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6.101 Course Roadmap

Passive components: RLC — with RF
Diodes

Transistors: BJT, MOSFET
Op-amps, 555 timer, ECG

Switch Mode Power Supplies

Fiber optics, PPG

Applications
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Time Domain Analysis
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Fourier Series - Ramp
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function [ t, sum ] = ramp(number)

%generate a ramp based on fixed number of terms

%

t = 0:.1:pi*4; % display two full cycles with 0.1 spacing

sum =0
for n=1:number
sum = sum + sin(n*t)*(-1)"(n+1)/(n*pi);

end
plot(t, sum)
shg
end
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CT: center tap Rectiﬁer CirCUitS

TS T 1 ..

120V 60 Hz 12.6 VCT RMS c. . Vour out

.

Pri Sec

3a) Half-wave rectifier circuit diagram =
1N4001

X .

120 V 60 Hz 12.6 VCT RMS Cp L Vour V

¥
o

L l out
Pri Sec
1N4001
3b) Full-wave rectifier circuit diagram -
120 V 60 Hz V =
out
Pri

3c) Bridge rectifier circut diagram -

RC >>16.6ms why?
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Full Wave Bridge vs Center Tapped
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Center tapped advantages:
* Lower diode voltage drop (high efficiency)
* Secondary windings carries % average
current (thinner windings, easier to wind)
* Used in computer power supplies
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Physical Wiring Matters
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Power Supply Ripple Voltage Calculation

Ripple =

Load Current I, = 100 mA: RL = 160 £2;
C=1000 pF: Vims =12 v

T=RC =160x1000x10™ =160ms >> 8.3ms

B0 Hz = 16.6 ms 120 Hz = B3 ms

y i LAV
Ic= CE or, for this approximation: iy, = C'—

D, conduction angle in degrees

6.101 Spring 2019

=
At
Solve for AV = T . where AV = ripple voltage, v,

- -3
. 014 83ms N 01x83x10 v, = 083voll

¥ 3 =
" 1000 uE 1073 '

Vooma = 1.4 x 12v = 16.8v

Vocum = 16.8v - 0.83v = 16.0v

Vocave = [16.8 - 16.0)/2 = 16.4v
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5V Adapters

1000 ma

Diode AC Resistance

ip=DC + AC signal; Io = DC signal; is = AC signal; V= 26mV at 25°C

() =)

ip=Is| e\ | pglel YH 1.1
E2)\.[.64)

ip=1Is| e "™/ |a| ¢/ | =DCterm - AC term 12

Ifthe AC signal is small, that is yg << V1n, then we can use a Taylor series

(]

\Fre ) ;
e H 51+‘—“' (AC term becomes linear) 13

Y

; I

s vy 0]
ip=Ipp®| I+ |=Ip, +—=ev 14
D Dg[ VH{:| DQ Vs d

1
in=1Ips+ D9 v, 15

N H

I
D2 hastne dimensions of conductance, [mhos, or inverted chms];
TH

andis a constant [gg]
AC conductance is a linear function of the DC BIAS CURRENTI
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Log Amplifier . . .
g AMpP Bipolar Junction Transistors
1 8
2 r b . .
3 6 O.V1pjlfscsa(;:)2p(82) NPN collector * BJT can operate in a linear
. i & l i = iy mode (amplifier) or can
Ik =-1p Iy operate as a digital switch.
B * Current controlled device
Vou =-Vo base * Two families: npn and pnp.
£ lib tie e BIJT’s are current controlled
ﬁJ {@J emitter devices
kT kT
1, =1 “D=ige ¢ NPN-—-2N2222
= 1Y) * PNP-2N2907
iz q " \1Sksls ' ' * Vg ~30V, 500 mw power
PNP ! l
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Why BJT’s ?

» Preferred device for demanding analog
application, both integrated and discrete
(lower noise)

* Great for high frequency applications;
characteristics well understood.

* High reliability makes it a key device in
automotive applications.

* Lower output resistance at emitter vs source
* Larger g,, compared to FET

How do we make a BJT?

Basic Bipolar Junction Transistor (BJT) - cross-section

Base, B
@

Si

i An npn BJT !
cpd e Adapted from Fig 8.1 in Texd Al :
B_AK Collector, C :
Ve
E

|The heart of the hevice, and what we will model

How does it work?

