dB -dB

Three stage amplifier

R, _ R ]
s Vini ol vin
e R inl > in2
vol Vinl
v R R: 4 R R
Overall gain: f"'l = inl vol' me A vol' ind A 03 L
Vg Ro+Rini Ro1 T Rin2 R+ Rins Royz+ Ry

Desirable characteristics
Want R, > = High input resistance means the amplifier will not load down the source or previous stage.
Want R, -> 0 Low output resistance means the amplifier supply lots of current to the load or next stage.

High R, and low R_ means good current gain. In fact these terms are used much more often than "current gain”.

At higher frequencies it may become more important to match impedances
than to maximize R,,.& minimize R_.

Other Amplifier Models

1

n e 1

Rip

Transresistance amplifier Transconductance amplifier

Current amplifier

v v
0 o .
Instead of A, = —— (unloaded) Insterad of A,; = — (unloaded)
Vo v
mn n
Va ig
This amp has R, = — (unloaded) This amp has G, = — (unloaded)
v

Yin "in
;

V . . .
T Q , that's why it's called transresistance l _ conductance, that's why it's called

transconductance, units mho or seimen
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Procedure for solving ideal op-amp circuits:

1. If the noninverting terminal of the op-amp is at ground potential, then the inverting
terminal is at virtual ground. Sum currents at this node, assuming zero current enters the op-
amp itself.

2. If the noninverting terminal of the op-amp is not at ground potential, then the inverting
terminal voltage is equal to that at the noninverting terminal. Sum currents at the inverting
terminal node, assuming zero current enters the op-amp itself.

3. For the ideal op-amp circuit, the output voltage is determined from either step 1 or step 2
above and is independent of any load connected to the output terminal.

Example 12:
For the circuit below, assume an ideal op-amp. Find the currents through all branches and the voltages
at all nodes. Since the current supplied by the op amp is greater than the current drawn from the input
signal source, where does the additional current come from?
200kQ
M

5kQ |
L : The addihonal Cwoverd i

5V+.2sin(10t) —1 Suppieg o o Supply

gle Dower for e oD D

VA 5V +06.75in (16E)
_L\ = /51{‘ = 5}{__

T=T5 = ik +Hon (S (lv'BD

at S-'rtd . Vo= L, (Qoo\{)
o o Vs - (ami) - dom(2e0R)Sin(rt)
b3t iy s T-000N - g6 (o)
T,, =200 A BmAsintioL)
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Example 13: Use the following circuit.

Rgi=1k

WL

Amp,

Rso=1k

RL1=2k § gRL2=2k
/_\} W

You are given: Amp, has an A,,=5, Ri=500, R,=12k Amp, has an A,,=20, R;=3k, R,=4k

\'%
(a) Find A= —L Express your answer as a ratio in dB.
S .
(b) Evaluate the overall current gain( Iy, Express your answer as a ratio and in dB form.
i

s

(c) Evaluate the overall power gain ( Py, Express your answer as a ratio and in dB form

(d) If Vs=40mV,,. What is the output voltage (peak-to-peak) at V.7
(e) What value Would R, for Amp, need to be changed in order to get Av = 47

|' st 12 ey
. ""T"{’—-._.— ~ __.l-lﬂ
1 Tl'f5 \‘I.J' 2 By ¥ +I J\ﬂ -
\ o \= L9 > biw o o
],)(2_- —j: o 5\, :.;Jv_ o '?,PL e, =2 12
Vo= dov, - Y] K20 ‘i.".-’"‘.-’r”‘ \
L g 2 e Y
el 3L 7 i, : 5 Sk, | e )
i £Uf-\,“ “._Jr
Won = E:‘\J".é.g_ ;
15
V= Voleaoy M
e
@ Vo= By |5y e
J (L)(Z)= ] =2 Atods l'
found by Hair Foladsrlue fo v and v =>
ey 2 FWRY)
'f'wl %
t ] |'r ;'l
4= lsllK)
M o L0 b, l.ﬁ/ﬁf de |
55 Lk (g = o)
|"_C] f»": b "-J'l_ . E‘ = ‘L'_Q_, ‘\.l';
FL L|_ \‘L.- f U',' A - ‘:'.
— ~ =W A 125}
I"_, _.'JI =3 2” '.Ian f E
. by Y3
(@) Ve lpe 5 Ve iR
k. = qbﬁv}j'”: et 2. " 2""'3‘#"\!“}
@) A= y: -JD-
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Operational Amplifier:

An operational amplifier is basically a complete high-gain voltage amplifier in a small package. Op-amps were
originally developed to perform mathematical operations in analog computers, hence the odd name. With the
proper external components, the operational amplifier can perform a wide variety of "operations” on the input
voltage. It can multiply the input voltage by nearly any constant factor, positive or negative, it can add the input
voltage to other input voltages, and it can integrate or differentiate the input voltage. The respective circuits are
called amplifiers, summers, integrators, and differentiators. Op-amps are also used to make active frequency
filters, current-to-voltage converters, voltage-to-current converters, current amplifiers, voltage comparators, etc.
etc.. These little parts are so versatile, useful, handy, and cheap that they're kind of like electronic Lego blocks
— although somewhat drably colored.

Vo

Op-amp characteristics noninverting input <~ +
An op-amp has two inputs \A
Amplifies the voltage difference between those two inputs.

inverting input Vi,
v = G'(‘*’a _ Vb) inverting input & _
o g

G = voltage gain of the op-amp
G is usually very big. > 100,000

The op-amp must be connected to external sources of power, V+ and V-.

The output voltage is limited by the power supply voltages.

V- < v, < V+ (Usually even more limited than this)
S0 V- < Glv,-vp) < V+

If the op amp is in its active region:
Since G is very big, (v, - vp) must be very small, in fact the usual assumption is that

Vo= Vp Active region ONLY

Op Amp Configurations:
1. Voltage Follower => V,=V;

Used as a current amplifier

O
O
Uy
2. Noninverting amplifier => R, (a)
— A
R
vom| 2y I e
=| —— V.
? Rl ' = L—-Q
Uy
R,
3. Inverting amplifier => AAN
R,
__R v - 3
Vo= ; | | 2
Rl i 4
¥ 2 + T
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4. Summer =>

v, =-

o

v+, + Ly, 4

Ry R R;
Rl

2 3

5. Differential Amplifier =>

6. Instrumentation Amplifier =>

25

* This amplifier configuration can have large gain because of the two stages. Lower noise.
Typically used for sensors output amplification where the signal is very small.

i O

2R, & B
v, = (1 + TIJ( R, (v, =, )j

Internally Compensated Op Amp A (open-loop) gain

This is the open-loop gain (A) of a LM741 (worst case). dB 120
Usually f, and f; are a little higher than those shown
here, especially in better quality op-amps. you probably " @
measured f; somewhere between 1 & 2 MHz in the lab,
even fora 741. They normally exceed their

specifications a little.

RO

60

A= Ay - An'fb _ f_ 40
.1 T jof
l+)— . ! 20
fy above f,

Other symbols for f: ., 1, fUniw, GB, Bandwidth

Dr. Rasmussen

I =
I

100,000

10,000

1,000

100

10

1og

et red e f(Hz)

fi

1710
f, = unity-gain bandwidth
= gain-bandwidth product
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T AN AT TG VY L

Closed-loop (with negative feedback) Frequency Response
If your op-amp circuit is designed to have a gain of

120
100 (40dB) then a very good estimate of its frequency 8
response is shown at right. To find the bandwith of A, 100
your amplifier, you take the gain-bandwith product (})
and divide by the gain of your amp. 80 -
. 60
. Agfy 1y L
T G G G 40 100
\\
G = ideal gain of amplifier 20 g

f 0 3 4 5 h 6
Ifyouplug A = _t into the finite-gain equations on the : IEH e o e l';“ FHz)

IR b t

last page, you'll find that this estimate is exact for a noninverting amplifier, but not quite right for an inverting amplifier.
R -
f

Fie
= A R ¢
G= 1+— R . f
R E TP WL ey G=—
e R
-~ .

I__ . ~ ~ ~ \G ~ ~
.- Aoty _f _ fy e .- Aoty _ B fy

rRig € G G R - c -

G+ 1 G+1 Ry

Ry If G > 20 or so, you can usually Ry
neglect the + 1 in the denominator
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40k

60kQ

Use the attached datasheet information. Ampl is a CA3140 and Amp2 is an LM741.

(a) State each amplifiers frequency response transfer function (V,/Vi, and Vo/V1)

(b) State the overall transfer function (Vy/Viy)
(c) Write the eguation to solve for the overall f34p of the circuit below. {Note you do not need to solve

it}

’?Bdb: LlM.’E_;-J =00k = GV\»LL) or Am’PJ

oy

M
Anp2 > Glp = gy ~ 30K
g T e

\Tﬂ __ Ur;)j;/?;’i‘@@-‘-)j %Da - -ﬁ\-.!

By Ve, e
v'\ﬂiﬂt\-h}{’/m@ CW
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N _-' =t .
Analyze the circuit below to obtain the transfer function, Vy/Viy 1"'\5:‘- L 'LU L O@HF%J
E-

c, )—f_ ANA—

R, ——o0 Y

WUTNG i"\.'ﬁ"up ey =>

A
>
|
|
|
\_/

Vo =

|
\
|
|

\I
\J'L.‘\ 1

Op Amps output voltage can only change so fast. The maximum rate of change is called slew rate (SR)

Slew Rate continued Ve
A square wi ing step function: ST T with P
What if your output is a sine wave? T slew

2T rate

BT ro .
o \:psln[{ﬂl} .

Vo s _: > -1
2 4 :
B } } } } } } } \I ot ideal’ __ . ™
-1 Maximum 9R SR
-4 ;' slope = V -0 mustbe less than the slew rate, so: .. = =

—L . p v pE‘Jt V pp'I
DC Imperfections: B .
Offset Voltage (Vos) The voltage for the output below should be zero, but almost " e M
always is not. The value when both inputs are grounded is called the voltage offset, Vos. v -
To compensate for this offset => . ;,.z"'

a fixed voltage can be placed at the input as shown 1
below. Several op amps have an extra terminal in the -

package (offset null terminal) that can be adjusted so that the output will read
zero when the inputs are both grounded. This value is also affected by
temperature and so can not always be compensated.

To reduce input bias current
affect=> match impedances seen
at each terminal to be the same.

The cure (if Iy, = lg):

Iqu=D
v = RelIR g

= (R IR
thenv, = (R ||R,)lg,

So:make R, = (R, || R}

= Spring 2011
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Clipping
All real amplifiers will clip the output signal if the input is too big.
Only one part in the model can possible account for the
clipping-- a nonlinear A,,.

