PHYS127AL Lecture 2

David Stuart, UC Santa Barbara
Input and output impedance; AC signals; capacitors
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Review and outline

Review
Resistors and Ohm’s law

Thevenin and Norton equivalent circuits

Outline
Impedance rule for circuit stages: high input, & low output, impedance
Calculating impedance of circuit stages
DC vs AC and time dependent signals
Capacitors
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Thevenin Equivalent Circuits

Any mix of voltage sources and resistors can be treated as equivalent to a
single voltage source Vi and a single resistor Rrn.

| — NN\ Vout
Ry,
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Thevenin and Norton Equivalent Circuits

Any mix of voltage sources, current sources, and resistors can be treated

as equivalent to a single voltage source Vi and a single resistor R, or a
single current source In and a single resistor Rn.
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Thevenin and Norton Equivalent Circuits

Any mix of voltage sources, current sources, and resistors can be treated

as equivalent to a single voltage source Vi and a single resistor R, or a
single current source In and a single resistor Rn.
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Thevenin and Norton Equivalent Circuits

This means that all three behave them same in terms of the IV

characteristics when loaded by a resistor. I(Rroad) and V(Rroad) 15 the
same for all three circuits.

AYAYAY 0
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Thevenin and Norton Equivalent Circuits

This means that all three behave them same in terms of the IV

characteristics when loaded by a resistor. [(Rroad) and V(Rroad) 1s the
same for all three circuits. Indistinguishable black boxes.
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Thevenin and Norton Equivalent Circuits

This means that all three behave them same in terms of the IV

characteristics when loaded by a resistor. [(Rroad) and V(Rroad) 1s the
same for all three circuits. Indistinguishable black boxes.

Calculate these by using
linearity and extreme values
Of RLoad, ie O and Q0.

DavidStuart@UCSB.edu
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Voltage divider

This circuit is a voltage divider. We’ll use this a lot, and generalize it.

Vin ©

© Vout

Ry

R,

Vout = IR2 = [Vin/(R1+R2)] Rz = me

If Ri=Rsthen Vout = ¥2Vin

If R,=10 R; then Vout = 0.9 Viy
which is close enough.

Trimpots used frequently for this to get
an adjustable voltage.
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.

.
‘/in o

Vin

o out

Adj

Vout
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.
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o out
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.

.
‘/in o

Vin

o out

Adj

Vout

DavidStuart@UCSB.edu Phys127AL Lecture 1: Introduction, Ohm’s Law, Kirchoff’s laws, Thevenin equivalent

12


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

An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.
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o out
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.

.
‘/in o

Vin

o Vout

Adj

Vout
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.

Vin ©
Vin Vout
o— Ad |
Vout
I
© @)
3 o
s
- R2R10ad/(R1oadtR2
Vou= IRy = Vip R = v, ot BonttRe), Ry

Ri+Rs> Ri+RoRieud/(RioactR2)  Ri+Rs + RiR2/Rioad

But, suppose I now connect this stage to the next stage in my circuit.
In this case, it would be a lamp. That 1s the load.
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An example circuit stage

So we could use a voltage divider as a circuit stage that outputs an
adjustable voltage. This could be the dimmer switch on a lamp.

Vin ©
Vin Vout
o— Ad |
Vout
I
© @)
3 o
s
- R2R10ad/(R1oadtR2
Vou= IRy = Vip R = v, ot BonttRe), Ry

Ri+R2> " Ri+RoRioud/(RLosctR2)  Ri+Ra + RiRo/Rioad

But, suppose I now connect this stage to the next stage in my circuit.
In this case, it would be a lamp. That 1s the load.
Vout 18 little changed by the load if Rioad » RiR2/(R1+R2).
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An example circuit stage

Vout is little changed by the load if Rioad » R1R2/(R1+R2).

Vin @ Vout
Vrh Ry, 8
= — o
Vout
_8 = —
< If you calculate Rth you’ll find

Rth = R1R2/(R1+R>2)

In general, the load causes negligible change to Vou wrt the stage’s
unloaded behavior only if Rroad > Rn.
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An example circuit stage
Vout is little changed by the load if Rioad » R1R2/(R1+R2).

