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Course Detalls

Module-3: BJT AC Analysis: Determination voltage and current gains, effect of R, and R,. General
frequency considerations, low frequency response, miller’s capacitance, high frequency response. Amplifier
operation, common emitter amplifier - DC and AC analysis (base and voltage divider bias only), multistage
amplifier, Cascade and cascode connections, amplifier frequency response: decibel scale, Darlington
circuits, analysis and design.
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Miller’s theorem

Statement:

Miller’s theorem states that an impedance Z connected between the input and
output of an amplifier with voltage gain Av can be replaced by two grounded
Impedances:

Purpose:

To simplify circuit analysis by converting a feedback impedance between input and
output into two separate impedances to ground — one at the input and one at the
output.
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Applications:

1.To analyze high-frequency response of amplifiers.
2.To determine the Miller effect capacitance (CM=C(1-Av)) In

transistor amplifiers.
3.To simplify small-signal equivalent circuits of amplifiers,

especially common-emitter and inverting op-amp stages.
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State and prove the dual of Miller’s theorem

Miller’s theorem (impedance form) — statement
If an impedance Z is connected between two nodes whose small-signal voltages are related by

vy = Ay vy,

then the effect of Z on the circuit can be replaced by two equivalent impedances to ground:

an output equivalent impedance

Z Z
Ziu — 1 Au Zout = l—i-_
A'u
connected between node-1 and ground connected between node-2 and ground.
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Proof of Miller’s theorem
Consider the impedance Z between node 1 (voltage v1) and node 2 (voltage v2). The voltage relation is

v2 = Av*vl

Y= Tz T Tz T Z

Uy — V2 v; — A,v (1 A-u)i?l

Define an equivalent impedance Zin from node 1 to ground that draws the same current when node-1 has
voltage v1. That is,
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Equate the two expressions for i,

™ (]_ AU) 1 VA
= = Zil = —
Zin A l 1 A-”

Similarly, express i, as seen from node 2. Current through Z from node 2 toward node 1 is

1
g _2—U_ v va/ Ay (1 A_w)vg
2=z z Z

Define Z,, such thati’, =
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Electrical duality swaps:

* voltages < currents,
e impedances Z <> admittances Y (where Y = 1/2),
* series connections <> parallel connections,

e voltage gain A, <> current gain K (or c).

Dual statement:
If an admittance Y is connected between two nodes of a network whose currents are related by a

current gain K (i.e. the controlling relationship is i = K 2; in the dual problem), then the admittance
Y can be replaced by two equivalent admittances to ground (i.e. two shunt elements) given by the dual

formulas (obtained by the same algebraic replacement rules).
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Written compactly (by direct analogy to the impedance formulas) the dual pair becomes:

(Here K is the appropriate current-gain in the dual/current representation.)

How to justify the dual: take the impedance proof above, replace:

v — 1, 4 —Y, A, — K,

and reinterpret series relations as parallel ones. The algebraic steps are identical after these substitutions, so

the same form of relations holds for admittances under current-gain conditions.
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Transistor frequency response:

Voltage Gain (Ay)
If an amplifier increases a signal:

Output Voltage

et

Input Voltage

Example:
If input is 1V and output is 100V — gain 1s 100.
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Midband Gain

Gain
(in dB)

Low Mid Frequencies High

Frequencies
Frequency (in Hz) Frequencies
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Transistor frequency response:

General frequency considerations:

Concept of frequency response:
An amplifier should ideally provide the same amplification for all frequencies.

The response to which this happens is usually indicated by a curve known as frequency response curve of the
amplifier.
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To plot this curve, input voltage to the T
amplifier is kept constant, and the Aodagy (=t nrk | her
y ALY L -
frequency of input signal is continuously 0Hod Ay mid .%—, — e = R
varied. ' '
' r '
. |
The output voltage at each value of input R : '
signal’s frequency Is noted and gain of the o f - . S >
amplifier is calculated. LE g
Hg k1B

The ratio of Vo / V; (or the voltage gain of This curve is a plot of the voltage gain of

the amplifier) is then plotted against an amplifier against the frequency of the
frequency. input signal.
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What are 3 dB Frequencies (f1 and f>)?
As you increase or decrease frequency:

Middle frequencies — gain is maximum (flat region)
At very low or very high frequencies — gain decreases

The points where gain drops by 3 dB are called:
f1 = lower 3 dB frequency
f> = upper 3 dB frequency
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Why is 3 dB important?
Because 3 dB drop means power becomes half.