Y out
10— positive "rail”
l'ﬂ'h_rg — —
active’ Clipping level at the output (vgy) is less than that of Ay (= 10V)
region because of the R, R voltage divider.
TR i 5 o in 10-¥

The maximum allowable v, =

WD

The maximum allowable v, is greater than this because of the
Rg, R, voltage divider.

nEgETNB Tallh —, - 10+

Op Amp Imperfections Summary:

1. Clipping
Increase DC voltage supply (increases power consumption)
Decrease input signal

2. Slew Rate

3. Voltage offset

Use external voltage source to compensate
4. Input Bias Current

Match impendances at both inputs

Example 16:
You are given the following characteristics for a real amplifier along with the circuit below.
Op amp Characteristics:

Input offset voltage: Vies=4.0mV Open-loop gain: A,=100dB

Input offset current: I,s=200nA Unity-gain bandwidth: f;=2MHz

Input bias current: [;z=600nA Output swing limits:(within 2V of supply)+ 15V
Input resistance: R=1MQ Slew rate: 4V/us

Output resistance: R,=50Q 20k

What is the voltage gain of the circuit? Ignore Ri and Ro and only consider

the finite gain, A,. % ™

For small input signals, what is the 3db bandwidth of the circuit (in Hz)? — — & Vo

For an output signal of 10Vpp, considering the slew rate effect, what is the
limiting frequency of the circuit?
What is the maximum peak-to-peak output you can get without clipping?

Vig——————— | ¢

(e) Find the effect of the input offset voltage (v;,=0V). (i.e. find output value when input =0)

®

How should the circuit be modified to minimize the effect of the input bias current? Show the modification on the schematic

above and find the value of any added parts.
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"y . | o~ Climia ll Y 1
() I qnore. R; Sthe S \fl"'"'--:i ond R, Snca 1S smad
,“M'“Q‘ ;‘__éoh Vb U ? )
— g R Vin=" Yo (Re
L \J\j ) Vo R+Re

Vi —o + -_/,L;@‘.,n'%) AlVin - Vo (RU } =\o
.&

A (\Jm‘ V_(_)] == U"[ g‘ﬁzj“—

- . | = %w‘mn A {’L‘Lu\ Vi [12‘ ]i

‘ \
Vin T E YR A=100dB = 10 2= ook i/
. .3_} % =0, | withour A= giign__ [‘l\/j)
Vin e
£ Q_MH% o L L
0 gam = Din h%?_idmzr

() foax=SR - Vs ﬁ
o oven | STRAE |

(d) 2 ($15v) =30Vpp |

’Jl.
BV, V. i
1’% Q“M | T oer
i 1
IJW , ,.,L_w\fo
“ll’ UOS ’\}D - __\)MO;S'
it Qj:, %1

Q;Uos(-}é‘ J__-;i\):_ /éi:, = Voo (\4— ) Him l-y-aou)@

® Boin lormungds Showdd howt A Sane. R swn by
Pod- Yermanad = & erminad < (R 1Rg) =1.82K

= s/-va——--u
L,/ W\ /\M/___:r\ ! A
NI g
What are diodes?
Definition: A diode is a semiconductor device that passes
current only in 1 direction. A “one-way” current valve —L\ cathode
Ideal Diode An((lc 19 Cut;odc
Circuit Symbol: o= P—="0 [ —— ) B
+ Vv - I=
D YES =1
e Like resistors, they have 2 terminals )
NO o—
Dr. Rasmussen Ma L
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i-v characteristic

Reverse Bias

limit voltage with
external circuit

Forward Bias

limit voltage with
external circuit™y

v
A

v

v

e Unlike resistors which have a linear relationship, the diode has a nonlinear characteristic

Reverse Bias:

A i

ATIOUe

\ i
s

C\

Tt i
Ldniode

¥

Forward Bias:

¢ i:O = — O—
o o open
rg=oo <
open HD

vp determined by external circuit

1 (determined by external circuit)

—>
o
rd=0 Aui =
short LN Wire
YEE
VD:O

External circuit — needs to limit the forward current through a diode that is ON and limit the reverse

voltage across a diode that is CUTOFF - Let’s look at some examples of diodes in a circuit
Ex. Conducting Dicde

+1LY
'\\

11
Tl

=sAME= & 1k

]
j'glh

Diode is in
forward bias
{conducts) and has
a short because the

anode is positive
and the cathode is

negative. The ‘o
circuit looks like: )

—

C} +10%

Ex. Cutoff Diode
+1a
.

+1i

V=0

an open because
the anode is
negative and the +

Diode is in reverse
bias and becomes [=
1k

Vp
vl

Summary of 2 modes of operation for Diode:

Forward-Biased
Conducting (ON)
Short Circuit
i=value, vp=0

Dr. Rasmussen

Reverse-Biased
Cutoff (OFF)
Open Circuit
i=none, vp=open

cathode is positive. iy
The circuit looks _T_-
lik: 1
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Example: Rectifier
e The word “rectify” means to make unidirectional = keep this in mind
e Makes use of nonlinear characteristic of diodes
e Assume ideal diode

1). Circuit: PR AR
Vs( ¥ HS Vo

1

2). Input signal Vs: sinusoid

Vp% m m IjiVszo
NN/ AN/ =

Two regions to consider:
3). Vs>0 — Will diode be conducting or cutoff? Conducting because current flows through diode

in its forward direction (or look at inconsistency if you assume cutoff)

_1,

C‘b + VD=O - . %+
V(T Vo=Vs
T O

4). Vs <0 - Wil diode be conducting or cutoff? Cutoff (this is consistent)
1=0

Ty + no current 2 Vo =0
b -
VS@ R%Vo:ﬂ/v

Voltage across R is then just Vs

6). Used to convert ac=> dc Vs is ac with 0 average value. Can see Vo has a dc component.
t
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Example 17: Two diodes
+10V

I IDzl 5k« SAME=
D1

Il 10k L

-10V

Find I and V. Assume the diodes are ideal.
Not always obvious if diodes are ON or OFF - make an assumption and test it!
Assume both are ON for starters = Short them

VB=O I IDzl 5k

V=0 —>

ID2: 10-0 (5)20 =2mA - \\/]
_0-(-10) _ ’

I= 10k =lmA I} <10k

Ipi+Ipo=1 = Ipi=-Ipy+I=-2m+1m=-1mA

Is this possible?
Diode ON: Need I>0 for V=0

We have V = 0, but I < 0 = contradiction
(Also think of it as saying a negative current is flowing through D1 =2 not possible)

10-(-10)

Instead, say D1 is OFF and D2 is ON. Then Ip; = 5% =1.33mA
Voltage at B: V=V =-10+10k(1.33mA)=3.3V
I=0 and D1 is Reverse-biased Ipo
Is this consistent? ﬂ, *
check: DI: Ip1=0 vp1=-3.3V<0 = Ip;=0 J:—‘

— o o— i \\]’

B
ov + Vpp - 3.3V Il -
D2: £i133mA ID2>O f— VD2:O
—0— -10V
10V + Vpo - 3.3V

Think of finding I and V like solving a puzzle...
Dr. Rasmussen Spring 2011
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Method for analyzing diode circuit:
1). Assume each diode is either ON or OFF
2). Find i4 and vg4 for each diode to see:
e s solution consistent with
OFF: vp<0 (ideal) or vp<vpp (real) = Ip=0
ON: Ip>0 = vp=0(ideal) or vp=vpo (real)

*Make sure you are looking at voltage across the diode and current through the diode when you are
checking for this! NOT the I and V necessarily that you were asked to find.

3). If so, assumption was correct (check consistency) — only one solution possible, so STOP

4). Find the requested I and/or V

5). If not, start again with new assumption (NOTE: I and V values are no longer valid, so you have
to discard those previous values)

Example 18
Find I and Vo Assume “ON”: 2V
Vo=-5V
+5V 05_ s, I
&=SAME= 1 I= 5 =2mA Ok
l ok C) +5V°
1 - AV
Vo, check:
ok Ip>0 = vp=0
Vv, -5V
+5V <>
-5V =
I Find I and Vo
Assume both “ON”
Vo=-10V
_0-(-10)
I= T =10mA
v check:

Ip>0 = vp=0

Dr. Rasmussen Spring 2011
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Analysis of Diode Circuits
For hand calculations, we have 4 main models to use:

1). Ideal model for diode:
Reverse Bias: OFF/cutoff/open circuit

Forward Bias: ON/conducting/short circuit

1, (mA)

1001

2). Use full diode equation: ip= Ig (eVD Ve _ 1) ol

(Reverse Bias: ip ~= -Ig) st
VD/I’IVT )/ w04

Forward Bias: ip=~ [ (e

Use an iterative method and solve V4
T 02 04 we  o0s Volts
3). Constant-voltage-drop model for diode (apply for forward bias):
e Replace real diode with an ideal diode and a voltage drop Vp
i-v characteristic model
i A ; I = | |1
/ ip | : f! ]!
' weas AT
+ _
/ Ideal e
<Vp 0.7 V> Vi L
v NO
D ™ v
. ) silicon diode
; - ~0.7Y
Vp ar =
e
light-emitting diodes (LEDs) are LED
T

modeled by 2v drop in forward direction:

4). Piecewise-linear model for diode (apply for FB):

1-v characteristic model
ip
—_—
ip A
+ ¥ Ideal
1 4
Slope — Vp DO
'p
)]
> o
0 Vbo Vp

Dr. Rasmussen
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2y 47
+ —

4[>‘7

_

Replace real diode with an ideal diode, a voltage drop Vpy, and a resistor, rp
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Example 19;

Assume all diodes are identical and have Vpo=0.7V, n=1, and V1=25mV. Use the constant voltage drop
method. Verify that your assumption for the diode operation(i.e. on or off) are correct. Find the following
making sure you find the correct operation of the diodes.

+oV

a) State your assumptions (diode is on/off).

b) The current Ip;

¢) The current Iz

d) The voltage Vo 23K0

) Your verification to prove your assumptions for the diodes -
are correct.

23 mA

Ay on, D2 off (02 will have -3V

m\m i+ o olservadion- volm%o rlLlOUﬂ 1
15 wony dive chon).