Vin o Vout
Vrh Rty 8
= — o
Vout
_8 = p—
< If you calculate Rth you’ll find

Rth = R1R2/(R1+R>2)

In general, the load causes negligible change to Vou wrt the stage’s
unloaded behavior only if Rroad > Rn.

Even more generally, we want the input resistance of the next stage to be
much larger than the output resistance of this stage.
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An example circuit stage
Vout is little changed by the load if Rioad » R1R2/(R1+R2).

Vin Vout
Vrh Rty 8
= — o
Vout
_8 = p—
< If you calculate Rth you’ll find

Rth = R1R2/(R1+R>2)

In general, the load causes negligible change to Vou wrt the stage’s
unloaded behavior only if Rroad > Rn.

Even more generally, we want the input resistance of the next stage to be
much larger than the output resistance of this stage.

Each stage should have large input resistance & small output resistance.
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An example circuit stage
Vout is little changed by the load if Rioad » R1R2/(R1+R2).

Vin Vout
Vrh Rty 8
= — o
Vout
_% = p—
< If you calculate Rth you’ll find

Rth = R1R2/(R1+R>2)

In general, the load causes negligible change to Vou wrt the stage’s
unloaded behavior only if Rroad > Rn.

Even more generally, we want the input resistance of the next stage to be
much larger than the output resistance of this stage.

Each stage should have large input impedance & small output impedance.
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Chaining together stages for a measurement

Each one of these stages should satisfy this rule, so I can chain them
together without have any one affect the performance of its predecessor
Or SUCCESSOT.

MW | PD —» Amp Filter ADC

o000+
000%
o000 =-
000+
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We need each stage to have high input impedance and low output
impedance to easily chain together multiple stages.
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x10 rule

That looks hard with multiple stages.

Vin Vout
o— Adjl ® Adjl ® Adjl o Adjl O
Vin ©
Ry
Vout
O
R,

I'd need each stage to have resistors 10 times as big as previous stage.
That consumes high power in the early stages; P = V*/R.
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x10 rule

That looks hard with multiple stages.

Vin Vout
o— Adjl ® Adjl o Adjl o Adjl O

Vout

We need an "electromagical" impedance booster at the input of each stage
We’ll see how to do this soon, with a transistor.
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Input and output Impedance

Rule for combining stages 1s that each stage should have high input
impedance and low output impedance (resistance).

How do we calculate these, and how do they differ?

Use R=V/I, or better R=AV/AL
To increase the voltage by AV how much more current, Al, has to flow.
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Input impedance

Use R=V/I, or better R=AV/AL Increase Vin by AV; then how much
more current, Alin, flows into the input.

Vin— Vin + AV Vig o Iin= Vin/(R1+R2)
causes o Alin= AVin/(R1+R?)
Iin — Lin + AL '
AVin/ AIin — R1+R2
" Ra=RitR
Ry

This 1s the two 1n series.
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Output impedance

Use R=V/I, or better R=AV/AIL. Increase Vou by AV; then how much
more current, Aloy, has to flow into the output.

Vin o
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Output impedance

Use R=V/I, or better R=AV/AIL. Increase Vou by AV; then how much
more current, Aloy, has to flow into the output.

[llustrate with a numeric example, forcing Vout.
Find how changing Vout — Vour + AV changes Iout — lout + Al

What are 11, I, and Vout?

I —
Vin=10V
Ri=1k
O Vout
I
Ro=1k
l
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Output impedance

Use R=V/I, or better R=AV/AIL. Increase Vou by AV; then how much
more current, Aloy, has to flow into the output.

[llustrate with a numeric example, forcing Vout.

Find how changing Vout — Vour + AV changes Iout — lout + Al

What are I, I, and Iowt?
Iou=0, and I, = I> = 10/2000=5mA.
L — Change Vouto 6 V, i.e. AV=I,
Vin=10V now what are 11, I, and Iou?

Tout 1s no longer 0. Find it from I> = [1+1out.