CHf Fomstad, 1VL/09 Lecture 7 - Slide 10
6.101 Spring 2019 Lecture 3 13 6.101 Spring 2019 Lecture 3 14
BJT Symbols Packaging
T i r.{
C
P cl_
B n 4‘3("}1'
-— -—
‘s P L
E +
IE o

2N2222
2N3904
P2N2222 pinout reversed

2N3906
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BJT Current Relationship

NPN I =lc+iB

collector

General Purpose Transistors

MPN Silicon

COLLECHOR

2N3903
2N3904*

max voltage

c L
.= ﬂlb . . MAXIMUM RATINGS
Raang Symaal Value nit 0 28-04, STVLE 1
- = - & Yoz (1o zrean .
I Ip = — 1= max continbious
[ T— Vcao = =
St e o current
B . . e = 3 aa
I, = ( ﬂ + 1)1 B e | v | 5 |
base e ° | e | €— max power
i+ . . T il Nkl s at25°C
E b c l = al THERMAL CHARAL TERISTICST]
C E Chacactmiie e [ |
: | TrermsiResstance nctontedmbient | Raa | w0 | ow |
emitter T v T T
ELECTRICAL CHARACTERISTICS [Ty = 29°C unisss ofsrmine sofed|
a et | T T |
ﬁ — OFF CHARACTERISTICS
. —_— Coatwcin - Eutier Braakiown voage 151 VBRCED | W e
hee = B = large signal (DC) 1 o-idmcn _
= - _ = e ot Tenceo| ® = =
gain at fixed current (04 fc = 10k, =0 S _
- T
Pee < hg =T =
1. eates Dusta in addition 1 JEDEC Requirements.
I Pulse Test Pulse Widih = 200 us; Dty Cyole s 0%,
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2NI903 2N3I904
ELECTRICAL CHARACTERISTICS (T4 = 3G uriess ohiswsi roted) {Cornad)
| N B B hFE & Current & Temperature
ON CHARACTERISTICS hFE = f(lc) peaks
D Curment i 1 THE — . .
g = 0.1 méde, Vg = 1 0Vide) ) n at ~0.5-10ma h
e =T | — Characteristics
g = 1.0 mASE, Vg = 1.0 Vi) :::::: B x - /
g = 90 mAde, Vigs = 1 DVde) ;‘:m 1:‘ok £
g = 50 made, Vg = 10V mme 20
N &0 -
TYPICAL STATIC CHARACTERISTICS
g = W00 MAGE, VioR = 1.0 Vi) INTHS 15 -
AN un
Colicton—Eminer Satration votagel 11 VeE sl 3 . 20  — T I
o _ 8,; \ E T)=+125°C Vep=10V —
D T W = |
r"f“'-r."u'm'.";’f"’fu‘m”' Vcied uss oS = é 10 = +25°C e
50 made, ig = 50 mise) - 0gs Q = T
SMALL-SIGHAL CHARACTERISTICS E’ 07 — T
‘Caamen - Gain — Bancwiath Produdt 0 MHz = -55°C
s = 90 MAGE, Vg = 20 Ve, 1 = 100 MHz) NI =0 = 05 —T
T4 00 Z g
O Capactiens Tebn — 0 = hFE @10ma < hfe @10ma T L —T"T1 NL_ ™~ \‘§
(g = 5.0V, ig =0, 1= 1.0 MHz) S | —
gt Caparctance Cao - ] o / o el \\ \
g = 05 Ve, e = 0, 1= 1.0 MHz) S 02 N \
I’?‘rc 28 Vg = 10Vde, 1= 1.08H2) F e 10 0 ky - N
INFHO4 10 10
- 01
e At Ve = 10V, 1= 1 Darey P w | Vﬁ" : 01 02 03 05 07 10 20 30 50 10 10 L 20
L Ic COLLECTOR CURRENT (mA)
e Vi = ok . ey
' \VeE S b frscacs Iwz i
DUt Admimanes. ™ (L] an s
0c = 1O MAS, Yo = 10 Ve, 1= 1.0RHE)
hotse Figuen NF [ ;]
(g = W08uAde, Vo = 50Vde, g = 10k, = | BkHz) W03 — &
AN -— 50
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NPN Common Emitter V-l Relationship

(James) Early Voltage

Alarge V, is desirable for high voltage
gains ~ 30-50v.

