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1 Basic Quantities and Units

1.1 Charge

Number of electrons or units of electron charge

Units: Coulombs (C) = 6.242 - 10'® electrons worth of charge

1.2 Voltage

Potential energy per unit charge
Common Symbol: V
Units: Volts (V) = Joules / Coulomb

1.3 Current

Flow rate of charge
Common Symbol: I

Units: Amperes (or Amps, A) = Coulombs / second

1.4 Power

Energy flow (same as in basic Newtonian mechanics)
Common Symbol: P
Units: Watts (W) = Joules / second
P=VI

Power = Voltage across element * Current through element



1.5 Resistance

Converts current into heat
Common Symbol: € (the Ohm)
Ohm’s Law: V = IR or I=V/R
this means Power = VI =V?/R=I’R

2 Useful Circuit Analysis Tools and Laws

2.1 Power Sources

Ideal Sources: Deliver rated voltage or current regardless of load

V Load I Load
Ideal Voltage Ideal Current
Source Source

Practical Sources: All sources have some internal resistance

AA—T ’
R
V = |I R
. .
Practical Voltage Practical Current

Source Source



3 Kirchoff’s Laws

Voltage Law:
> Vieop =0 Conservative Potential Energy Field

Current Law:

> TLioge =0 Conservation of Matter (charge)
Voltage Example Rl
Vire "loop™ §R2

Vire — IRy — IRy = 0 (currents must all be same)
I(Ry + Rs) = Vg (Ohm’s Law)
So Resistors Add in Series

Ve = 1R, Vi = IRy

—_— VS‘TC
I= Ri+Ry

— VR
thus VRQ = RITRQZ

This is called ” Voltage Division.”

Voltage Division gives rise to a very popular analog
interface sensor and device: The Potentiometer (or ”Pot”)

= 2%

Pots are nice because they're cheap, and relatively low-noise
(but see below). Pots are not so nice because there’s scraping
involved with use, and they can wear out. Also cheap ones can
get dirty or wet and stop working pretty quickly.



Pot-related voltage division circuits:

Vv M

ref ‘Eut
Light,
Force,
etc.
Current Example:
"node"
Isrc Rl Rz

Isoe — Ig1 — Irs = 0 (sum of currents must = 0)
Ie —V/Ry —V/Ry =0

|4
ISTC — T | 1 or
Ry " Ry

V= ISTCR}?JFR]% (Ohm’s Law)

Define Conductance = G = 1/R (inverse of Resistance)

SO Gi=1/Ry and Gy =1/Rs
G1+ Gs = Lﬁ}? = R% + R%

meaning Conductances Add In Parallel, or currents divide

across parallel conductances This is the DUAL of Resistances,
which add in series, with voltage dividing across series resistors.

A Combination Loop (Voltage) and Node (Current) Problem:




What’s VR2 = VRg 7

V' — VRr1 — Vra(orr3) = 0

1% Ry R3
VR2 — Ro +R3

Ro B3

_ RyR3
Vra = VRlRQ+R1R3+RQRg

4 Some More Circuit Elements

4.1 Capacitors (and Capacitance)

Units: Farads (F, after Michael Faraday)

El{}ﬂl%g;lcﬁve «—Insulator
%

Voltage between plates is a function of charge difference be-
tween plates. Energy is stored in an electric (potential) field.
Constant current causes linearly rising (or falling) charge differ-
ence, and thus a steady linearly changing voltage.

R

t
Ve = % /0 I(7)dr
= LIt (for initial voltage = 0 and constant current I)

if Vc(O) =0 s then VR(O) — _Vsrc
Vo (oo) = =V and Vi(o0) =0



Vc(t) = (1 T eg_é)v?src
VR(t) = ‘/srceR__é
1/RC is often called the "R C Time Constant”

Capacitance is proportional to:

Areaof Plates
DistancebetweenPlates

Sometimes the human body/ground is used as one plate, and
thus proximity of you (or your hand) can be inferred by deter-
mining the capacitance between you and a metal plate.

Capacitors exhibit a form of complex resistance (1/conduc-
tance) called Impedance (1/admittance), equal to 1/sC, where

§ =0+ jw J=v-1

Sigma is real, and describes the direct current (DC) behavior.
The j omega term is imaginary, and describes the AC behavior.

