PHYS127AL Lecture 6

David Stuart, UC Santa Barbara
Transistors and amplifiers
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Transistors

A transistor operates by amplifying current.
It 1s active, meaning more power out than in.
Previous components were passive.

Made by sandwiching a thin, lightly-doped p-type layer between n-type regions.
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Transistors

If we have a voltage across the base-emitter junction > 0.6 V it becomes

forward biased.

Negative charge carries move from the emitter to the base, but they can
also move across the field region to the collector.

200 ——
IN914

This corresponds to a small current into the base
and a larger current into the collector.

Is controls Ic and amplifies it by a factor B=100.
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off
[.e., VB=VEg+ 0.6V
Once the transistor is on, AVs = AVE.

2). Ic=pB Is.
And by charge conservation Ig =Ig + Ic so Ig = Ic

3). Vce > 0.2V

With these simple rules we can analyze most transistor circuits.
We’ll add some nuance later.
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off C
[.e., VB=VEg+ 0.6V
Once the transistor is on, AVs = AVE.

2). Ic =P Is. D
And by charge conservation Ig =Ig + Ic so Ig = Ic E
3). Vce > 0.2V 2N3904

With these simple rules we can analyze most transistor circuits. '

We’ll add some nuance later.

The 2N3904 is an NPN transistor.

You also have others we will discuss later. EBC
C
=
0
B >
3
F
E
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Transistor rules of operation

1). Ve = 0.6 V or the transistor 1s off C
l.e., VB=VE+ 0.6 V
Once the transistor is on, AVp = AVE. . l .
2). Ic =P Is. D
And by charge conservation Ig =Ig + Ic so Ig = Ic E
3). Vce > 0.2V 2N3904
With these simple rules we can analyze most transistor circuits. ’

We’ll add some nuance later.

The 2N3904 is an NPN transistor. |
You also have others we will discuss later. EBC

Some terminology:
The power supply connected to the collector is called Vcc.
The power supply connected to the emitter is called VEk.

Top view
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Simplest transistor circuit

A transistor allows us to switch a large current with a small current.

;.

Vce

10k
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VEE
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Simplest transistor circuit

A transistor allows us to switch a large current with a small current.

Vce

N

100

VEE
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vce

Vin
Vout

REe

VEE

60V
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20V

oVv

Vin=4 + 2 sin ot

Vout = 3.4 + 2 sin ot

Vv
VO
o V(Ri: ] ) OV(Q] :e)
0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vce

Vin
Vout

REe

VEE

50V

40V

30V

20V

1.0V

oV

-1.0V

Vin=2.2 + 2 sin ot

Vout= 1.6 +2 sin ot

but output clips at 0 V

V
V(Ql:e) =Vqy
o V(Ri:2) oV(Ql:e)
0 0.5 1.0 1.5 2.0 2.5 3.0
Time (ms)
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IEmitter follower

This transistor circuit has the output “follow” the input, with a 0.6 V drop.

Vee Vin=2.2 + 2 sin ot

Vour=1.6 +2sin ot but output clips at 0 V

We will soon find work-arounds to avoid clipping.

50V
Vin

40V
Vout v

30V

20V

Rge
1.0V

oV V(Ql:e) =Vqy
VEE o VIRi:2) oV(Ql:e)

p— -1.0V
0 0.5 1.0 1.5 2.0 2.5 3.0

Time (ms)
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IEmitter follower

The benefit here is increased input impedance. Recall that impedance is R = AV/AI

VE

Ve Without the transistor we need to flow
Al = AV /R to change Vin by AV Re

With the transistor, we can calculate Ri, from

C Rin =AVin / Alin=AVB/AlB
Vin The base current is 1/B of the emitter current,
Vot since Ig = Ic =B Is. So,

ou

Rin = AVin / Alin=AVg / (Ale/B) = BAVE / Alk

We also had from the transistor rules that
Ve =VE+ 0.6, so AVeB=AVE, so

Rin=BAVB/Alg = BAVE / Alg = BRE

REe

The input impedance is B times larger than Rg.
VEE The transistor amplifies the impedance by 3 =100.
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IEmitter follower

The benefit here is increased input impedance. Recall that impedance is R = AV/AI

Vcce
/ The transistor amplifies the impedance by § =100.
Vi, 00— This is the way to make each stage have large input impedance;
put a transistor at its input.
\j The emitter will follow the variations in the input.
The DC shift of 0.6 V is not a problem because
Rout the variation of Vin is the signal.
Vin Vout The additional power needed is supplied by Vcc.
Rin
000*
MW | PD —» Amp Filter ADC 0992
000*
COOm=

DavidStuart@UCSB.edu Phys127AL Lecture 6: Transistors 13



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

IEmitter follower

The benefit here is increased input impedance.