fo i) ESTR At ACHYE mOoHe V, is determined by transistor design  i¢ 4 T
o= 30 uA and varies with base width, base and Forward-active BE
BE A collector doping concentration.
3 e
= Early effect: the rise of Ic due to base-
20 B=7 width modulation.
2
15 .
//
10 -
1 5 - - e -
5 P et
////._,“’_,,_-'-‘H—F ___________..-——— L.Bf‘::'“
1 1 1 1 I 1 B e e -
0 2 4 6 8 w1z e
Vep (V) npn or v~ (V) pnp _v" 0 VCE
6.101 Spring 2019 Lecture 3 21 6.101 Spring 2019 Lecture 3 22
Tek 575 Curve Tracer Mcube
* Vertical axis: current e Tests:
* Horizontal axis: voltage — Diodes (forward
 Voltage sweep: positive drop)
and negative with resistor — BIT(type, beta)
— MOSFET (type,

current limit 0-20v; 0-200v!

* Input: fixed current steps
(0.001-200ma); 240 steps

* Tests: diodes, BJT, MOSFETs
* Calibrate zero current step
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V4 and more)

* Auto terminal
identification
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RLC — BJT MOSFET Testor
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BJT Configurations

Vol
Ga

Common Emitter

Common Collector

Common Base

X

tage Current Power
in Gain Gain
X X X

Common emitter: hgh input impedance, for general amplification of
voltage, current and power from low power, high impedance sources.

Common collector: aka "emitter follower" for high input impedance
and current gain without voltage gain, as in an amplifier output stage.

Common base: low input impedance for low impedance sources, for
high frequency response. Grounding the base short circuits the
Miller capacitance from collector to base and makes possible much
higher frequency response.

6.101 Spring 2019
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General Configuration

—0
L
3 Common
(o2 —0 .
Input Cutput + Emitter
Common = Voo
o 1 ° 2
- o
= (b)
o L € 0
B
3 Common
Common . Base
Collector &5 =i
' -
(=2 ]
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Transistor Configurations

+15V

[a] Common Emitter Amplifier

6.101 Spring 2019

+15V

[b] Common Collector [Emitter Follower] Amplifier

Lecture 3

[c] Common Base Amplifier

28




Common Emitter Operation — Quiescent Point

Vi =

6.101 Spring 2019 Lecture 3
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Load Line — Operating Point

©+20V

* Find V,, open circuit voltage: 20V
* Find Iq max =20/(910 +91) = ~20ma
* Draw load line.

2N3904

* ForR; =0, just choose Q at %2 V. for
maximum swing.

25
20 k Iy = 200 pA
L ] e * ForR;>0,setQat % [V — Vgl
* Forleq=10mA, Vg = 9.1V, Vg = 0.91V,

Iy = 250 uA

104~ Iy = 100 4A
1 oo Ve = 10V. For Igq = 10.5mA, Vg, = 9.6V,
| ) Vie = 0.96V, Ve = 9.5V
0 5 10 1s 20 25 m,mcf
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Transistor Bias Instability

+15V
IRy +0.7V + IcRy =Vee
IRy +07V + BrlgRy = Ve

Ip(Rp+ BrRp)=Vee =01V
I.=4 mA
R c
? ;- _rec-017) o
# Ry + PrRg
2N3904 88\/
/ 1. Brlec=077) (2
¢ R+ PrRg
=4 mA
Vee =07V
Rp+BrRg :7&:( C; )
c
Ry +100x 22000 = w
m.
B, =100, 1.=p:1, RB+220kQ:@><1039
IE:(ﬂF+1)IB' Iy =1 4

Ry +220kQ = 358kQ
Ry =138kQ

6.101 Spring 2019 Lecture 3
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Variation of Collector Current with
One Resistor

+15V
_ B (Ve =0.77) @)
‘ RB + ﬂFRE
R, Ic= 4 mA
Variation of Collector Current with Beta
2N3904
2.9 mA 50
le=4mA 4.0mA 100
5.0 mA 200
5.4 mA 300
Alg=2.5 mA
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Two Resistor Biasing

+15V +15V

le=4mA
R lg=4mA

2N3904
2N3904 R.