Calculate Ii & I> using Ohm’s law.
I» I Ri=10-6 =4, so I =4 mA.
| Vour™ L R2=6-0=16,50 =6 mA.
Iout =2 mA, AV/AI = 1V/2 mA =500 Q.
This is RilR>.
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Input and output Impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.
Rout = effective resistance looking into output.
Trace current path from input or output terminal to all fixed voltage points.

Vin o Rin = one path through R; then R. in series.

R, Rin=R; + Ro.
Vout

29
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Input and output Impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.

Rout = effective resistance looking into output.
Trace current path from input or output terminal to all fixed voltage points.

Vin o Rin = one path through R; then two |l paths.
R, Rin = Ri T R2lR1oad = Ri + Ra, if Rroad is big.
Rin = R] + RZ, lf RL()ad iS blg
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Input and output Impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.
Rout = effective resistance looking into output.
Trace current path from input or output terminal to all fixed voltage points.

Vin o Rout = path 1 or path 2
Ry Rout = path 1 | path 2
Vou  Row=Ri I Ro.

31
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Input and output impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.

Rout = effective resistance looking into output.

Trace current path from input or output terminal to all fixed voltage points.

Vin ¢ Rout = path 1 or path 2
E Ry Rout = path 1 || path 2
Z Vou R =Ryl Ra.

= Rout = (Rl + Rprevious) I Ro.
Rout = R] " R2 lf Rprevious IS Small
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Input and output impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.
Rout = effective resistance looking into output.

Trace current path from input or output terminal to all fixed voltage points.

Vin g Rin = Ry + Ro, if Road is big.
3 . .
g Ry Rout = R] " R2 lf Rprevious 1S Small
: v
a out
a
= 3
R2 °
a7
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Input and output impedance

The formal definition 1s R=AV/AI, but we can use a simpler approach, illustrated
by the example, where we found Rin = Ri+R> & Rout = R;lIR>

Rin = effective resistance looking into input.
Rout = effective resistance looking into output.

Trace current path from input or output terminal to all fixed voltage points.

Vin g Rin = Ry + Ro, if Road is big.
g Ry Rout = R] " R2 lf Rprevious IS Small
2 Vou : :
i , Design to have big Rroad = Rin 0f next stage

E and small Rprevious = Rout 0f previous stage.
= Then they won’t impact ability to get a
big Rin and small Rou for this stage.

We will eventually see how to make Ri,—0°0 and R,,—0.
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Ideal voltage and current sources

In the Thevenin equivalent circuit, we treated Vh as a battery.

%_o Voot Batteries have a set EMF.

v R Ideally a 12V battery will always
Th Th give 12V output. But what happens
— when 1t discharges?
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Ideal voltage and current sources

In the Thevenin equivalent circuit, we treated Vh as a battery.

4/\/\/\/_0 Vot Batteries have a set EMF.

v R Ideally a 12V battery will always
Th Th give 12V output. But what happens
— when 1t discharges?
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Ideal voltage and current sources

In the Thevenin equivalent circuit, we treated Vh as a battery.

4/\/\/\/_0 Vot Batteries have a set EMF.

v R Ideally a 12V battery will always
Th Th give 12V output. But what happens
— when 1t discharges?
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IIdeaI voltage and current sources

“Jumper” Cables

ly'S
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AC/DC and signals

The signals we are interested in measuring are usually time dependent,
rather than some constant voltage.

Constant voltage & Alternating voltage &
current sources. current sources.
| V V(1)
—_1

0] D

DavidStuart@UCSB.edu
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AC/DC and signals

The signals we are interested in measuring are usually time dependent,
rather than some constant voltage.

Constant voltage & Alternating voltage &
current sources. current sources.
Direct current (DC) Alternating current (AC)
l \Y V(1)
—_—

0] D

DavidStuart@UCSB.edu
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AC signals can be sine waves, or anythmg

B L e o e e e S A

Sine wave:
V(t) =Asin(2rft) + Vo @
V(t) = Asin(ot) + Vo

Square wave

req: 1.0060 kII »
Ampl: 500 W F

EWPL [ GFT |

Triangle wave
Sawtooth

Pulse

General variation
Noise (1/f noise has same power/Hz)

m I i
| » i }M i ’m 1 u i v” ‘..u
We’ll typically deal with sine wave . [| M !M ﬁ
signals, because any wave can be
treated as a Fourier sum of them.
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Parameters of a sine wave

Sine wave: We’ll typically deal with sine wave
V(t) = Asin(2nft) + Vo signals, because any wave can be
V(1) = Asin(ot) + Vo treated as a Fourier sum of them.