+q - Tpy (16)-0.143=0
W) T = \_L,i \H.%‘m;ﬂx >0

So assw-wﬁtﬂ for DI ohd
covvect. Y7
d - '\’JD-—_..(E)\,} B

M and D2 N = ‘ - =0
+O\-07+3 lD'( ) 4 m ot = a9\, ¥A=0

)—L\;@\ T = m"* 1. AmA o =2y (NOT NE&ATIVE)

Wi assption
N D=0 2N =0
-BV-077 1o (37970 EVRAPTNECD
ID’)_ = ’_-37 = ~\mA <0 \

\Jp‘l.’
\
2.5m é‘P +\ngb /‘F\ U‘thﬁ AW
%']k T

™M oN, DI cﬂ% “2-07-T,,, (3740

= T =37 | jp <0 xwenh
| 37 ;\:ssm«f:n oy
2 |
’ FAV -Vpy TV=0

\’DI. = 12\,’ \'\\)\(\a’\ﬂ\‘\"(3 NOT
= N RONG
13 ‘“-5‘;&‘% - E>Smpﬂ0‘\3
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Small-Signal Analysis of Diodes

e So far we have looked at dc models for diodes

¢ For some applications it is necessary to also use a “small-signal” ac model

e [f we use a small-signal model that linearizes the components, we can apply regular linear

circuit analysis!
e We can then separate ac and dc analysis
The technique used to linearize a nonlinear characteristic is called biasing.
¢ Biasing is achieved by operating the

Biasing: circuit with the nonlinear characteristic
in a point near the middle

e From the graph, at dc voltage input Vj

~ the dc voltage output is V.
N of! A ]\/f’ o ® The point Q is known as the quiescent
’ ’ v \[ ' point, the dc bias point, or the

operating point
¢ By limiting the amplitude of a ac time
- varying input signal, v,(t) the operating
point is limited to a linear region of the
curve.
i e Note that this only works when the input

¢ signal is kept sufficiently small
Derivation of the small-signal is done in the book (pg. 160).
The meaning of CAPITALS and lower case letters
examples__meaning
CAP-y Vp Ip DC, Bias quantity

=)

S u,(1)

e
LA VAP,V

sm vd id AC, signal

am

SMepp vp ip DCandAC together

e Hard to analyze circuit with both signals together
o Result of derivation: Can separate analysis into DC then AC!
o r1q=nVy/Ip =small-signal resistance {result of analysis}

NOTE: This rq is different than rp from dc model
This rg comes into play as the slope of the line tangent to the operating point:

/
VDO VD

Up Vbo \
(not rp!) AC J
—— ___....ssen

Vp = VD() + iDI‘d
= Vpo + (Ip + 1g)rg
= (Vpo + Iprq) + 14rq
= VD + idrd (DC + AC)

+ is
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Procedure:
1). Do dc analysis first (what we have done so far) to find Ip
2). Use dc current value (Ip) to determine small-signal model parameter rqg = nV1/Ip
3). Then do ac analysis to find ig and v4 (AC values)

Example: Voltage Regulation — given an ac input voltage, povides = constant dc voltage at output
Circuit: R

R=5k, v=sin(2160t), Vpp=10V

* Assume diode has 0.7V drop at ImA and

Us :VD+Vd n=>2
Vl)i_) -
Find dc T . o eak-to-peak signal voltage v4 across diode
1). First perform dc analysis using constant voltage drop model- dc circuit model:
R
’V\ﬁ'. g o 'VDD+ID(R)+VDO:0
Ip” Ideal - Ip=(10-0.7)/5k=1.86mA
Voo T Voo D Vp=0.7V

¢ 0

nVy _ 2(25mV)

2). Calculate small-signal resistance(depends on dc current!): rq = I, = 186m =26.8Q
3). Perform ac analysis using small-signal model small-signal circuit model:

ViHa(R419)=0 = 1g=v/(R+1q)

vq (peak-to-peak)=iq(rq)= Vsla . _2(268) =10.7mVac

(R+ry)  (5k+26.8)

Input: 10Vdc + 2V, ac = i.e. acis 10% of dc
Output 0.7Vdc +10.7mV,, ac - acis = 0.8% of dc

PHYSICS OF DIODE link can be used to understand more about the PN junction:
z.buffalo.edu/applets/education/fab/pn/diodeframe.html

Physical properties of a diode => A diode is made up of what is called a pn-junction.

What is one main characteristic of a metal?Metals: tend to be good conductors because they have “free
electrons” that can move easily between atoms; flow of electrons = current flow

Insulators: electrons in covalent bonds, so they can’t move around; no flow of electrons = no current flow

A pn-junction has two different pieces of silicon(between a metal and insulator)that when put together and
applying a forward voltage of approximately > 0.7V, we will have a conducting device that has current flow
through it fully in one direction and very minutely in the reverse direction

= You can change the behavior of silicon by doping it
Doping: mix small amount of impurities into the silicon which changes its charge

Dr. Rasmussen Spring 2011
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Silicon atoms
Silicon atoms each have 4 valence electrons (electrons in their outermost shell). That leaves 4
spaces in the outer shell of 8. This makes silicon a very reactive chemical, like carbon, which
has the same valence configuration.

Silicon crystals
Each atom covalently bonds with four neighboring atoms to
form a tetrahedral crystal, which we'll represent in 2D.

Tetréhedral
crystal
Two types:
p-type n-type
e SigSigS roe
| eleciron
g ) | i
WL Sl

- "e &

ny: concentration of free electrons in p-type \ri,,oz concentration of free electrons in n-type
Ppo: concentration of holes in p-type Pno: concentration of holes in n-type
N,4: concentration of acceptor atoms Np: concentration of donor atoms
e p-type silicon ~ Positive charge e n-type silicon ~ Negative charge
o {holes are majority} o {e arc majority}
2 2
° _ _n ® n,=Np DPno= M
PpozNA_>np0= N,
A o is a function of temperature, n,9 independent of
® 1, is a function of temperature, p, independent of Pno P > 70 P

temperature
temperature P

e Adiffusion current I results in the forwar

® Minority carriers drift: Thermally generated holes in n material (electrons in p
material) diffuse to edge of depletion region = electric field causes them to be
swept across to the p side (n side)

- Drift current 15 is due to minority carriers diffusion (Temperature dependent since
minority carriers are thermally generated)

If no external current/voltage is applied, the above two currents will be equal:

Ip =I5 (Note: Can say diode current is ip = Ip — Is = 0)

The built-in voltage, Vo, keeps this equilibrium.
There is a “built-in”” voltage (Vo) across the depletion region — acts as a barrier that diffusing holes
or electrons have to overcome - larger it is = harder to overcome = fewer carriers diffuse >

smaller I,

Summary: electrons and holes have high mobility and result in current flow with applied current or voltage
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It turns out that the free carriers are the most
impaortant things in the semiconductor
crystals, so we can simplify the drawings to
show only these free carriers.

PN Junction
When a p-type semiconductar is created next
to an n-type, some of the free electrons from
the n side will cross over and fill some of the
free holes on the p side. This makes the p
side negatively charged and leaves the n side
positively charged. When the voltage across
the junction reaches about 0.7 V' the electrons
find it too difficult to move against the charge
and the pracess stops.

A region near the junction is now depleted of
carriers and (surprise) is called the depletion
region.

Reverse bias
This pn junction is now a diode. If you place
an external voltage across the diode in the
reverse bias direction, the depletion region
gets bigger and no current flows.

This reverse bias region can be can be used
as a heat or light sensor since the only current
flow should be due to a few carriers produced
by these effects.

The reverse biased diode can also be used as a
voltage variable capacitor since it is essentially
an insulator {the depletion region) sandwiched
between two conducting regions.

Forward bias
If you place an external voltage across the
diode in the forward bias direction, the
depletion region shrinks until your external
voltage reaches about 0.7V, After that the
dicde conducts freely..

Dr. Rasmussen
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p-type n-type
2 o o o © . . =
o ©® o0 oaal| |, e Tt e
o o e L
P B o . . .
OD O . ]
=1o] C L
o oo o O o g e ®
o [ e [
O =y 0. o LA . e
= 5] o @ . T .

"nositive" holes move
toward the negative voltage

circles represent free holes

dots represent free electrons

depletion region

@ 0 0 0 %] e o '. .
O O ’ * *
O o o° O & _ 5 o. A
DO [ o g C’F—__.", L ] [ ]
o * »
28 w e B 4 . »®e s
] | ] L
0 O [y @-l;—\.-_\_“ L] - ..
=) o @ ¥ L T | [
p-type A n-type
T I
2 o o o e *
*
o0 o o o o: L. o e ? ®
2 | l * s @
DO (=] < o 2 | [ ] [ ]
O 1 I *
o0 I [ s B,
a © 0o O! ‘s o s ¥
o L 2 o ! R "'. .®
) o @ . .

negative electrons move
toward the positive voltage

and eventually (at about 0.7V) conducts freely.

-

Diode

O O o i : . L
o : . i
O D O I
_ £ : . *H o+
ool - ] . B
] 1 |
o, ! o s
< O I e * .
L 1
With reverse bias the depletion region gets higger
O O Oy O i1 L
o] LA ®
o 2 o o gilie e * e e
L0 T O 1t » -
O 0 B Il e ® . * s [ —
+ 0 0 5 Q0 O: : s & s @
oo 0 o e a® g ©®
O0NE QNG Ty s ®
o O oo O o O 1. Ll &
1| - e n?
0o o000 O & & » .
111
With forward bias the depletion region gets smaller
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MOSFET

e This type of device dominates Integrated Circuit (IC) development due to their small size
and low power consumption

e These devices have a totally different operating mechanism than BJT but once biased and
linearized to allow linear small-signal operation, the same small-signal model for the BJT
are applicable with little modifications

e Structure of MOSFET: A 4-terminal device

0

| Oxide (Si0,) Metal

| &V#

o A N

- Oxide (Si0,) : | ) | : Channel : |
1 N 1

| [

5 7 1
region L " y,
N P

Source (S) Gate (G) Drain (D)
T
+

Source
Tegion

e 3}

T p-type substrate
|

(Rodv)
(Body)

p-type substrate
(Body)
Channel

region .

7@ \
\ \ \
\ \
\

Drain region

(a)
Threshold Voltage

Need some minimum voltage to induce a channel (n) in the p substrate

This minimum voltage is V,, the threshold voltage
Usually: 1V <V, < 3V but is very variable (like i)

Below this voltage the FET is off

Characteristics: L L
® 3 regions of operation: - -
o cutoff
o triode: |V e IKIV e =1V, |, Vas >V,
. : Lo 2
ip =k, (VZ{(VGS ~V.Vps _EVDS }
( )(VGS V, Wps if Vps small ~200mV
i 1
ek, (Vs - V)
Vps  Tps
1 5 s
I'ps = >
w + t- 0 i
k| = |(Vgs =V, s
n ( L j( GS t) |
. n+
o saturation: |V >V 1=1V, |, Vas >V,
1. (W 2 — -
Ip zikn (LJ(VGS -V,)

k' p = Process transconductance parameter = 20 to 100 A
\ k' = Bto 40 pAVE

W = channel width P H

L =channel length

K=Kk n-%= gain factor {combined in books that are less interested in IC design)

2 2
K= 1Cox W, = electon mobiity = 53{1-% ny ::23{1-% ~ 40%j,,
) oxide capacitance
C = = gt = pemnittivity / thickness = capacitance / (unit area)

ox - unit area
Dr. Kasmussen S>pring 2011
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+

Induced n-channel n-channel

p-type substrate p-type substrate

— =]
i.g

o

~<— Triode —>~—— Saturation

Ups < vy — Vi tps = Ugs — V)

V4

Characteristic Curves

___S_ >Vt + G+ ?Vt ] S — >‘\-"t_'_ &+ <'\l"t_ ]
o i Al T Ba i
S e L L]

triode region saturation region
(a.k.a., ohmic or linear) (a.k.a., constant current or active)
VDS <VGs— Vi VDS =Vas — Vi VDS 2VGs— Vi i~ Lk Y (vas-V tjﬁ
— Ji
, ; . —v ; r 2 L
_ vGD >Vt VgD =Vt vap <V neglecting Early
1 D S0 : effect (ry), ornear
_ triode-saturation
{mA) Vg = BV boundary
401
Ve =TV
301
Representative V' ;¢ values
20 Wgg = BV
Wag = 5V
10
Vag = 4V
OI.":nic | | | | 1 | | | Vﬁsz v
region o 2 4 S Cutoff "region" ' 12 "__DISA (volts) '® Vi~ 2V

