Non-Linear Circuits

* We have been talking about linear circuits
— DC represented by Linear equations
— AC represented by Linear differential equations

 Now we introduce non-linear circuits
— Mathematical representation more complex
— We describe their behavior in other ways

— Simplifying assumptions actually make it easier
sometimes than linear circuits

— New capabilities can include gain (amplification)
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Diode
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Little piece of the period Table

z v carrier (extra electron)

most commercial
15 . .
p | < solid-state devices

25 v hole (missing electron)
@z oo semiconductor (covalent)

31 32

33
Ga | Ge | As T~ some more

Valance group 3 4 5 exotic devices
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Diode acts as a one-way valve
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Graphical Representation on V- Plane
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Ideal Diode Real Diode
|
infinite e
/ conductance !
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resistance /

 Forward biased current 1s exponentially related to voltage,
asymptotes to 0.5-0.7 V for silicon, ~0.2V for germanium.

* Reverse biased current is zero until “reverse breakdown” voltage.



Zener Diode
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Can solve circuits graphically on V-1 graph

T resigtor
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* Zener points info the current and 1s purposefully
biased 1n the reverse breakdown region.

* Like pressure regulator on a SCUBA tank.
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Diode as Peak Detector

Resistor drains
capacitor

J

* Keeps a running maximum (down by diode drop)

* Resistor “resets” peak detector with time constant RC

— Otherwise 1t gives highest voltage since beginning of time



Rectification

e Turns AC into DC ANrAW
 Half-Wave Rectification

1oy @,\ é{‘*{%@ Favs=a)

e Full-Wave Rectification
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Voltage Doubler

UV 3

no connection AN
. 'where lines cross
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Amplitude Modulation (AM) radio receiver
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Varactor (variable capacitor diode)
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Logic with /
Diodes LO%'C IS NoAh = |lneal”
" Cooveon
A \ e ] Aor B
o\ O D ‘A "‘w
? ci : s N - V*g 3
\

| meansg DV
D means DV

* When A 1s at 5V its diode is forward biased.

« If B is then at 0V, 1ts diode is reverse biased, preventing it from
bringing the output down.

 The inputs change each other’s effect on the output, superposition
does not apply, so the system 1s non-linear. 187



“Fuzz Box” guitar effect

* Non-linear system, clips voltage to diode forward voltage.
* Produces distortion / sustain

Guitar “plink” Guitar richly singing

r
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Before solid state there were vacuum tube diodes.
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Triodes - Amplification
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Transistor Circuits: Common Emitter

transistors often
drawn without
circle

Assuming 0.5 V base-emitter forward bias voltage drop
Vin—0.5V

R4
Vin—0.5V
* o= plg=F—F

R
* Vout:VS T (Vln o O-SV),B R_i
AVout __ R;
AVig R4

OIB:

e (Gain =
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Transistor Circuits: Emitter Follower
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» Transistors operate 1n 1 of 3 regions:
— Biased (active) . I = Blz 1ndependent of Vg , where [ 1s
constant for a given transistor (50<<250 for our 2N3904).
— Cutoff : transistor 1s effectively turned oft when Iy 1s too small.

— Saturation : transistor 1s “wide open” with the current limited
elsewhere 1n the circuit.

200 mot X.Q, =3 O
|
200 met : Las A o
| OO ma- 4+ 1a= | ma
| l,CUAYOGG
1
Salucotion based (achve
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Transistor in the saturated region

I = 1 mA so I- should be 100 mA, making V- = —90 V!
* Transistor is not a source of energy and can’t do that.
* So transistor 1s wide open, with current limited elsewhere.

Vg settles below the “biased” region, in effect a short circuit
doing the best it can.

The \K. reecdor limite Te T2 [0 man

Saturation biased

\/C E 196



Example: Emitter Follower as “Buffered” Voltage Source

5V vout = ~ 4.5V

V.. acts more like a perfect
voltage source because transistor
supplies more current as needed
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We would like to build amplifiers whose
voltage gain only depends on linear
components (resistors).
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Classic Audio Amplifier
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1 mA Current Source
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Darlington Transistor (two transistors 1n one)
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Gain

Before transistors, our circuits (with resistors,
capacitors, coils, and diodes) had just one
stable equilibrium.

Transistors add gain, the ability to control a
large voltage or current with a smaller voltage
or current.

This leads to bistable and unstable circuits.

We will demonstrate this next with relays,
which are magnetically activated switches, and
which therefore have gain.
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Switches and Relays
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More Switches
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Relays
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in coil
* Switch thrown by electromagnet pulling iron in the
switch lever against a spring.

* Like transistors, relays introduce gain.
* Gain permits circuits that are either:
Bistable (with memory) or Unstable (that oscillate)
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Bistable Relay Circuit
* the Latch

— Positive feedback: reinforces its present state,
whichever 1t 1s (memory)
+V +V

"set” —{L %N\Co

ne |
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Unstable Relay Circuit

 the Buzzer

— Negative feedback: disavows its present state, oscillates
(although negative feedback can also converge to a
single midpoint in some systems)

~ V
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Bistable Transistor Circuit (Flip Flop)
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Unstable Transistor Circuit (Multivibrator)

+5V

330 1k 1k 320

Ql Q2

With Q1 on, C1 charges, until base of Q2 high enough to turn on.

For animation see www.falstad.com/circuit/e-multivib-a.html
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http://www.falstad.com/circuit/e-multivib-a.html

Thermistor

» All resistors have temperature
coefficient, usually considered bad.

* Bug becomes feature.
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Photoresistor
e Cadmium sulfide between electrodes.

 Photons create free electrons.

0%
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Photodiodes

» Faster and more sensitive than photoresistors

 Two modes:
— Photoconductive vs. Photovoltaic

Photo Londuative RN S\05,\6'\
\ea\ak%Q corrent
[‘Shot" ﬂo:ge\
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Photodiodes
Photovo lfa ¢ |
' . %C\@«‘\“QS"‘ Reng |+\\J \‘lh/x

‘5 1 /\\ CUK(er\‘\‘ O\SQ
S@) “mete (low  n \

S[olar Cells — phb\‘ooo\‘hua it
- \0\’03 .SOT‘FUCQ
'

d@\\é_‘% = O e o~ .

213



Phototransistors
e Faster than photodiodes
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Light Emitting Diode (LED)

Forward bias voltage 1s higher and varies with color 7N &
since photon energy E =hv, where v 1s frequenc
and h 1s Planck’s constant.
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Discovery of Infrared

* William Herschel 1800 with a prism and a thermometer
(also discovered Uranus)

https://www.nasa.gov/images/content/685627main_IMAGE3-beyond-visible.jpg