Rg = 22000

lal

Two Resistor Biasing

Vg —IzRy—07V — IRy =0
v Vp=IgRy+07V + BrlgRy

‘IE=4mA

2n3%04

(rg—071)
Ig=~t =)
Rg + BrRg

Re=22000

;. Br(Vp=077)
¢ Rg+ PrRg

Assume Ry = 22kQ,

4mAx 242kQ =100V, — 70

()

(6)

4mAx 22k + 220kQ2) =100(V, —0.7V)

V=07V =IpRy + BrlpRy = Ip(Rp + BrRg)

R RR BRe = 220kQ and ignore Rg
V,=—2—xV_ (3 R.=R /IR, = 22 _
TRk «(3)  Ry=RIIR, RAR (4) 968+ 70 =100V,
v, =104V
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Two Resistor Biasing Variation of Collector Current with B
Two Resistor Biasing
RR
) A2 _ Ry =22kQ
Given Vg=10.4 V and R+ Ry
Rg= 22kQ, we can now R x045R _ o1
?f)l\;:e eunaticén; (3) and R +045R ;- B (Ve —0.7V) Variation of Collector Current with Beta
or Ry and Ry. 2 © R,+pB.R
(])_'j?;l = 22kQ 5+ BiRy Two Resistor One Resistor
1
I I
03108, = 2212 I N
R-T09KQ  use 68KQ Io- 2512(210.47 ;).ZYOI;)Q 3.7 mA 2.9mA 50
+
R, =045R, = 045x 709kQ = 3194kQ  use 33kQ Pr 4.0 mA 4.0mA iy
poo_ Ry 42mA 5.0 mA 200
B R+R €
1 4.3 mA 5.4 mA 300
R+ Ry= Rl(@j = Rl( 157 ) =145R, Alg=0.6 mA Al=2.5 mA
Vg 104V
R+ R, =145R,
045R = R,
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Base Current — Resistor Divider

68K R,

33K

6.101 Spring 2019

o+15V
3.7 mA 50
[, =4mA 4.0mA 100
42 mA 200
43 mA 300
2N3904
Alc=0.6 mA
lc=4mA Make j, small

compared to the
current through R,

See handout: Transistor bias stability

Lecture 3
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Common Collector — Emitter Follower Biasing

+15V

l7.5 mA

2N3904

l?ﬁ mA

+15V

7.5 mA

2N3904

75V

6.101 Spring 2019

B =100, iy = 7.5ma/100 =- 75pa
Using Thevenin equivalent,

R
Rg=Ry[IR,, Vy=15 —
® 1|| 2 ® (R1+R2]

Vg = [gRg + 0.6V + 7.5V
Vg = [75 pA x 10k] + 0.6V + 7.5V
V=750 mV + 0.6V + 7.5V
Vy=8.9V

[15R;] = [R; +R,] =8.9V

15R; =89x[R; +R,]

[15-8.9] R, =8.9R,

R, = 1.44R,

[R; X R,] = [Ry +R,] =10 kQ

[1.44R, xR,] = [1.44 R, + R,] = 10kQ
R, =16.9 kQ (use 16 kQ)

R;=1.44 R, =24.4kQ (use 24 kQ)

Lecture 3
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Common Collector — Emitter Follower Biasing

=24.4kQ (use 24 kQ)

6.101 Spring 2019

With R1 = 24kQ, R2 =16 kQ, the
current through the voltage divider is
15 + [40 kQ] = 375 pA.

The 75 pA base current is 20% of 375
UA.

With R1 = 2 kQ, will need a divider
current thatis ~ 4.1 mA. (75 pA'is
only ~2% of 4.1 mA, which is
negligible)

The voltage drop across R2 will be [15
V-8.1V]=6.9V; R2=1.7kQ

But input impedance will be low =
~890Q

Use bootstrapping configuration

Lecture 3
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Bootstrapping — Higher Input Impedance

Figure 2.65. Rasing the input impedance of

an emitter follower at signal frequencies by
bootstrapping the base bias divider.

Horowitz and Hill Figure 2.65

6.101 Spring 2019

The base is connected to the emitter
through with R; and C, . At signal
frequency, C, is a short so both ends of R,
are at the same voltage — so no current
flows. Therefore R;and R, cannot load
the input. So R; appears to be very high.

In real life, there is a small AC voltage
across R;. The AC current through R; is
0.006 — 4.7kQ = 1.1 pA.