Amplitude often specified as Vrus = AN2

This 1s what matters most for power consumption.

P=1V =V2Z/R
and average of sin2 is 1/2. T
Electrical power in your house is 120 V RMS, so A=170 V. = = 9
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Ratios of signals and decibels

The ratio of two AC signals 1s often described in decibels, which
you probably learned about for sound waves.

1 dB =20 log (A2/A)

+6 dB if Ao = 2A
+20 dB 1f A2 = 10A;
-20 dB 1f A2 = A1/10

Common to compare power levels, and P o« V2, so
1 dB =10 log (P2/P1)

-3 dB corresponds to half the power, or A/sqrt(2)
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Capacitors

Now we get to introduce a new circuit element, which is manifestly AC.

A capacitor stores charge, producing an electric field and hence energy.
V = q/C, which I remember more easily as q = CV.

In the water analogy, a water storage tank is a capacitor.

A wider tank has more capacity, 1€ more water (q)
can be stored for the same height (V).

Area=A
[

|
+++++++++ S+ \

capacitor
d dielectric plates _

++++++++tt++ J
L |
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Capacitor symbol

Circuit symbol matches the visualization of a parallel plate capacitor.

Don’t confuse with |
battery symbol. -1

Unit 1s Farads, 1 F =1 Coulomb / Volt.
Typical values are pF to mF.
You will mostly use nF and pF.
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Capacitor construction

Film capacitors and ceramic are common for C < 1uF.

Ceramic Capacitor

1. Leads
2, Dipped coating
3. Soldered Connection
4, Silver electrode

5. Ceramic Dialectric

Aluminium foil
(conducting plates)

Film capacitor
Polyester film

(dielectric) f
g |

\[ , ,

i 7 / / /

Surface Mount (SMT)
Connecting Ceramic layers
terminal \ (dielectric)
- Electrode
X .
Coating | Connecting
terminal

DavidStuart@UCSB.edu
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Capacitor construction

Electrolytic and tantalum capacitors are common for C > 1puF.

Paper separator soaked in electrolyte.

. Taflon Insulator
{Anode Fixing)

Use of an electrolyte
makes these only work 1f
polarity maintained.

So they have a different
symbol.
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Other capacitor types

Variable capacitors can be made Touch capacitors can be made
with C <1 nF using moving plates. from a thin elastic plastic film.
Moving
plates @
) |
P
C | / /// . Sensing Wiring
over glass ‘ : S L/_,/_/.::— I

e Sensor Substrate //,Z§ §§§ § §
capacitance
LCD module

Fixed plates

Parasitic capacitance 1s produced
when any two conductors pass
near each other. Just jostling your
wires can change the capacitance
in your circuit. Even moving your
finger near a pair of wires.

H .

el

B |.:\
il |
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Electrostatic discharge

Any single conductor has capacitance; the other electrode 1s the earth.

You have capacitance, but not very large. Adding electrostatic charge

to you, by rubbing feet on a carpet, gives you are large voltage through
V = q/C, even with a relative small charge.

DavidStuart@UCSB.edu
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Electrostatic discharge

Any single conductor has capacitance; the other electrode 1s the earth.

You have capacitance, but not very large. Adding electrostatic charge

to you, by rubbing feet on a carpet, gives you are large voltage through
V = g/C, even with a relative small charge.

ATTENTION

DavidStuart@UCSB.edu
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Combining capacitors

Capacitance values add 1n series and parallel opposite to the way
resistors do. But it 1s intuitive: two tanks in parallel hold more water.