-
.

Vin S

Vin

mww> | PD —»

The transistor amplifies the impedance by 3 =100.

Recall that impedance is R =AV/AI

This is the way to make each stage have large input impedance;

put a transistor at its input.

The emitter will follow the variations in the input.
The DC shift of 0.6 V is not a problem because
the variation of Vin is the signal.

The additional power needed is supplied by Vcc.

Can get a factor of B2 with two followers. (Darlington configuration.)
However, that costs two diode drops.

Amp Filter

ADC

o000+
000
o000 =-
000+
(m— ]
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IEmitter follower

We can remove the clipping at 0 V by setting VEg to a negative supply.

in=2.2%1 .
Vee=45V Vv 2.2 + 2 sin ot

Vout= 1.6 +2 sin ot

50V
Vin
40V
30V
20V

1.0V

oV V(Ql:e) = Vg

o VIRi:2) oV(QIl:e)

VEE=-5V

-1.0V

0 0.5 1.0 1.5 2.0 2.5 3.0

Time (ms)

Output clips at Vcc and 0.6 V above VEg.
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage
amplification.

Vec=+5V The input and output are with respect to ground, but we don’t
really need to show ground here. The transistor only cares
about relative voltage differences.

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vec=+5V The input and output are with respect to ground, but we don’t
really need to show ground here. The transistor only cares
about relative voltage differences. So no explicit ground

Re references need to be shown.
Vout
Vin
Rg
VEe=-5V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V The signal 1s AVin not just the value of Vin.
So we want to calculate both Vout and AVut.
First we’ll do the DC part, Vin, then the AC part, AVin.

Vi =72 and AVgp=?

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V The signal 1s AVin not just the value of Vin.
So we want to calculate both Vout and AVut.
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-06V=Vih-06V and AVg=AVs=AVi

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V The signal 1s AVin not just the value of Vin.
So we want to calculate both Vout and AVut.
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-06V=Vih-06V and AVg=AVs=AVi
Vout =79

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V The signal 1s AVin not just the value of Vin.
So we want to calculate both Vout and AVut.
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-06V=Vih-06V and AVg=AVs=AVi
Vout = Vcc - IcRc = Vee - [ERc. Because [ =1 + [c & [ = Ic
[g=7?

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V The signal 1s AVin not just the value of Vin.
So we want to calculate both Vout and AVut.
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-0.6V=Vjy-0.6V and AVE=AVe=AVi
Vout = Ve - IcRe = Ve - [eRe. Because [g =1g + Ic & [g = Ic
I can be found from Vg - [IERE= VEge. So Ig= (VE-VEg)/RE.

Vout = Vcece - [ERc = Ve - (Ve-VEE)R/RE
Vout = Vce - VE(Rc/RE)+VEE(Rc/RE)

AVout =9

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.

Vee=+5V

VEE=-35V

The signal 1s AVi, not just the value of Vix.
So we want to calculate both Vou and AV oyt
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-0.6V=Vjy-0.6V and AVE=AVe=AVi
Vout = Ve - IcRe = Ve - [eRe. Because [g =1g + Ic & [g = Ic
I can be found from Vg - [IERE= VEge. So Ig= (VE-VEg)/RE.

Vout = Vcece - [ERc = Ve - (Ve-VEE)R/RE
Vout = Vce - VE(Rc/RE)+VEE(Rc/RE)

AVout = - AVE(RC/RE) = - AVB(Rc/RE) = - AVin(Rc/RE)
Gain = AVout / AVin = - Rc/RE

Negative gain OK for music.
Choose amplification by choosing resistance values.
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification.
_ The signal 1s AVi, not just the value of Vin.
V =+5V g in ] in
cC So we want to calculate both Vout and AV ou.
First we’ll do the DC part, Vin, then the AC part, AVin.