Representative ip vs vpg curves
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Early effect, channel length modulation (r,)

However, the pinched-off spot does get bigger as Vg increases, e :’vt + G + <:Vt ezl
leading to a shortening of the rest of the channel, and correspondingly '"l | | | ’L
more current. This leads to "channel length moduawusn  winen is just e !
like base width medulation in the BJT. It also leads to an Early 5ol AL n+
voltage, sloping lines in the saturation region, and an output resistance.
s ) i including Early effect (r;), due to o
i by — Vom AV channel length modulation l - \,
) 1., W
ip = Sk nT'(“{}s- (1 +3l v Ds)
These slopes are greatly IMPORTANT EQUATION
exaggerated P Mpg 1
-~ rn = =
_.-; Al 1 " ¥
.—’—:-____.—-"""; D l|:;kl'l_ {"{JS_\{'[):|
L e —— -
—-ﬂﬁ-"::::_—.=:::::__: 1 v
—Ya=-1n = =T =T
) 1 Mp 1p°
Early voltage= V 4= —
A IMPORTANT EQUATION
Example
¢ Cross-Section
W) 2mA 1 2
Gate V=1V, K] (— =——, Ip==0Gm)(Vgs—V;)
L 2 2
(3.33V) : \"
Source - Drain
(1.599) ’ (7.335)
’ VS =2: ID =1.5m
‘ | 4] : T | N .
n+ -~ W VGS =3: ID =6m
Ip &
p-type
Hm —
Induced channel — current
flows from drain to source
1.5m—
Vs
Symbols:
n-channel enhancement: I Drain Drain
=1 Body OR: Gate %
Gate |— Source = Source
| Cirain : ] 0
DJ? Vg DJ? vp 6D
'_ l— W +
eliogt oy = dlL ol
caie F7°Y = v T
I 3 ] o
D 5 5
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p-Channel MOSFETs SUUFCB c
Use the same equations
as for the n-channel, but: —| —‘ _ # CL‘ ;
Swap <for > and > for <in Budy % DS
all the voltage tests. Di WD VGE‘}—‘
Drrain D p

Swap k'F for k', in all equations
Always shown in your book with
the source on top, but that is not
ip comes out positive because the a requirement of the part symbol.
vpg uUsed in the equations is negative

V, will be negative

OR, just mirror the circuit and use an n-channel for
purposes of analysis and then interpret the results.

The mobility of holes is only about 40% of the mobility of electrons.
So: K'y = UpCoy~ 40%K',

p-channel parts have to be 21/, times as wide as
an equal n-channel part. That means more $

Procedure for DC analysis of MOSFET:

1. Assume Saturation mode

2. Put I=0 and Ip=Ig

3. Use I, = ;uncoxi‘z/j(vas _V[)z

4. Calculate voltages and currents

5. Check Saturation conditions => 1Vps > Vg 1=1V, 1, Vas >V,

Example 19: Let [p=0.4mA, Vp=+1V
Given: V=2V, 1,Cox=k, =20uA/V2, L=10pm and W=400um (W) =40
L

+5V

Assume SATURATION: IpocVgs (A=0) Rd
1 w
= E/un Cox (LJ(VGS - Vt )2

ID
0.4x107% = (;]ZOxlo_(’ (40)(Vgs —2) )

go I
0.4x107% =400x107° (VGs2 — 4V + 4) D| [~WMOST
RS
Quadratic Solution: ax’+bx+c => _- bt m (2 solutions)

Therefore, Vi _42J16-4B) _4£2 _1or 3V
2(1) 2 -V
Since V=2V then Vgs=1V does not have the transistor on so Vgs=Vg —Vs =3V
and so Vg=-3V
VsV _=3-(5

Ry =5kQ
Ip 0.4
Ry=Yeo=Yp 571y
ID

Dr. Rasmussen
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Example 20:
Solve the circuits below to find Vg, Vp, and Vs. Find the currents in all branches. Assume A=0 and
V=1, ky”(W/L)=100pA/V>.
Ig=0 Vg=+5V Vs=Ip(1k) Vp=10-1p(500)

) W +10V
Iy =—k,'| —|Vgs =V,) 1+ AV, :
D=5 n(L)( GS t) ( ps) +5V 500
A Sat: _
ssume sat-, =%(100x10 )5 — 1, (1k) = 1)>(1+ 0V 5 ) 50k I, 1Vp
-4 2 |
0=8x10"" —1.41, +50I Ve v \ ]
S
14 £(-1.4)% - 4(50)(8x107)
D= =0.584m,0.0274 1k
2(50)
Ip=0.0274- =
Vs=27.4V => Vgs<V, (OFF!)
Ip=0.584m:
Vs=.584V Vp=9.71V Vps=9.12>3.416=(Vgs-Vy) (SAT.)
Transconductance
I. t_.ﬂ —_
b Vps > Ves - Y
mA
Saturati . / 2
ol {Saturation) ip = %’k'n'%'(“(’if;‘ v l)_
Rl o
b === The slope of this line at the bias point is the "linearization” about the bias point.
201
d : d 1 W 2
Slope = = —K _—iveg—V
pe d"’(‘islu d"’(‘is[z Ly (‘ GS :) }
o+
o ) ig
= [k‘n'—' (Vas-V t)]" = fm T —
. . . . | VGS Vs
\u"1 small signal
values
ey = k'p— (V Gs -V l) = “-%-2 Ip Also called "transfer admittance, y"
Use 1 in gain equations like r, for BJT's
Em
small-signal model:
L}
. . . . I
hybrid-t (use when there is not a resistor in the source) @ r, =—4 = L
! Al -
K i i

G &} 0 - : . '
\x + - < = * § lgnore I |nl'yt:
L '.@ gl. iy § |

i - -
s \

model T {use when there is a resistor in the source - makes analysis a little easier)




AS POINT

and AC values

Example 20 (4.8 from book)
ip A

Triode —>'r<— Saturation
[

Ing

/ tgs = Vop
vgs = Vig
vgs = Vi

Load-line
slope = = 1/R,

|

|

| vgs =

| \A -

\

?

(a) 0 Voo Vop=Vg—V, 1’:)(} = V;),\'(_:
(b)

K'(W/L)=1mA/V?, V=1V, Rp=18kohm, Vpp=10V
Find a good Q-point (bias point) to operate the amplifier.

(IR
VGQ - Vm‘Q

Vor

V('J('

".’w; Ups = Vg

Q= <=0, in—>=—=(, in

cutoff | saturation |  triode region
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ip (MA) &

Ugs =

Q Ugs =
- Time
T\ Ugs =
T
|
|

|

|

|

|

<

|

|

| |

Tgs = T

|

1.I5V 1.05V (@)

(b)
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Biasing of MOSFET:
¢ Biasing is a key step in transistor design. It puts the transistor configuration at a good
point in the saturation region that ensures that Ip, Voy, and Vpg are predictable and
stable and do not vary by a large amount when the transistor is replaced by another of
the same type.
® Rgcan be made very large: high R;,
®  We need Rg to stabilize Ip from variations in V;
e For IC(integrated circuit) design, we use active biasing or a constant current source.
o Minimize number or R’s and caps on an IC due to their large area requirement
= Use active load for R

= Use direct coupling for C
Current source bias from current mirror WD
IDl %

Most common bias in ICs involves Rp
a current source
YD
Weo=0
[_:VDS
V Note this particular arrangement doesn't have voltage gain
ale S unless the current source is bypassed, a rare thing in ICs
------ since capacitors are so expensive to make in silicon.
== CE
= IDC) :I: Usually the current source is in a different position.
i
NMszo —
Current mirrors
Yoo | W, )
LWy 2 Ro v oy = %’k‘ n o (Vas- Vi)
Ipp = 5K n'L—'(V as— Vi IDTL e 2 Ly
! I ID2 Usually k', and V; are the same for both
REF MOSFETs because they are in the same IC
;“_ [; and were made by same processing, but
The same VGS can be used to i - you can still adjustth(.a Io'current to any'
tum on many current sources, i.j_GS L_V'GS value you want by adjulstlng the WIL ratios.
each with its own WiL ratio. T lo  Walyp
= IRer L2 Wy
Example 21
Irer=100pA, Q1&Q, same: (W/L)=(100um/10pum), V=1V, k,'=200A/V?, VA=10L
[,=100 pA N\
1 2
Ipy = Iger =1004 :Ezoﬂ(lo)(vcs -1)
2 2 100pA 100pA R
1004 =100(Vgg —1)" = 1=V~ =2V +1
Vos =22 Vomin =Vos =V, =2-1=1V
3 a2
Ve =5-2=3=R=——=30kQ | | ol
1004 | |
Vv 100
V,=10L=10(10)=100V = r, =4 =—— =1MQ S S
I, 100u

I

[
=
[ws)

Dr. Rasmussen Spring 2011



ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING

Example 22

Vdd=Vss=5V, Vu=1V. V=-1V,
L=10um, k,’=20pA/V?,
k,’=8uA/V?, and A=0. For
Ler=10UA, find all widths so that
L=50uA, 13=2.51A, and [5=50pA.
Also let Vp; go down to within

Izl
a

i

0.5V of Vss and Vps go up to
within 0.5V of Vdd.

Want all transistors to operate in SAT
From above:

I, _W/L), I; _(W/L)
Iper ~ (W/L), Igr  (W/L),
Is _(W/Ds I;=1,

I; (W/L)

The threshold between saturation and
linear region is: Vps=(Vgs-Vy)

For Q5Z VDs5:VD5—Vs5:—0.5
VG35=VD35+th=—1 )
w

l 1
I =50uA=—k, (LJS(VGSS _
Ws=500pA

Vip

I, _W/L), and Is _ W/L)s — W;=40pA and Ws=10pA

)2 = ;&{VZJS (-1.5+1)

For Qz: VDSZZVDz—VSZZO.S IREF (W/L)l 13 (W/L)3
V6s2=Vpsa+Vin=1.5
1 w 2 1 w 2
I, =50A=—k,'"| —| Vg, =V,,) ==20u| — | (1.5-1
2 IUA ) n(sz( GS1 m) 7 IU(L)Z( )
W,=200pA
MOSFET Configurations
e  Common Gate (CG)

 Common Source (CS) -- low input R (bad for voltage gain, good

- best for high gain (most common) to not attenuate current signal)

-- high inputR ~ +Vop -- used for unity-gain current amplifier

Rp +Vbp
Puts source to
Cc \'A gnd fo.r AC
I I - I R an}lyms RD
? Vsig RG '@ ’/"— --é‘\\ V
I ! I S o
—Vss D J:_

e  Common-Drain (CD) - Cc

-- used for unity-gain voltage amplifier +Vpp - | I

Cc
| | | V.
! ' § !
\'A —
VSig RG —VSS
I
Dr. Rasmussen ~Vig Spring 2011
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50
Example 22:
R
+10V out
5Kk CS Amplifier
tou IOT vV Vi=1
O

100k °<|> ) 0 L=0
! 10k o (W) _2mA
(T)7 Ve

Slg =
3k \
( AC 51 nal) This makes this a CS amplifier
& l (shorted for AC)