1
e Co >~ — H
H Cost = Cy + Cs
Cq
| | _ I
1 1 1
Cy Cy Cl=07"+0C,"

You can derive these from q = CV, and Kirchoff’s laws.
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

Vin 0—/\/\/\/ * © Vout
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.
R

‘/in o—/\/\/\/ * O out
7Y

Vin o
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.
R

Ve — AN \—— o V,.  We can analyze this from
1Y ) q=CV = I=C dv/dt
BN I through capacitor is related to the
- change in the voltage across the
capacitor.
Vin o
R
Vout
—C
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

R
Vie — AN\ —— o V,.  We can analyze this from

1Y ) q=CV = I=C dv/dt
BN I through capacitor is related to the

change in the voltage across the
capacitor.

The voltage across the capacitor 1s

Vin o Vout.
The current through the capacitor is
k whatever current is flowing through R
Vout from Vin, which 1s the voltage
dropped across R:
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

R
Vie — AN\ —— o V,.  We can analyze this from

A q=CV = I=CdV/
T I through capacitor is related to the

change in the voltage across the
capacitor.

The voltage across the capacitor 1s
Vin o Vout.

The current through the capacitor is

whatever current 1s flowing through R
Vout from Vin, which 1s the voltage
dropped across R:

—— I — (Vin‘Vout)/ R — C dVout/ dt

Note that this assumes Vout 18
L connected to a high input resistance.

DavidStuart@UCSB.edu Phys127AL Lecture 2: Calculating input & output impedance, AC signals, capacitors 56



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

Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

R I — (Vin—Vout)/ R — C dVout/ dt
‘/in O \/ \/ \/ * 0 Vout . . . .
I Vout 18 the time varying voltage, so just
¢ call 1t V(t), our variable in this DE.

(Vin-V)/R = C dV/dt
Suppose Vin is a step function at t=0.

Separate variables and we get dt/RC =dV/(Vin-V) = -dV/(V-Vin)
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Charging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

R I — (Vin—Vout)/ R — C dVout/ dt
‘/in © \/ \/ \V * © Vout . . . .
7Y Vout 1 the time varying voltage, so just
. call 1t V(t), our variable in this DE.

(Vin-V)/R = C dV/dt
Suppose Vin is a step function at t=0.

Separate variables and we get dt/RC =dV/(Vin-V) = -dV/(V-Vin)
Integrate both sides from t=0 to t=t and V=V¢=V(t=0) to V=V|(1).

t \V4
j dt’/RC = j dV/(V'-Vi) = tRC = -In[(V-Vi)/(Vo-Vin)]
0 Vo

(V-Vin) = (Vo-Vin) €8¢ =V =Vjp+ (Vo-Vin) €€
If V=0, we get V(t) = Vin (1-¢™RC)
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Discharging a capacitor

Suppose we charge a capacitor through a resistor with this circuit.

R I — (Vin—Vout)/ R — C dVout/ dt
‘/in O \/ \/ \/ * 0 Vout . . . .
I Vout 18 the time varying voltage, so just
¢ call 1t V(t), our variable in this DE.

(Vin-V)/R = C dV/dt
Suppose Vin is a step function at t=0.

Separate variables and we get dt/RC =dV/(Vin-V) = -dV/(V-Vin)
Integrate both sides from t=0 to t=t and V=V¢=V(t=0) to V=V|(1).

t Y

j dt’/RC = - I dV’/(V’-Vin) = t/RC =-In[(V-Vin)/(V0-Vin)]
0 Vo

(V'Vin) = (VO-Vin) e-t/RC = V=%, (V ON e-t/RC

Now we get V(t) = Vo e /RC 0 0
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Square wave input to an RC circuit

R
‘/in O—/\/\/\/ \ ¢ o Vout Vs Squzllr:e\v’ave
Y put
1
——C
—1 0 5T 107 157 Time, (t)
Vin(t) V,
t
@ @ @ @

V.=V, (1 _ e-z,fsec)

Voul) Kﬁf—v\\ / \

@ @ oy @
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Differentiator

ﬂ We can again analyze this from
Vin © || ° Vout q= CV = J[=CdV/dt

I through capacitor 1s related to the
R change 1n the voltage across the
capacitor.

The voltage across the capacitor 1s
- Vin-Vout.