VE=VB-0.6V=Vjy-0.6V and AVE=AVe=AVi
Vout = Ve - IcRe = Ve - [eRe. Because [g =1g + Ic & [g = Ic
I can be found from Vg - [IERE= VEge. So Ig= (VE-VEg)/RE.

Vout = Vcece - [ERc = Ve - (Ve-VEE)R/RE
Vout = Vce - VE(Rc/RE)+VEE(Rc/RE)

Vin
AVout = - AVE(RC/RE) = - AVB(Rc/RE) = - AVin(Rc/RE)

N

Gain = AVout / AVin = - RC/ Re

Negative gain OK for music.
Choose amplification by choosing resistance values.

o
3\\\\\H////
3" I
o
=
3 ‘
g
xolm///

VEE=-35V
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification. Vou = Vee - VE(RI/REVVEE(RCRE) & AVou = - AVin(Re/Re)
Vec=+5V The AC response m.atte.rs for the signal amplification, but the DC

offset matters for clipping.

Transistor requires: Vout < Vec and Vour > Vi + 0.2

Can’t have Vin and Vou both oscillating around zero.

10

oF Gam = -2 Wlth Rc = 2k and RE = lk

VEE=-35V

time [ms]
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification. Vou = Vee - VE(RI/REVVEE(RCRE) & AVou = - AVin(Re/Re)
Vec=+5V The AC response m.atte.rs for the signal amplification, but the DC

offset matters for clipping.

Transistor requires: Vout < Vec and Vour > Vi + 0.2

Can’t have Vin and Vou both oscillating around zero.

VEE=-35V

time [ms]
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification. Vou = Vee - VE(RI/REVVEE(RCRE) & AVou = - AVin(Re/Re)
Vec=+5V The AC response m.atte.rs for the signal amplification, but the DC

offset matters for clipping.

Transistor requires: Vout < Vec and Vour > Vi + 0.2

Can’t have Vin and Vou both oscillating around zero.

10

8_ Gam = -3 Wlth Rc = 3k and RE = lk

VEE=-35V

0 1 2 3 4 5 6 7 8 9 10
time [ms]
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Common-emitter amplifier

We can use the current amplification of the transistor to get voltage

amplification. Vout = Ve - VE(R/RE)+VEE(RC/RE) & AVout = - AVin(Rc/RE)

Vec=+5V The AC response m.atte.rs for the signal amplification, but the DC
offset matters for clipping.
Transistor requires: Vout < Vec and Vour > Vi + 0.2
Can’t have Vin and Vou both oscillating around zero.

10

8- Gam = -5 Wlth Rc = Sk and RE = lk |Vm| = 2 V

time [ms]
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Common-emitter amplifier input biasing

We want an amplifier stage that doesn’t need the previous stage to
carefully adjust the offset voltage to avoid clipping. So build 1t in.

Vee=+5V

Apply an “input bias” that puts the emitter
close to Veg, within a AV that defines the
max input swing.

VEE=-35V
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Common-emitter amplifier input biasing

Apply an input bias that puts the emitter close to Veg, within a AV that

defines the max input swing.

Vece=+5V

Vin °

Vee=-5V

Suppose I want a max input swing of £0.1 V
Set Vg to vary from -4.8 to -5.0, 1.e.,

DC set point for Vg is -4.9 V.

DC set point for Vin1s -4.3 V.
These are called the quiescent values,
meaning “when quiet, 1€ without signal”.

Choose R and R» to be a voltage divider
setting Vin at -4.3 V.

Vin = VEEH(Vce-VEr)*R2/(R1+R2)
-4.3 =-5+ 10*1k/(1k+R2)

Ri =13k and R, = 1k

Or I could use

R; =130k and R> = 10k

Which choice 1s better?

DavidStuart@UCSB.edu Phys127AL Lecture 6: Transistors
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Common-emitter amplifier input biasing

Apply an input bias that puts the emitter close to Veg, within a AV that
defines the max input swing.