1
Capacitors frequency dependence => ——
Ciow

DC Analysis= Open Caps and Find I {®=0 for DC signal so { = c. It looks like a short}

10(5
+10V Vg =106 _ 5 5y
5k 15u
10p Ip :%(Zm)(3.33—ID(3k)—1)2
lID Ip = (1K) = (2.33-Ip (3k))* = 5.44+ 13 (3k)> — 13980 Iy
5 . 14980+\/(14980) —4(5 443K)° _ | 1498045378
b=
3k 2(3k)* 18
L i Ip =1.1m,[+533u

I, =1.Im = Vg =3.3V I =533u= Vg =1.599, Vg =1.731> V,

VSS =0.03V< Vt & .. ON

Vp =10-5k(533u) =7.335
— ATV
AC Analysis = Short Caps {C=large so %o -0} Yo>Vo—Vi 6 )

g = 2K, (%}D =1.5m=+/2%2e—3%533¢—6

100k = Ry, A Vo =—gmVgs (5k|[10k)
5u||10u - v = YsigG3H
Ves Ves <Sk=Rp & 733314100k
= Yo o —4.85%
v.
1n_333¥L R, =5k sig
R
o __ R R G
Dr. Vg em (Ro] L)RG R,

sig Spring 2011
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Example 23: +12V This makes this amplifiera DC Analysis =
'// \‘4/ common-drain (CD) V=1V, K, (Ej —6m. A=0
12k \ ) L
I V, =1Ip(10k)—12
Vg lID b
v, 12060 _
A | ST 2k+bk ,
T Rou Ip =—(6m)(4—Ip(10k)+12-1
Vsig ok 10k D=5 6m(#-Ip(109 )
Ip ={1.4m|, 1.6m = I =1.6m
B Vg=4= Vg5 =0V<V, NO

VGS =2V > Vt

AC Analysis = Vp =+12V (SAT = Vpg = Vgs — Vt)

Vo =8mVgs (10k)
Vos = Vsig ~8mVags (10k)
gn =+/2(6m)l.4m =4.1m

Yo o M _leY
Vg 1+2mn(10K) Vv
Vg =-1V
1
1 +gm gs 11:021 gm+10_k
10k 1V Ry :ngiulok: 238Q
m

Note: (Model T)
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Example 24:

V, =1V, K;(Ejz—, A=0
L V2

DC Analysis = +9V

v

Vsig VG =0 l I
' D

+9V
% sk
,' 0 5k
7k
9V

Ip :%(Zm)(O—ID(7k)+9—1)2 §7k
Ip=[m| 13m=Ip=13m, V,=.1 Vg=-0.1<V, NO l
-9V
Vg =2
VGS =+2V > Vt (ON)
Vp =9-5=4V (SAT)
AC Analysis:
Y

gm =22m)Im =2m,  V, =g Ve (5k[2K), Vg = Vg,

+ Yo

- Vs EmVis Sk 2k
— ROllt - VO _ 2 9X
D — Vsig Y

Tk Vsig
—- R; —
. R,, =7k 1 6710
E€m
Rou =
Spring 2011
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Common Source biased with current mirror:

53

(wie)

ol
k3

o —

‘T II"II[:ID P
a 4
L1z T <
“1 IUI:IE gmv-'_:s & >Ia1
P _
3
Ik EF! —i—b

Vo
—a
=1

b
4” <,
V. ]

el

.1||I'02
10

Common drain (source follower) biased with current mirror:

often neglected ——

Dr. Rasmussen

< VoD
R o8
b Ny N
| — () B %, D, & -
REZ }—{1—_L { ‘-\f,-nﬂ"-‘i =\ E grm’n.“‘:g|sll;r 'gmbvosu el
'_ = =
L N ! — o0
S W - = i - .
—o v EmbVhs T f:-'mh'(“"nj
i . It looks justiike 1
B Foo a resistor of g
L b -
‘:‘I
| _ 1 —
r 4]
& + Di
I W B
l @ )2 ';>
R Vin Iy
57 | 1
EmhtT—t—+T— -
o1 Tol Ry — e
o & %
Vo T "’g‘i'gm'}{ 5
1 =
"2 Omb Mo L
- [?in_"ﬂ)'gm'wb Vintm R g-voemR'g — — —
Yo gm'l{lﬂ Em Em
v | [ Y | 1 Em
3 o2 Tol L gt Emt— T —+t—
| o2 o1 Rp
R a™ I
EmTEmpt -+
™ i o2 r{?l)
/! [

Spring 2011
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ECE2280 FUNDAMEN

Example 28 [ =500u
Vt=2V
ko’ (W/L)=4mA/V>
Find Il, ID, Is, IL
Find VG, VS” VO
Find R;, , A=V,

VI

Dr. Rasmussen Spring 2011
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MW% ?tﬁponsﬁ;
el gy s ppicll

dttermined b he Coupiin
Copacitors. J P

“Trese.  owe, contvp| by he,
desbnﬁr mivolkd by

.]_g(w.& QQPO\QHDY‘g n 4he AC mode] to determine.

overod)  Arorgher Anchon =
Vo= ‘Sm"{‘gs‘ QD
\lo

1
'YL i i "'('35_ = J\(\L' - gm}\(‘gs (E’g“ (1;*.)
E;@M.ﬁ. I‘{:_?}S 3 HN\&S B ° NBS= }V}
e 1 RS

by I—_TS \Qfo"' BUNNGILub
\ () SMQS)[E%R\S}
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\_fa_= “Im Ro . (Qa(:]%H)
Vi (8mR) [/ &GS
[( |*5m?5\*q

moﬁwjmd\k
Pr= e 200 @ (Rl s+)=0
T
.Ons, PD\Q- o (i&rﬁ& +\>:D
( 3%«%
s= CHgmR)

. el
The oole wiy) be 10_,(7%0( Fhan e ey

Reclh thod g gy i bides +20dBldec
wnd o pole -20dB)dac.

7 W (mdfg&>
R,
Swppoga 30% wont o low 1(:1'9% +o be, !DH%

rmB) 5 (2 180T
27 (RC)D &\M‘:\-m gm=lm, %"-C:K)

|D+]% =
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Hi\()\n W: Contvolled [‘{‘j pam&ﬂw‘c, Coqmerfule

w

Rsio p-(q’l
"’f' -— :*-+ i i I o

;% .. e 2= R \Rerz
% 33-.-:_"— RV § g e§ (2
...__._,_ E__ Rh

= gm*(ag, Ty ( M&%LU\CEQS’“EH assume. Tgd &quiVs)

- 9w RV
'Igox \I@. o _ Cors (Vo= (gl Vo))
Tqd = st (l“gwﬁ DAL

Sine o\cz; not )

w\och-Q\

o w
PR o
SRR B
\03 L =
mwu“
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hem vy tw’“m

t%d = _‘i_ = Ce%g '\@g
‘Sd’h”j old Igdﬁ s Tyd
cﬁb-g B = .?"IE"S (—if )VS,
g = ‘38 (+gu
Vs = iy (b m@@
S
] f\@]{)
F]‘(TL— ” Ceq(&)‘*‘ Rs;
CB‘C.'S €%'& = 3
%%%Q
- Mag = i
pelate L . Vdele
(%%) S(a%%g;) = (Re+Bhiq)
R =L s &
33”' Afgg\- RQ
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Exarnp\e :
e Y= %
g i
"’""".3;“_’!___;-'.'* iz ke ; F =lph
8T o
O :'}-‘--F!'J§ :j;i;§ S==our
< i 1 15
"t us m\%’%ﬁ low l:ﬁ’.gb I =

Ca, , ,andf, contribdg, 4o oW VESpONSR,

ngo\”@ J;Ilmsrhc& ng»; Cod ) ’é“%
'R&e' \é + 3 \/qv
Velg C—%—M Cas %mM\'ﬂﬂM - L}wh
- 3.25M -ﬂé& | %o o
wadwlé{j’
\,, = [ gi“ﬁ?g_q—w:g DK —3le'|!¢00\¢)*ng CLg
b # g ioks ( (1HK)Gs +)
Ngs = Aaiq (825M)
g 8
8 25\ + 100K+ g l2xllT; 5>
Yoo = Naig(@25U)q'S \
(835M (g -S4 1Y | + O (z»allé;.g\
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N, (RIBM) s (26€:0gs +))

C%?;‘b}\)\'(ﬂg&*\) ( \+3m’2\q(zm-ts-s 1)
w\gml‘.c

Vggi

V, =y (0.0829) (002 5+1) s
__‘______________._—-——-—-"‘-

—

’\@5 (ames+)) (0.op35 s+ (3) (6. GTmes+1)
_,,_‘__é_-a
kS o b = (B0 redisee —> RerBle

—

o= 12 0le —» @ GgyGa
) Yol |
W= NP TRV TRy Le

m_— o lll 50
Hiow E&Q WONCW =7 [?&C(Qd\ dﬂmﬁ\m}
\B % % ! Ve B 25M
whtre Qg.‘g 1o [\&.
Wy = Q‘QB( Cﬁ-g%%(\ﬂg} Q‘SHS: G W2

(&
Lag. =) (Bnory oM soernol coge oxd only oo
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Introduction to Bipolar Junction Transistors (BJTs)

61

A transistor has three terminals-- the base, the collector, and the emitter. The current flow from the collector to the
emitter (through the transistor) is controlled by the current flow from the base to the emitter. A small base current can

control a much larger collector current.

Bipolar junction transistors (BJTs) consist of three layers of doped silicon. The NPN
transistor has a thin layer of P-doped silicon sandwiched between two layers of N-doped

Anode

Cathede

silicon. Each P-N junction can act like a diode. In fact, this is a fairly good way to check
a transistor with an ohmmeter (set to the diode setting).

The base-emitter junction always acts like a diode, but because the base is very
thin, it makes the other junction act like a controlled valve (details to come later).