The current through the capacitor is
whatever current 1s flowing through R
from Vout, which 1s the voltage
dropped across R:

I — Vout/ R — C d(Vin'Vout)/ dt

Note that this assumes Vout 1S
connected to a high input resistance.
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Differentiator

C
Vi o
=
R
10V
{ V. |
sv » A
OV =bemat. ~zests

o Vout

Vou‘J R=C d(Vin'Vout)/ dt
Vout/ RC — dVin/ dt - dVout/ dt

If we assume that dVou/dt « dVin/dt
then we can simplify to

Vou1/ RC = dVin/ dt
Vout(t) =RC dVin/ dt

This 1s a differentiator; the output 1s
the derivative of the input.
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Differentiator pickup

‘/in O || O out
7Y
R RIGOL .00ms 1 v 0.00000000ps
Harizantal
— . Jmas ty /mid

-160mY -3

rise Time

R
\

-

|14
Fall Time

i1

+—

+Width

22

+—

-Width

Capacitive pickup from a square wave
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Ohm’s law for capacitors

We can find an IV relationship for a capacitor. Let’s assume that V(t) 1s
sinusoidal; we can then form any AC signal from a Fourier sum of these.

I’1l actually use a cosine for reasons that will become clear later.
Suppose the voltage across the capacitor 1s
V(t) = Vo cos ot
Then the current through 1t 1s
I(t) = C dV(t)/dt = -0CVy sin ot
So we have a relation between the magnitudes of V and I
VI= I} (1/0C)

This 1s similar to Ohm’s law, and we can 1dentify 1/wC as being like the
“resistance of a capacitor”. But it 1s not the full story because the phase
of the current differs from the phase of the voltage.
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Ohm’s law for capacitors

V| =|I| (I/oC)

This 1s similar to Ohm’s law, and we can 1dentify 1/wC as being like the
“resistance of a capacitor”. But it 1s not the full story because the phase

of the current differs from the phase of the voltage.

Ideal Capacitive Circuit Phase Angle

Current

Voltag

Maximum energy

/ storage (+)

Current leads
Voltage by 90°

storage (-)

This diagram has
V(t) as a sine not a
cosine, but just
shift time.
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Ohm’s law for capacitors

V=11 (1/eC)

This 1s similar to Ohm’s law, and we can 1dentify 1/wC as being like the
“resistance of a capacitor”. But it 1s not the full story because the phase
of the current differs from the phase of the voltage.

Since the voltage “reacts to the current”, and vice versa, this 1s called
reactance rather than resistance.

The more general term 1s impedance, which encompasses both resistance
and reactance. Impedance 1s the term to use for both henceforth.

So the impedance of a capacitor i1s 1/wC.

The minus sign indicates the phase information; though a rigorous
treatment of that 1s more complex as we will see soon.

The 1/wC means that the impedance of a capacitor depends on the
frequency of the signal.

Low impedance for high frequency AC and high impedance for DC.
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DC blocking capacitors

The infinite resistance at DC 1s used to block DC from one stage of a
circuit reaching another stage.

oy

PD Amp

1000 V
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DC blocking capacitors

The infinite resistance at DC 1s used to block DC from one stage of a
circuit reaching another stage.

oy
o [

1000 V

In addition to a capacitance value, you will find a voltage rating on
capacitors indicating how much they can stand off.
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Expressing AC signals in complex notation

It simplifies the handling of AC signals to treat them with complex notation. We
can do this with Euler’s formula.

el =cos@+isinb

So we can express V(t) = Vo cos ot as V(t) = Voe'™ well the real part is V(t).

We already use i for a small signal change in current, so in electronics we
instead use j2 =-1. (Textbook uses j=-i). So we’ll represent the voltage as

V(t) = Voe/™
The tilde reminds us that this is the complex representation. Now calculate the
current from I = C dV/dt.

T=CjoVoe' = joCV

So, we can write an Ohm’s law like relation between V and I:
V=T1/joC)=T(/oC) = V=1Xc cof V=1TXx
Where the impedance of the capacitor in complex representation is

Xc=-j/oC cf Xr=R
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Expressing AC signals in complex notation

This will simplify handling a mix of capacitors and resistors.
This makes the circuits below just complex voltage dividers.