Vce=+5V  Suppose I want a max input swing of £0.1 V
Set quiescent points: VE=-4.9 V & Viy=-4.3 V.
Ri =130k and R> = 10k

But now this stage yanks the output of the
previous stage to a different voltage.

Fix that by decoupling the input from this
“DC bias voltage” with a “decoupling
capacitor’.

Vino_l I

m

§

RinCin make a high-pass filter letting the
signal through and blocking the DC offsets.
What is Rin?

VEE=-5V
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Common-emitter amplifier input biasing

Apply an input bias that puts the emitter close to Veg, within a AV that
defines the max input swing.

Vee=+5V  Input impedance is all paths from input to a
fixed voltage (Vcc, VEg, or Gnd).

Rin=Ri 1 R2 1 BRE = 130k I 10k I BRE = Ra.

High-pass filter should have f3¢gg<signal
frequency range.

For audio signals, that 1s 20 Hz, so

20 =1/2n(10k)C

C=1/6*120*10k = 1/1k*10k = 0.1 uF

Vino_l I

m

§

VEE=-5V
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Common-emitter amplifier input biasing

Now we need to pick Rg and Rc

Vece=+5V

Vino_l I

m

§

Vee=-5V

The ratio of Rg and Rc is set by the desired
gain, and avoiding output clipping.

Choose gain = 10.
That means Vout swings by =1 V.
Then quiescent point for Vou to be at least 1 V
away from Vcc and VE.
But,

Vout = Vcc - VE(Rc/RE)+VEE(RC/RE)
only depends on the gain ratio.

Vout =5 -(-4.9%10)-5*10

=4

That works, but just barely.
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Common-emitter amplifier input biasing

Now we need to pick Rg and Rc

10

8:— ...........................................................................................................................................................................................
Vece=+35V 6
aE
ol —
Ri § Rc =
7Y M WS SR SO SRS SR SRS SS SO S—
Y — e
Vin© | [ ? 3:
" o e s e T I s e
—_ —IlllIIIIIIIllllllllllIIlllllIlllllllllllllllll[ll
10O 1 2 3 4 5 6 7 8 9 10
time [ms]

Vout =5 -(-4.9%10)-5*10
=4
That works, but just barely.

VEE=-5V
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Common-emitter amplifier input biasing

Now we need to pick Rg and Rc

10

RS- SRR AR NRINS NI ST ST PP PPRPS PP PPPPR. SPPPR PRI PP

Vece=+5V

50000000000 AN

Vino_l I

0 1 2 3 4 5 6 7 8 9 10
time [ms]

Gain of 40 also works, with vout DC at 1 V.

VEE=-5V
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+5V  We want a large RE for setting quiescent
voltages and a small Rg for setting gain.

Vino_l I

VEE=-5V
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  We want a large Rg for setting DC quiescent
voltages and a small Rg for setting AC gain.

Vino_l I

VEE=-5V
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  Choose Ry and R» for quiescent Ve = -4 V.
Choose Rg =10k and Rc =100k for quiescent
Vout = 1V and base gain of 10.

10
8— Gain = - lQ ,,,,, W ltth—100kRE ,,,,,,,,,, 10kRG _________ oo _________
= |Vm\ = 0 v
6_—
Vln H I . 45_ ...............................................................................
Cm 2—
0

-6(—
Y M NN WS WS WS SO SN NN W S—
:_ _1_llllllllllllllllllllllll[llllllllllllllillllil[ll
VEE 5 V 00 1 2 3 4 5 6 7 8 9 10

time [ms]
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+5YV  Choose Ry and R for quiescent Vg =-4 V.

Choose Rg =10k and Rc =100k for quiescent

Vout = 1V and base gain of 10.

10

G ain = - 10 w1th Rc— 100k, RE— IOk RG -0

8l—.-
— |V1n‘ — 03 V
6 __ e D
4
Vmo_l —? =
Cm 21—
0
R2 ? RE
:_ _:lllli]lllillllillllillllllllll[lll:lllllillllillll
VEE 5 V 100 1 2 3 4 5 6 7 8 9 10
time [ms]
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  Choose Ry and R» for quiescent Ve = -4 V.
Choose Rg =10k and Rc =100k for quiescent
Vout = 1V and base gain of 10.