Symbols and conventions | \l Colector | J, Emitter
C E
¥e ‘) Ve VEB+
+ +
VB Base " VB e i Y
—lt’ \Q + _CE *ﬂl— Haose _EC
B [V Ve B o g PNP: Replace vgg with vgg and
El wpn Emitter CJ; BNP Collestar y - with v« in equations below

Very High Level Overview of how a transistor works:

Analogy:

A small amount of base current controls a large emitter (collector) current

Think of the transistor as an “electronic” tap able to control a large flow of electrons (from

collector to emitter) with only a small variation in the “handle” (base)

Water Tap Analogy: (water spigot)

- Large amounts of H,O controlled by very small movement of the tap

BJT Operation

Modes or regions of operation

Active (partially on)
‘I-BE: ﬂ_-.'r"‘l':

1 B =)
v ep20.7.V

I,C = BIB = le.l]:
contralled by the transistor

(vge @and v are approximate)
Saturation (fully on)

Vg~ 0.7V
iBb{l
veg = 0210 0.7V

i < Pip limited by something
outside of the transistor

i i=0.6-mA
igi=0.5mA
i g =0.4'mA

i g =03-mA

i i=0.2:mA

ig:=0.I'mA

ig:=0

Cutoff (off)
LY B E"-Tﬂ__.'r- v
i g=0
Typical transistor curves
100
ic
(mA)
80
e
VB _ 60
—= Vee A2
B
40
1 1 20
3 ¢ ‘

Dr. Rasmussen
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Summary of BJT Current-Voltage Relationships in the Active Mode:

i.=1g eVBE/ Vr (n=1 always for BIT) {Ebers-Moll equation}
in = ic _ (I_S)€VBE/VT

B> p \p

i _lc _ (I_S)QVBE/VT

E™ o \a

Note: For the pnp transistor, replace vgg with vgp

o B
Ic=0Ig=pI Ie=(p+1)I =— a=——
c=0lg=Plz  Ig=(B+D)Ip —a Bl
Vr=thermal voltage = ~25mV at room temperature + B
n-type p-type A \ : ; n-type
_ ._‘Olo. .0.004::1'019 oo | I s @ 8
: e, ® . e e e & o ! !
Temperature dependencies efa o 0 0 pgE o o0 L T e ®
vgg = 0.7V (decreases about 2.1 mV / <C) ] »o"® * O ®oe sos=ree e 7 " o | : ¥ [,
-2.1'mV { e 0% Pog Baet iy, P g a }
atconstant Io: AV pp = E s8 o8 4 @ Qo&f e < i T C
degC vy "e Noe OO Tm on L sig " 40
at constant Vgz: 1~ increases by 8% per °C (10x per 30°C) *e ..D.' . 00 .OcE'—-' . ? -'—%:
ger 1o Y o P p Ca ..... O..b.;_. |C?.Oo 9 O: :. « ** .,

Method for solving DC voltages and currents of a BJT circuit:
). Start by assuming transistor is in active mode
Either use given values for base-emitter voltage, or use
Vg =0.7V (npn)
Ves = 0.7V (pnp)
2). Solve for the BJT node voltages and currents
e Voltages: sometimes can read off directly, otherwise use loop equation
® Once you have one current, you can get the other two from the active mode

equations
3). Check to see if the solution is consistent!
Vec2 Vs> Vg npn active more explicitly: Vg 20, Vgg 2 0.7V
Ve> Vg 2 Ve pnp active more explicitly: Vg 20, Vgg 2 0.7V

4). If the solution is consistent, stop = you are done
If not, the transistor is either in saturation or cutoff
- go to 2)., however active mode equations do not apply!
- Now use: saturation: vgg = 0.7V and vcg = 0.2V for npn
(vgs = 0.7V and vgc = 0.2V for pnp)
cutoff: set all currents to approximately 0: ic=0 ig=0 ig=0

NPN ACTIVE AND ON when:
Ve 2 VBE,,n (VBEon = O.SV)
Vc=Vg> Vg and VCE>02V

PNP ACTIVE AND ON when:
Vig 2 Vigon
Veg> Vg 2>V and VEc>O.2V
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Example 29:
Find Vg and I. for each circuit. Assume that [Vggl = 0.7V and 8 =40. Both transistors are being

operated in the active mode.
(a) NPN

+12V

Ic
1k
+5V

GND

V,=5-0794.3V
_Ve _43
7R, 1k

=4.3mA

B I =%%@3nm)=42mA

I.=——

Check:
Vc =7.8V2 Vi =5V> Vg=4.3V

Example 30: By

IEl
10k

(b) PNP
+10V Ve 0.7V

I, = 10207 _ 4 7ma
2k
IC :iIE = 4.5mA
B+1
Check:

Vg =0.7V> Vs =0> VC:—S.SV

-10V

Given: IVgel=0.7V

Find: Ic, Ve, and Vg
Recall: For active mode pnp, should have

1V
j Vi Vi > Vg > Ve
Vi (All dc, so use caps)
1). Assume active mode
Ic Ve 2). Solve:
l 10k Vg = Vg +0.7V =1.7V(Vg =1V)
. =8-Ve _06-17

= E

10k 10k
cd =B
I,=aly =1y =0.43mA

p+1

Ve =10k(I,) =43V

=0.43mA

3). Check: Vc =4.3 > Vg =1V = can not be active

4). Start over with assumption that transistor is cutoff:
To see if cutoff, set all currents to O or in other
words take transistor out of circuit and should get

Vg > Vg and Vs>V

Vg = 6V, Vg=1V > Ve> Vg - Can not be
cutoff (pnp!!)

Transistor must be saturated:

To see if saturation, set Vgg = 0.7V and Vgc = 0.2V

And should get V¢ > Vg for FB CBJ

Need to recalculate values (i.e. ones from active

mode assumption are not valid)

Active mode equations do not apply = need to just

use V=IR, KVL,KCL

DT. KASITIUSSCII

Saturation analysis=>

I; =0.43mA

Ve=1.7-02=1.5V

Io =12 20.15mA
10k

Ve =0.7-02=0.5V
V> Vg =2 Itis saturated!
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Example 31 BT
£ =100
Vpp =1pRpp +VpE + IERE \
Ig= IiE ,,'
p+1 ,.
VBB VBE 5-0.7 !

3k+ 3.3t ):1.29mA5
DB+ 101 !

Vp=IgRg = (1.29mA)(3k) ~3.87V
1.29mA '.‘

Ig= =12.8mA

101 GND !
Vg =Vpp +VE =0.7+3.87=4.57V ;
Ic =al g =0.99(1.29m) =1.28mA N

Ve =15V = IoRe =15V — (1.28m)(5k) = 8.6V

+15V

(=)
=
S

Thevenin:
Rpp=100klI50k=33.3k
Voltage divider for
V=5V

[m]
=
=]

Early Voltage and output resistance

B depends on the effective base width, W which depends

on Veg. This leads to the Early effect, which is expressed
as an output resistance.

Early voltage.

. A s V , = 100 Vin absence of data
output resistance = r = —— {guess nabsence ) a
I
C

Sauration

/ region
lll;- w.l‘
-] vt
! Active
i region
|
|
]
|

Temperature Effects:
NPN Transistor Characteristic

T3 T, T, T5>To>T,

Ic 4
As T T,I T for fixed VsE

»

VBE

Thermal runaway:

Dr. Rasmussen
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Bipolar Junction Transistor (BJT) bias in the active region

Bias: Want a stable | for any transistor at any temperature
Towork as an linear amplifier, a transistor must operate in the active region. To work in the active region ig and iz
must be positive for all values of the AC signals -- they must be biased to some positive DC value. The AC signals
will swing above and below these DC values. Furthermore, the transistor must not saturate, or it will lose control of is.

Bias should not depend too much on the value of [

B can vary widely from transistor to transistor of the same part number. No one wants to individually test transistors
to find ones that will work in your circuit.

Bias should not depend too much on the value of Vg
The relationship between Vge and | is far too dependent on temperature and, like B, varies from transistor to transistor.

Stable bias set by a stable Vg and an R¢
As we saw last time if we set Vg with a battery (Vgg) then I is very stable. Instead of |z controlling I through the
unpredictable B, a stable Vg sets Vg (Vg - 0.7V) and Rg sets |g and hence |g. |g then takes care of itself, and
adjusts to compensate for different Ps and temperatures. Unfortunately it's pretty impractical. You don't want two
power supplies and besides, you can't get a signal to the base. Still, most schemes to achieve stable bias work
by setting a stable voltage at the base for any reasonable lg,

Voltage-divider bias
To make the left

o ; . . Rpa I
circuit look like Vgps Veg— Rpp=
the right one: Rppt+Rps Lyt
o Rp; Rps
Both circuits: Ree vg +

y y A AT

o V gp— 0.7V - k-
B — . V
Rpg+(B+ 1Ry _|VeB £

5(J3+|}'1{E = PRg
plg = Ig J_

Ie

Use Thevenin's analysis
Note: Often in quick-and-dirty analysis you can neglect the base current, lz. In that case:

Ve= VER VES V=07V Lo YE
E= = 'C
This assumption is &F: Rpp< PBRg Rg

Quick check: R gy <10Rg OR Ry <I0-R g Should resultin <10% error if =100
c= Vee-IcRe  VE= IgRg

ce= Ve-Vg Always check that Vg > 0.2V to see if
the ciruit was really in the active region.

What if Vg is not ground ?

R 1y
., s . B2 . _ 1
V BB= (\, cc-V EE)'ﬁ‘H‘ EE  RBBT ————
B1t5B2 LI
R Bl RB‘)
- V- 0.7V-Vgg 0.7v
B = =
Rpgt+(P+1)Rg 5 Ve
Ic=plg= Ig >(13+|)-1{E =~ BRg
REE
VE-VEE
If you can neglect the base current, | 5. Inthatcase: V g= V pp Veg= V=07V g = T: I
E

V= Vee-IcRe Veg= lgRg+VEgg V(g= V- Vg Always check that Vg > 0.2 V to see if the
ciruit was really in the active region.

The equations above and on the last page are for the circuits shown, adapt them as necessary to fit your actual circuit.
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BJT Bias Design
Decisions that you make for the bias will effect many other qualities of the circuit, so you should know some of your

wants and expectations up front. See the tradeoffs below. Design is often an iterative process. Try something, see if it
works, modify, try again. The parameters below are listed in good order for design, i.e. you usually start by selecting |..

select Tradeoffs '
- lower value higher value
I less power form supply larger available output voltage swing
less power dissipated in transistor more output power available
higher input impedance lower output impedance

Don't want { variations to affect | ., so make sure that |5 is the one to vary when i changes: Usually make BR; > Rgp.

AV pe r : :
BE mV For every 60 mV increase in Vg,
=21 — -
AT 21 degC (constant 1) and: I will increase by factor of 10

Temperature effects on |.:

If Vg is held constant, | will increase by factor of 10 for every 30 °C increase in temperature.

Try to swamp the Vg changes with a much bigger voltage across Rg. For a temperature range of

Ex: 0 to 40 degC, Vg changes 84 mV. 24-84mV =2+V V= 2-Vswamps AV gg pretty well (24x).
select Tradeoffs .
lower value higher value
VE (CE & CB amps) larger available output voltage Better p and thermal stability
swing (CC & CB, CE if unbypassed) higher input impedance
(CC amp) Bias for output swing requirements
Vo R 131 Voan—Vep
calculate R E= —h V=V E-HJ_?-V This will dictate ratio of B2 = — BB - EE
Ie Rt Vec—Vss
—select lower value —Tradeoffs higher value
Rp; & Ry, Better [ stability (CE & CC) higher input impedance

less power form supply

A couple of other bias schemes

Ve Yoo Yoo

Taken to extremes,
IC is now very stable
at.

| :
B
I : 7y | ; ..
B T c= — p.
Vg Rg+BR ¢ Vg C
= The bigger Re P
IEJ]

Lo Seems like a useless
VE is with respect | W cirouit. but

p— to Rg, the more EJ; B
— stable |- is T

Dr. Rasmussen Spring 2011
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Current source bias: We could make the bias current very stable if we had a current source

If we can make current sources (drains), then. ..

Yeg

gain unless we bypass

which has really lousy

Ig
the current source

=

For a perfect current
source, Rg = <

Current mirrors A way to make a current source (drain) Ve
. Vee-VEe-07V o | Current source
Cl R ref J{ ref (Current drain)
R A

Recall that v is really not exactly 0.7V, from Ebers-Moll eq.: Ie = lge

Because Vg = Vier Ic1 = 1oz

We can get a current source (usually called a current drain in this type of
configuration). | could make a positive source if | used PNP transistors.