Result: “stiff” biasing with high input
resistance at signal frequency.
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“Our treatment of bipolar transistors is going to be quite different

Commom Emitter — Hybrid 1t

TRANSISTOR AMPLIFIER CONFIGURATIONS WITH HYBRID-IT EQUIVALENT CIRCUITS

COMMON EMITTER AMPLIFER

+15V ﬂ — g r
from that of many other books. It is a common practice to use the 0 m-r
h-parameter (hybrid pi) model and equivalent circuit. In our I
opinion that is unnecessarily complicated and unintuitive. . . you g, = o
also have the tendency to lose sight of which parameters of o VTH Early Voltage
transistors behavior you can count on and more important, which /
ones can vary over large ranges.” Voue - VA
o =—L
The Art of Electronics, Horowitz & Hill 3 edition page 71 1 - ICQ
Vi
A . e Viu _ =B, _ = B,R,
% 4; : RS 4 I
r" Bo ib -
Rs . Rs R Vour then A, = % =-g,R,
Vin e —
! , &n
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Common Emitter with Emitter Degeneration Common Collector (Emitter Follower)
a+15Y a+15V
ﬂ():gmrzz
g, = IC—Q Vyy =26my
m VTH TH
R = ! A | A= Vu __ =BiR,  _ —BR
1 E; Ry i’ Re - G iy [r” + (ﬁ(; +1)RE] Tt (ﬁa +1)RE Y
. ! i 1) R,
l R,; hen A~ R, | R Yo Btk DR
i r, << (8, +1R; then 4, Lo 4 Vi i [R4r, +(8,+)R,] R,4+r.+(8,+1R,"
. if r, << (B, +1R,; then A~1
I LRGP L Lo * Input resistance (B+1)Rg
2 [, T Vou Voltage gain reduced by (1+g,, R) . Buffer with unity gain
Win * Voltage gain less dependent on 8 1 * High input resistance driving low
1 ik (linearity) V out output resistance (current gain).
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Low Frequency Hybrid-nt Equation Chart

Characteristic Common CE with Re CC [E. Follower] Common Base
Emitter
Voltage Gain | 4 =—¢ R, . R 4, =1 4 = B.R; _
[ifro >>R(] SR STV UR ( R
£ v Ry +(0, + ) 5
Current Gain Bo Bo Bo+1 B,
B, +1
Input 1 11 Ry [rn +()6r1 +1)RE}” Ry [rrr +(ﬁu +1)RE]// Ry e
Impedance B+
Output Ru Ru » +R /IR Re
Impedance {M}’/‘RE
[if ro >>R1] [if r >>Ry] B, +1 [if o >>R1]
Phase Yes Yes No No
Reversal?
High gain applications Unity gain, low High gain, better high
Moderate input resistance output resistance frequency response
High output resistance High input resist. Low input resistance

Hybrid-rt Parameters

q
= L1
Em (ij| C|

By =h,, (datasheet)
C,=C,, (datasheet)

g )

—om = transit frequency datasheet

2n(C.rCy) I Lransit frequency )
2rfrr

r. (low frequency): datasheet or estimate 50 —100Q
(high frequency): estimate =~ 25Q
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Miller Effect* — Common Emitter hre and High Frequency Limits
C Small signal current gain versus frequency, h;,, of a BJT biased in a
B ¥ c common emitter configuration:
1 -
! i
te ‘ _ n i, = Vbe v, joC  h, = EunVoe _ _ Bw'z  _ B
Iy VoS’ =C, "o a i 1+ jor,C 1+ jor,C
= LV

E

T Forh,=1=f; (transitfrequency ) s =—S8»_ yhere C=(c. +c,)

= : 27fC !
; i oV,

0 : : Ly For 2N3904*, I, =1ma, V=10V , c,=25pF, cp=2pF
E Ry VeSry Co= 1= Cagl Rq R,
| I T .
- : 1 TemVe 7, =204mho _ o 4001p
: ! 2721 pF
I
I [ 1 1
C,=C 1+ R.|R or a gainof g R, =100 = = =320kHz
M ”[ &n( C” L] Jor a gain of g,R, Iy 2z r.g,R.c, 27 2.5KQ(100)2pF
Miller effect reduces high frequency limit!
* Agarwal & Lang Foundations of Analog & Digital Electronics Circuits p 861 . .
*Lundberg, Kent: Become One with the Transistor p29
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