10

Gain = -10, with Rc = 100k, R = 10k, Rg = o0
|Vin‘ =05V

IIIII]I IIIII{IH

Vino_l I

Vee=-5V ~10

OrTTT
-
N
w
D
(6]
[e)]
~
[0 ¢]

9 10
time [ms]
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  Choose Ry and R» for quiescent Ve = -4 V.
Choose Rg =10k and Rc =100k for quiescent
Vout = 1V and base gain of 10.

10

— Galn— 10 with Rc = 100k, RE IOk RG oo

Vmo_l I

Cm

o N B O) CD

R>

0 1 2 3 4 5 6 7 8 9 10
time [ms]
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  Choose Ry and R» for quiescent Ve = -4 V.
Choose Rg =10k and Rc =100k for quiescent
Vout = 1V and base gain of 10.

10
BZ_G in = -10, with Re = 100k, Rg = IOk RG 33k |
= Vi = 0;1 vV | Gam 30
Vm °_| | ? 45_

Cln 2__ ...............................................................
O R— bt dssdifisissn g o gbofugin g o g,
_2_ .....

Ro> = —
—6:— S S SO SO N SO S S S

VEE:_SV _100_111111111151111é111141.1111é1111é11[[;1111é1111é111110

time [ms]
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Common-emitter amplifier input biasing

The challenge here 1s that Rg affects both the gain and the quiescent V..
A small Rg gives big gain but large Ig which affects quiescent Vou.

Vee=+35V  Choose Ry and R» for quiescent Ve = -4 V.
Choose Rg =10k and Rc =100k for quiescent
Vout = 1V and base gain of 10.

10

- Galn— 10 w1th Rc = 100k, Rg = 10Kk, RG 200

:‘_'IV;;;\!O"O'Oé"V """" . Gan=500
Vm °_| | ? 45_
Cin 21—

0

oV V.V V VL VLV
Ro Re —43
? —63_

Vie =5V g

time [ms]
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Common-emitter amplifier input biasing

Finally, what can we do about the 1 V quiescent offset on Vout?

Vee=+5Vyv  Remove it with a decoupling capacitor.

Rl § RC

10
Vout 8— ..Ga_l.ni ........ 10W1tth—100k ..... RE10k RG .......... Z.0.0 ..........
|—° = |Vm| = 0. 005 \Y% Gain = 500
Cout 6: .............................................. , ....................................................
Vmo_l . 45_
Cm 2—
0R
R Y St A O N A SRS 1V S O 5 SV SR S
R RE ¢ -4
T e
—8:— ............... B S —— .................... e .....................
time [ms]
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Common-emitter amplifier input biasing

This all works if Vg 1s ground. We just have to choose quiescent points.
In fact with VEg=Gnd, we must have mput biasing.

Vee=+35V .
—Gam— 1() Wlth Rc 100k, RE 10k Rg =250
5—|V1 f-T"OwO ----- V R S—— R— A— alnm.OO -----------------

L/ A T R A T

Cout

Vmo_l I

Cm

P 4 o O S
C S, J B O T R VA r v bAh v LS LN L N s L1y
’ _I_ : ’ time[ms1]0

VEE
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Common-emitter amplifier input biasing

Some checks of understanding.

Without DC biasing, what would limit the signal?

Vee=+5V
What is the output impedance of this circuit?
R; Rc What would happen if you set Rg = 0?
I\_/gut With Veg = Gnd, about where should you put the
C quiescent Vout? Where 1s the quiescent Vi,?
| out In general, how do you maximize the dynamic range?
Vin °_| .

R> Re Re

T

VEE
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Common-emitter amplifier operation

The transistor 1s changing the voltage dropped across it to satisfy the

rules of operation.

Vecce=+5V
Rl RC
I\_]gut
Cout
Vino_” T
RZ RE RG
T
VEE

Increase in Vin causes increase in Vg

That causes an increase in Ig

That causes a decrease in V¢

The voltage across the transistor, Vcg, goes down to
compensate.

DavidStuart@UCSB.edu Phys127AL Lecture 6: Transistors

47


mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