But, the transistors must be identical, and at the same temperature, like in an IC.

Example: v
co Say: V oo =TV As long as Ve < 0.2V, this simple

circuit is always in the active region.

R, is very common in transistor circuits. If the collector current is fluctuating
according to some signal, those fluctuations will cause voltage fluctuations
across R which could be the output signal voltage of the circuit.

Vee-Ve
What if we want 1 :=10mA and V¢ :=3-V then Rg:= R =400-0Q
Ie

e

Let's assume that =200 Ig=— Iy =0.05'mA
B

- Vgg- 0.7V
- - Say Vpgpg:=2.5-V then R BH::[i R g =36'kQ
ooy B All looks hunky-dory, right?
[ e — 0.7V
Whatif f:=1007 Ig = B =0.05-mA  no change here, looks good so far.
R BB
le=plpg I =5'mA Yuk, that changed by half.

VesVee-1eRe V=5V Alleast V. only changed by 2V. Still, that may be too much.

Atleast we're still in the active region (Vg = 0.2V).
v BB~ 0.7V
Whatif $:=400? lp = —————=005'mA again, no change here.
R BB
le=plpg I =20-mA  Oh oh, that doubled.
Ve =Vee-IcRe Ve =-1+V QOops, thatcan't be good. In fact, we have to assume that
we're out of the active region -- way bad...

v cc— 02.v
Must recalculate I, and V.. V ¢:=0.2-V (Saturation) g mm—mnm—m—— [ =17"mA
- - R~
C
Let's try a little VCQ Again, let's design for 1 :=10-mA
different approach ‘CJ;, Vgi=Vgg- 07V It is common here to assume: Ig =l¢
VE
Rp=— R =180-0 [g =10-mA
t B
but actually, le = awlp= —Ig
B+l
._ - B e
If B:=100 w=—— I¢ = alg=9901"mA Ig = —=0.1"mA
P+1 p
B Ic
— — If =400 IC = ——1 ET 9.975 *mA IB = =0.025mA
m - Bt

Now that's more like it, now |, changes instead of 1.

67
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BJT basic amplifier:

-

68

DC and AC)

IC
K_H
I ‘eVB%T V%T

e

=1 +

c

I,
_‘Vb
T

e

\

i
L
DC: Sk
VB% T
1 -~
IC = Ise T T <
in P }
E~ L vcr
a’, rJ“\ aa P‘—j o
1 IC . !\__‘-/.""/z; : ;
B ] [
ﬁ V) cmd— | AL
T - |
Ve =Veg =Vee —1cRe 1

expand by e’

=]+ x for x<<1 (Vpe<<V7)

di
Look at signal component only: (a) 8m = aV;E _
I, 1. i el
i =—V = — CA
¢ VT be Em VT ‘ Slope = g,,
Transconductdance
Dynamic forward resistance of BE junction
Input Resistance:
1se (in mitter (in terms of
,
,L Vbe
T
ge(a=1): good
e 1
imation is r,~——
8m
. =(f+Dr,
wntities
Summary of ac parameters:
I, T, V—T —'B =g V
&m = 7r_1 - le = 8mVbe
VT B gm
c _
_ VA V_T - _ngC
l"o = T I"e —_ I Vb€
¢ E
Dr. Rasmussen Spring 2011
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Small-signal equivalent circuit models

Same concept as that of the MOSFET.

69

sad of 1
ol
Ot
or
ﬁ'b F
s
(=
. " re
ry = (BrDre iy = — "
"'n E
. Vr Vr
pip = p— = p—— .
r (B+1)r, brid-T:
S i_- 1 = transconductance
“54— l ]'re le Fe

Method for analyzing transistor amplifier circuits:
1). Determine dc operating point, specifically Ic
(Set ac sources to 0!!)

Note: Use method for analyzing BJT circuits at DC

2). Calculate small-signal parameters: gy, , Iz, and/or r.
3). Set dc sources to O

4). Replace the transistor with one of the equivalent small-signal models

5). Analyze the circuit as usual = linear circuit analysis

—

]
b

Example i JT
Circuit: <.
[ =100, Vgp=3V, Rc=3k 1
: .
Rp=100k, Vcc=10V G =r—/ 4
AMA—

w(1) I '\A| CE
Find the voltage gain, v,/v; Vs T - J_
1). DC analysis: set v; to 0 Assume Vg =0.7V  Assume active

Redraw circuit with just dc part:
Ve=Vee - Ic Re =10-2.3(3)=3.1V
Double check your values:

Ve > Vg > Vg 3.1>0.7>0 YES!

VCC

=0.023mA

Dr. Rasmussen
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m

2). Calculate small-signal parameters:
2.3
VT

ECE2280 FUNDAMENTALS OF ELECTRICAL ENGINEERING
= =92mAlV
T 25

Model:

r, = Vr
100k

Ve 25
IE
e

=10
(2.3/0.99)
3). And 4). Set dc sources to 0 and replace transistor with equivalent model

—3.04V /V

1
RB2

70
re _ P10 goke
&m 92
: g fs(//‘T, i Vee grounded for
oo { T ) Tac!
] . G\ oy, -
5). Find requested gain: v/vi=[_< ] We know Vo = Ve = -Zm Vbe Re
Vi
Now need vy in terms of v; r
Voltage di =—2~L —y,
oltage division e = 00k
1.09k
Vo_ o Tr g __gpz— L0k _
v, r, +100k 100k +1.09&
Resistance-Reflection Rule Between Base and Emitter:
}\ Hybr1d-7l:
Rc
RB1
|
ii
Vs (o
GND

(=)

R
RB1
R=? / _
RE

ND

C ZmVn
GND
Eliminate VCCS

r iRC
_____ L,
RE ‘
via simultaneous equations:
. 1% .
i =—-, i, =
Scale all resistors with i,
through Thevenin by
1 and
B+

Rp
GND

1.
2.

GND
GND
Iy =—i, ==(i, +i.) =i, (S +1)
RE
vV ibrﬂ le =8mVn
etc.
rr+R
R, =Ry lI-—= B
ET g+
i a sim rk remains
\%
RB rﬂ: mYVYT ro
GND

..... GND
RE R=?

Dr. Rasmussen
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Same problem, but look into base instead: R=?

(g}
=
(=}

71

R=Rll(rz+(B+1)(Rgll(r,+Rc)))

ro(B+1)

Re(B+1)

GND

Summary of Resistance-Reflection Rule between base
and emitter:

Applies only when you want to reflect a resistor from
emitter to base or base to emitter circuit

Review of rule:
1). Temporarily remove dependent source ,Bi pOr

8 mVbe
2). When looking into base: Replace resistors on emitter
side with
“‘R"x(B+1) or
When looking into emitter: Replace resistors on base
side with “R” / (B + 1)
3). Treat circuit as a resistive network and find equivalent
resistance
This works because i, =_ ‘e
B+1
In a nutshell: To reflect a resistor from:
E-> B multiply by (B + 1)
B->E divide by (B + 1)

Things to keep in mind:
¢ Rule does NOT work for impedance looking into colle

— it is a reflection rule between base and emitter

e It works because i, =_ ‘e

p+1
the base and emitter current!
¢ Finding R;, or Ry, = this is just finding Thevenin
equivalent resistance, Ry,
Possible methods now that you can use:
1). Using the resistance Reflection Rule
2). Using Thevenin equivalent methods— use
these to double check homework, but on exam
will not likely have time
e R;, or R, is always between a node and ground — follq
all paths to ground from that node
e Applying the Reflection Rule is like turning off depend
sources and multiplying resistances by (B + 1) or divid
resistance by (B + 1) and treating circuit as just a resist
network = Note that this only works because the
dependent source is being accounted for through the (j3
1) factor!

which is a relationship betw

Example: Assume the transistors below have a finite /f and an infinite Early voltage.
e Write an expression for the input resistance Ry in the circuit shown below. Your expression should
include only real resistances (R, Ra, R, or a subset of these) and possibly [, 11 or 171, and re or g,
{Assume both transistors have the same 5.) Circle your answer. Hint: Use Resistance- Reflection rule

Vee e o
l 1 r ,
= Gy CAG Lna ne. © K
R 2R AR AL o TS
| 2 |._‘?____,= —— :_
— [_'_—- o
O Vo L | i
N S &1 v i
h NV ( ) ‘\If;f‘/\f A — I-\ _
-Vee = J_-._[_____i ' s j b
P
P 'L“":.
R3 IR T
e T KR
- \ A = 0 '. 5 I
Rli.lf ll\.“:’ .5] g I.-j T {—4_| = i 4 | L' ‘j_
Dr. Rasmussen —a(ST1) (A+i)E | 11
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Common-Base

72

C, C;=10pF, C,=10nF, B=100
O ||
! Ignore r,
R
- Rout =R3
Rout
Il In2
L= R:+R
m B+1( 3T B+1j
gmi1 Vr1 Ry
— Vo

Vo =—2m2Vm2 (R2|RL) é

ran
B+1 V. Vsig (Rin)

Vi (R4
Vo =

Vi
Rsig 91
NWN— Rj3
Vsig Rln \ I
B+1

Low frequency poles =

-

| =
rTE2J+ R; Rip + Rsig

1 1
@ Cy (R, +Ry) @ Cl(Rsig+Rin)

ol

B+1
Ino
R.
B+1j mn

[;7:_21} + R3}[Rin + Rsig]

gmz<R2||RL>(R4
o _

4

/

Capacitor * (R seen at cap nodes)

Spring 2011
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2 Stage = Common Collector/Common Base

73

G
Q out
AA, ) Rout =R
Ry
g
R3 Rin =R5 |:I'7t1+[R3 +R4

I
+1
R 2 Joe)
- —Vee
C C
.C.1 Vin ' ' '2 V0
: 1 [ J_ J_ [
+ - - +
Ryig Rs \ﬁtl Il 2m1 Vi V_nz T2 g2V < R2 Ry
- Vl = =
— Rin
Reql R4
Vo =—2m2Vm (R2|RL) Vin
I Il
—Vl(R “2IJ v
o i v, =i Regt :
=
(R J+R Regl 1 [R3 +[R4 B+ IH(BH) Reql
V.o 'R
i = _'sig Tin Low frequency poles =
Rln +Rsig
@ 1 @]
Cy(Ry+Ry) CsR
gm2 (Ro|RL )| Ry [ 272 |Riy -Reqy .
Yo 1 ®
Vsig !
|:(R j+R3}[Rin +Rsig][Reql +rTCl:| C (R81g +R ) 11
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2 Stage = Common-Emitter/Common-Collector

Rout
This is disconnected : 3 (R4 IR, )(,B+1))V1
. hen fnding Rout = Ve Ve RN R B 1)+ ]
s L \ gm2Vn2 V=g Vi [R1 HR6 H(Tnz +(Ry4 “RL)(B‘H))}
st Vo Vi (tn2)
_ Vs = T
v Rou [RL Y% = 5TR R ) (B +1)
(R4|Rp)(B+1) = - Vsig (Rs |t )
= © (Rs Izt ) + Rig
Vo _ (R, IR, JB+1) ) (~ & )[R1 I Ry 11 (ry + (R, IR, (B + 1))))]
Vsig [(R4 I R, )(ﬁ‘*‘ 1))+ r;rz] l(Rs I n )+ Rsig

Low frequency poles = NOTE THAT C4 IS NOT SEEN BY OUTPUT - Do not need

I I I I
Ci(Ryig +Rin) [0 | C2°Rs C3 (R +(Re (2 + (R4 [R2) (B+1))) ing| C4Ry
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Common collector (CC)
The circuits shown are typical arrangements. Note that Vg is often 0 V (ground). The equations below are for
these circuits, adapt them as necessary to fit your actual circuit.