1y
‘/in O Vout ~
Y B _ Ro 5 X2
Ry , Vout - IR2 — Vln — Vln ~
Ri1+R> X1+X2
R
Ve AN ¥ X
in out ~~ ~ I~ ~ X
—C R+Xc
R
Vi o | t Vou =T Xr=Vin—x
Iy R+Xc
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Expressing AC signals in complex notation

This will simplify handling a mix of capacitors and resistors.
This makes the circuits below just complex voltage dividers.

1y
‘/in © \/ \/ \V © Vout
_ . R> & Xz
Ry Vout — IR2 — Vin Vm ~
Ri+R2 X1+X2
R
Ve o AAA——1 Vi %
in out ~ ~~ ~~ X
1) Vou=TXc=Vin—=%
—C R—I—XC
C
R
Vvin © H © Vout Vout _ I XR Vln ~
Iy R+Xc
We can use this to calculate the output
voltage in terms of input voltage, Vou/Vin.
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Calculating Vou/Vin with complex impedance

- - S oo o X
Vie = I X0 = —2-X =V, 9 Vin —AN\——2 o Vou
out C R+X ¢ C n R+X ¢ A t

Let’s leave the voltages as arbitrary,
but put in the explicit form for X. =

VAR ¥ —7/wC
Vou = Vin | 755
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Calculating Vou/Vin with complex impedance

Y W . i X A
V —= [X — I X — V ¢ Vin * o Viu

Let’s leave the voltages as arbitrary,
but put in the explicit form for X. =

> v | —iwC | v | —i/wC | | Ryj/wC | _ vr —jR/wC—j?/w?C?

ut —
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ICalculatmg Vout/Vin with complex impedance

Xo = Vi, X Ve o—AAN—1 0 Vous

Ve =IX~ =
out C — mR—i—XC Y

RXC

Let’s leave the voltages as arbitrary,
but put in the explicit form for X¢. =

’ ~, —J/wC _ 1 | _—i/wC R+j/wC | _ yr —jR/wC—j*/w*C?

> 7 1Jw?C*—jR/wC w?C?| _ 17 _1—jwRC
Vout—‘/m RZ41/2C2 * | 202 —‘m1+w21?2(72
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ICalculatmg Vout/Vin with complex impedance

Xo = V=€ Vi —AAA—s

Vou = 1 X = e =

RXC

Let’s leave the voltages as arbitrary,
but put in the explicit form for X¢. =

¥ ~, —J/wC _ 7 | =i/eC R+j/wC | _ yr —jR/wC—j*/w*C?

‘"'/ _V 1/w?C?—jR/wC w22 _V 1—jwRC
out — ¥iIn R2+1/w?C? w202 | T Ym 4,2 R2(2

_ _]WRC
|Vout| ‘V;n| TT?R2C2
If/oml _ l—ZuJRC
Vol — |T+w?R2C?
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Calculating Vout/Vin with complex impedance
Xo = Vip—2e Vi N1 O Vout
1

%m - IXC o R+ XC nR+XC

Let’s leave the voltages as arbitrary,

but put in the explicit form for X¢. £

f/ —j/wC | _ ‘7 —j/wC R+j/wC | ‘7 —jR/wC—j? /w2 C?
R—j/wC| — "M | Rj/uwC| | R+j/wC | — "I RZ_52/,2C2

202 _f/ 1—jwRC
T4 w2 R2C?

<z
||

¥ ~r 1/w?C?—jR/wC W
Vour = Vin RZ+1/w2C? * | 0202

&I 1—jwRC
|%ut| — l‘/;n| 1+w2R2C2

Vou| _ | 1=jwrC | _ 1—jwRC 1—jwRC " 1—jwRC 1+jwRC

|f/i"| | 14w?2R2C? | 14w?2R2C? 1+w?R2C? o 1+w?2R2C? 14+w?2R2C?

f/out| _ 1+w?2R2(C*? Y 14+w?2R2C? _ 1

Val — \ 0+w?R2C?2 — "1+w?R2C?7 ~ \11w?R2C?

This 1is the response function for the circuit,

and it is frequency dependent through w = 27 f.
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