Since capacitors are just parallel plates, then add linearly
when connected in parallel.
4.2 Inductors (and Inductance)
Units: Henries (H, after Princeton’s Own Joseph Henry)

— h«—Coil of Wire

L

e Iron or Other
= (Core Material

Current in coil causes magnetic field, which stores energy.
Impedance of Inductor = sL = (0 + jw)L

UL(t) = LCZ—tL



Inductors add in series (it’s just a longer coil of wire)

If all elements, including resistors, capacitors, and induc-
tors are treated as complex resistances, with the appropriate
impedance values substituted in the basic circuit analysis equa-
tions (Kirchoft’s and Ohm’s Laws), everything ”works out in
the algebra.” You can just write things out in the calculus form,
again applying Ohm’s and Kirchoff’s laws.

5 An Important Example Circuit

Let’s look at a special circuit just using the fundamental laws
and relations of Ohm’s Law, Kirchoff’s Voltage and Current
Laws, and the calculus descriptions of the inductor and the ca-
pacitor.

iﬂﬂ) =0

_E R gL VC(0)=V

Initlal values: i1,(0) = 0 , zero initial current in inductor
ve(0) =V, some initial charge on Capacitor

We could use the fact that all voltages must be equal.
vg(t) = ig(t)R (Ohm’s Law)

=vr(t) = L—difﬁ(ﬂ

= ve(t) = %/Otic(T)dT

But circuit topology dictates a nodal equation (sum of cur-
rents = (), so we use the current law:

v ¢ dv
d+ 1 [o(r)dr + 4R =0
differentiate once:

d?v dv
Ct + R+ () =0

d?v(t) 1 do(t 1 _
dz;g +mfl§)+mv(t)—0




But Hold It!! That’s the same form as our mass, spring, and
damper system from the Introductory Physics Lecture!

So we know the answer. For example, the underdamped so-
lution is:

v(t) = Ve *cos(wyt)

a = ﬁ "Neper Frequency” exponential damping,
Units: 1/seconds

wg = \Jwg — a? the damped oscillation frequency
Units: radians/second

where wy = \/%—C the undamped oscillation frequency

Units: radians/second

6 Solid State Circuit Elements

6.1 Diodes

allow current to flow in only one direction (a non-linear element)

_ n breakdown {1

/ TV

+| P

Voltage across a diode is ~ 0.7 volts, Forward Bias
Vappiied, Reverse Bias



6.2 Transistors

Collector Collector

py” NPN nf” PNP
Base K 'motpointing in" Base "point in,
please™
Emitter Emitter

Basic NPN Transistor Inverting Switch

Beta is ”Current Gain.” If Base-Emitter pn junction is for-
ward biased, current flows through the Collector-Emitter junc-
tion with a maximum gain of Beta.

No load on V,;:
IV, =0 Vour =V

2) If Vi, > 0.Tvolts I s = the smaller of
N
ﬁIRl or %2
so Vi =~ 0 volts

Note: Add Ry, connected to base, and another input v,
and we get a NOR Gate. From DeMorgan’s Theorem, NORs
plus Inverters yield NANDs, and thus we can do all combitorial
logic using only circuits like the above.



7 Operational Amplifiers (Op Amps)

s
v
out
VL+

7.1 Basic Ideal Op Amp Analysis
Op amp analysis is based on three idealized assumptions:
1) v =wvy
2) i_ =i, = 0 no current flows into op amp (R;, = c0)
3) output pin is ideal source (can supply any voltage at infi-

nite current)

7.2 Example: The Non-Inverting Buffer

—Vout
Vin P
Vout = Vin R;, = oc. Output has oo source capability

7.3 Another Example: The Inverting Amplifier

Ry

WA

out




IR, = —lR,

Vout = ,Z:RQ R2

Vi, = 1, I
Uout/R2 — _Uz'n/Rl
Vout = —vmg—f g—f is Gain

Input impedance = R;
7.4 Another Example: The Non-Inverting Amplifier

Vill_ +

- _— Y+ __ Uip

YRy TR T R T R T R

out

AN

Ve =V_ = Ujp

P Uin
Vout = Uin + R_1R2

_ Ri+R
Vout = Vin 1R1 2

Input impedance = oo

Gain must be greater than or equal to 1.0
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7.5 Final Op Amp Thoughts
Placing a component in the feedback path can dualize its be-
havior: C goes to L, L goes to C, etc.

Practical Op Amps cannot exactly obey ideal rules,

especially with low impedance loads, high gains, and increas-
ing frequency input signals.

Op amps are cheap, and get better and cheaper every day.

8 References: Beginning Electronics

Two good introductory (hacker) electronics books:
How to Read Schematics, Herrington, 4th Edition
IC Op-Amp Cookbook, Walter G. Jung

both available on Sams Publications
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