Voltage gain about 1. Good for current gain, or to match a high impedance source to a low impedance load.

The small-signal emitter resistance is right in the emitter of the Yer
transistor ( where the arrow is).

Recall that the emitter resistor looks [ times as big from the base's
point-of-view. That's also true for signals

Input impedance: R; = Ry IR g2 ||B-(re+1{h- IR )

The opposite effect also works, resistors at the base look [ times A
smaller from the emitter's point-of-view.

Outputimpedance: R ;= Rl r.+Rp[I[RpgalIRg

E' —

Low frequency corner frequencies
< ¢ out

| 1 0\, VL
feLr = 2R oy RVC L fera = 2R, LR ).C
= { s+ |) in = = ( L+ 0) out
Ry

From the signal analysis, the only thing between the base
signal and the output signal is re. To find the output, just use
the voltage divider equation. —
Vo Rg|lRp
Voltage gain: A, = — = ~ 1 volts

Yb ra+REllRy T
OR: VYo _ R ReliRL vy
v R + R. ) _W difference ~ 0.7V
s stRi r +Rg|IRL e
You could think of the ouput as simply 0.7V DC less than the input,
which doesn't make the AC signal any less. Of course this doesn't
account for the r_ effects. ; | time
iy RellRp R, R; R;
Currentgain: A; = — = — = A— ~—
i r +RgRp RL Ry Ry

Common emitter (CE)

MNow let's add a resistor in the collector (Rg). Mearly the same
current that flows through R flows through Re..

1. ~ 1 so:  — = —— gain

Dr. Rasmussen Spring 2011
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Common emitter (CE)

Commen Emitter amplifier, example:

Bias:

R
o B2
VBB

==V C
Rpa+Rp

Rpps——

What if we putin an AC input signal:

v E[ [:l

iplt) =
R
E

Re

Rg

400-0
100-Q

4

Vi is 4 times bigger and inverted

Actually, to be more correct,
we should account for the
small-signal resistance of the
base-emitter junction.

Vo
Ie ::I— [o=2.5'0Q
C
gain is really:
R
¢ =3.902
Rp+r,

Dr. Rasmussen

76
V ei=10V
'=400-Q
R g:=500-Q Vo
/ = pEAY
V pg=1.782+V B =180
RBB= 1.479-k0 RBZ REl:]UU-ﬂ
Vs - 1.8kQ
: BRE=18k
I =0.056"mA Vg =lg(PRE] Ve=1V
V=V pt+07V V=17V
I =10'mA
\?C:=Vcc—|c'RC \"C:b'\‘?

Vgl =V g +U.5-\’-c05(15230-£d- r] VR(D =vg() - 0TV
sec

vl =V ee-iclR e

- —————"—"—— - — — —— — —— — — — — —

valts
91

difference ~ 07V

I time

Spring 2011
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Inputimpedance: R; = Rp|IRp2 ﬁ-(l'e +R E) -
. ‘;‘FC J_‘
Qutputimpedance: R ;= Re¢llr, S
_ \% A IlEarh,' valtage. y 1< Vi =
Often neglected Ip= — (guess W, =~ 100V or T | ‘ .
e if no data) I i_,,‘?' .
i 1 % R
g | S [
AC collector resistance: ro= RellRp llrg ' by L Vs(rb)
A, “}5 . I
Mare correct, use: ro— 1E —
Aptl R
instead of r, very rarely done. 1
Clipping Cutoff clipping: i;=0
e cutoff
Vg I volts
Voltage gain: A= —= = BT
V Io+ .
) b Re E R st 'C saturation
i r : : ' . _
Currentgain: A; = — - € LAt 4T VCE =0
1 i ]'e =+ R E R L R L 2

Low frequency corner frequencies o

feLr = 2 (R s+R{)C;
!
fa - (R LtR ) out

With bypass capacitor (Cg)

This basically makes the Rg dissapear at signal frequencies
(If the cap is big encugh).

Input impedance: R; = Ry [IRgalIBry  Much lower

Same as above, but no
r, correction needed
AC collector resistance: ro= RellRpllrg

Outputimpedance: R ;= Rllr,

Voltage gain:. A, = —= — e
Vi e
R = == L
Currentgain: A, = A\,-R— - - -
L If the output swing is too big you'll get
Ancther low frequency corner freguency distortion because r, varies with i
i 1 1 ‘ 1
3 = B
L 2nCg Rg

Because 1, is so small, this will usually
dominate, even when Cj is big.

1 | time

Dr. Rasmussen Spring 2011
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High-frequency response

In general, capacitors that are placed in the circuit intentionally, those you can see, cause low-frequency poles.
The unseen capacitors inside the parts and between the leads and the board traces cause high-frequency poles.
These unseen capacitors have many names, Your textbook uses C, and C,

This capacitance causes the most trouble in common-emitter
amplifiers because of it's location. It is connected between
the input an the output, so it's effects are multiplied by the
voltage gain. (The miller effect.)

| This cacacitance is
usually small and

unimportant.
This capacitance varies with the base current so much that it
is not even specified on data sheets. f;is giveninstead. fyis
the frequency where so much current flows through C; that the
effective P is reduced to 1.
fr = !t - freq. where p_~ 1
2. (L 1t+(‘ “:]-Te
Input circuit model
Rs Ry =Rg|| Rin
Ve Cr _ Vo Cr
R =>
i I
1 1 1
f ~ = - 4+
- - - - CHi E-E-Cn 1{\ Rin]
Miller Effect s
In a common-emitter amplifier: 1~ o
“/? \'C——|A‘..|\'b
) Vb~ Ve . .
B lep = 7{ , = [vo- ([av]vo)] (rocy)
i —
) ] C - w . i
Vh u »b(l+|Av|)(jU}Lp)
= v JoC H-(I + |Av|)
ok If you wanted to make an equivalent
Inout circuit model amount of current flow to ground, you'd
P need a capacitor that was (1+A,) times
RTh = RS‘ ‘ Rm as big. This is the Miller effect.
C, -1+ A,
w(t+[Av)
a1 LI S T
27 Cpt Cpe (1 |Ay|]] {Rg Rig
— — —— The Miller effect will amplify any capacitance between the base

- - - and the collector, not just the capacitance within the transistor,
so place leads and circuit traces carefully. If you're modeling a
circuit in SPICE you'll have to model these "stray” capacitances
if you want your high-frequency results to be any good.
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Example:
Use Wael=0.7, =100, V4=25mV (Vs is an ac source), ignore 1,

Will this circuit work as an amplifier? Why or why not?

+15

Example:
V2 = 0. Im sin{wt) and f can vary from 20 to 200. The circuit shown below is suppose to amplify but does

not. You expect the output at Vo to amplify V2, When you are testing the circuit, you find that it does not
amplify. Explain why it docs nol and what exact resistor can be changed to allow it to amplify. I1 is notan

ideal current source and can have a voltage drop across it.

o

+10V +10V Vg = d

Ve

2
2
<

Dr. Rasmussen Spring 2011
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Example

Ve D
1k - ) mL
o 3 v im é G 9
1k J EmiVeer %w P
z v-‘"‘f_gfﬂ > s e VWA
i Ro
gwﬂ \:‘ij--:-} \Jo‘:“(_}’m%ﬂ.n ('\‘V_“ \\L)
I Wa \Jb ‘J
<
% Cl e T
= Rin -E_ﬁ;‘ \[h.w J%Tﬂ n
uﬁ V=4 | 2 = -0, 20Ve
real % et L
; LE Y 5'«\1
:I’ g 2 oo
i @g%
- Y% =
\Ibﬁ— @ﬁ Rin
\]g
Bm\ (" 3 500)
oy 10K\ 500
Vg 2 & ) s tO2 N
o I\L‘smj uollr&%x dwidar "
Vo = L FE N
€ @+l a3l \ - 655 Ve
O %D iral) qua ¥10C
e+
A

'\fb = _F—ﬂ - \JQ = j\bbuﬁ :(:}‘05%\,55

= F’,‘; Vpe=VigrVe= ~- Vs
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Example:
Use [Wppl=0.7, B=20, Vy=25mV (Vs is an ac source}, ignore .
This small-signal mode] circuit is drawn below. The original circuit is also shown below. Tt was found
through a DC analysis that Ic/=50u and I, —25u.
(a) Find the ac parameters
a (3 pninrs)':g = 20 *-EE\
b. I=(3 points)= ﬁé e = AW/ = \QO\C.
¢ gmy (3 points)= Tgy /\‘-r = )"‘/95\.-.4 = \me
d. gmy(3 points)_Teg vr )L/FSW\ w\,
(b} Find that input resistance, Rj,. (Ignore the AC input bource Vs, inciude the 100 ohm) (12 points)

{c) Find the output resistance, R.. (Ignore the load resistor of 1k to the right of arrow) (6 points)
{d) Find the averall gain, Va/Vs. (25 points)

Ro

w oo+ (maly ;‘):'* ) AV
| G
Vs ok
| Rin =100 + Bwa v 'ﬁfl Y
Rin A (&}H)

Ro
2 Rin = 00 + o + 5 YD L

‘-_Q = i.Y\ k"“l‘ %n\\}\rm\ Lacomas opon :;’»1
. T Yo W IS Shonkin
Q) Chak e L F Awd J

18 Rin

Example:

19) (T Hanzmyl i \'iq + "\ {!m-f \j]

T Lzthe
- Qo)
Poat = Mtz 1@ \//

B ov= e s

o

=

.
U‘yz U . L"_——-
[Cad i)

Y.‘U_,’ a

Fe
Ve U eeeem———— .
Tk ot Qnﬁ‘ -\"L[‘)fog s b M
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Example:
Use [Vpe=0.7, p=100, V;=25mV (V2 is an ac source). +10V +KN
o Find the DC values for the following
a. Tz (15 points)
b. Ici (3 points) R R4
€. Vii{6 points)
d. Vi (6 points) 150k 1k G2
2. Vg (5 points) RE o8 L
B AM " y 100u RS
il hat
V2 * 100u 1K
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Special multiple-transistor connections,
often wired together in a single package

Darlington TC Eorthe pair
taken together:
V]:H:: 1.4V
B=PB1B2
Risoften addedto Q2 saturation:
;r;g;?;etheturn-off 2? Vep= 09V
|

Dr. Rasmussen

Ve> VgD Vg

For the pair
taken together:

Vgg= 0.7V
b=PBibs

Saturation:

VE= 0.9-V

Spring 2011