So, f1 and f> are half-power points.

What is 3 dB Bandwidth?
Bandwidth=2—f1

This tells us how wide the useful frequency range of amplifier is.
More bandwidth = amplifier works correctly over more frequencies
Less bandwidth = limited frequency performance
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Cut-off Frequency and Bandwidth

To Indicate how constant an amplifier’s voltage gain is with frequency variation,
we may specify the range of frequencies over which the gain does not vary more than
+ or — 1 dB of the maximum gain at some reference mid-frequency.
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« The frequency response is nearly ideal over a wide range of mid-band frequencies.
« At low and high frequency ends, the gain deviates from ideal characteristics.
« The decrease in voltage gain with frequency is called roll-off.

*The two frequencies at which voltage gain starts decreasing below +1 dB are indicated by
fl & f2

 These are called the lower cut-off frequency and upper cut-off frequency respectively.

- Emitting Elite Energy PREPARED BY SHILPASHRI V N,ASSISTANT PROF,DEPT OF EEE,ATMECE,MYSURU




RATME

atme College of Engineering Coviting Clite Energy

-Bandwidth of the amplifier is defined as the difference between > & fi.

I.e., Bandwidth of the amplifier = f; — fi.

The frequency f2 lies in high frequency region, while the frequency fi lies in low
frequency region.

These 2 frequencies are also referred to as half-power freguencies, since gain (Gy)
at f1 or f> drops to 70.7% of maximum value.
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Example:
The voltage amplifier has voltage gain = 200 at cut-off frequency.

Find the maximum voltage gain.
Solution:
*Maximum voltage gain = Gain at ® = cut-0ff x \2

=200 x \2
Maximum V1tg gain = 282.84
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Gain in Decibels (dB)

Instead of writing large numbers like gain = 100, 500, 1000...
Engineers prefer decibel scale, because:
v/ Easy to compare

v’ Shows how strong the amplification is
v’ Useful in frequency response graphs

Vig gain in dB = 201log( A,)
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The Decibel Unit
Usually, the voltage gain of the amplifier is represented in decibels (dB).

It is given by:
Vtg gain in dB — 201og(A4,)

For example, assume that mid-frequency gain of certain amplifier is 100.

Then voltage gain in dB:

Vtg gain in dB = 20 log 100 — 40 dB
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100
Atf, &fy, A, = —@ = 70.7 dB
v

*Vtg gain in dB at fi = Vtg gain in dB at f> = 20 log (A, / 2)
=3dB
It shows that the Vtg gain at fi and f2 1s less than 3 dB of the maximum Vtg gain.

Due to this, frequencies fi and f: are also called 3 dB frequencies.
*The bandwidth (f> — 1) is known as 3 dB bandwidth.

*f1 is known as lower 3 dB frequency and f is known as upper 3 dB frequency.
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Significance of Octave and Decade

*The octave and decade are the measures of change in frequency:.

A ten-time change in frequency is called a decade.

*On the other hand, an octave corresponds to a doubling (x2) or halving (=2)
of the frequency.
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*For exampl_e: _ Open- Open-
An increase in frequency from 100 Hz to 200 Hz is an octave. loop loop
gain 6 dB/Octave gain 6 dB/Octave
(dB) (dB)
Likewise, a decrease in frequency from 100 kHz to 50 kHz is also
an octave.
12 dB/f
Octave
At lower and higher frequencies, the decrease in the gain of
amplifier is often indicated in terms of dB per decade or dB per Singls pole response Two pole response

octave.

If the attenuation in the gain is 20 dB per decade, then it is
indicated by line having slope of £20 dB/decade — this is
Illustrated in Fig.

A slope of —20 dB/decade is approximately equivalent to —6
dB/octave.

A slope of —40 dB/decade is approximately equivalent to —12
dB/octave, and so on.
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Midband Gain:
*In the midband, the voltage gain of the amplifier is approximately maximum.

It 1s represented as midband gain (Amid).

*The voltage gain of the amplifier outside the midband is approximately given as:

. Amid
VI+ (fi/ )2 V14 (f/f2)?

A
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In the midband, f1/f=0 and {/12=0

Midband: A — A4

Case-1: Below the midband

When f <€ fs, the equation becomes:

A rrid

B V1+ (fi/f)?
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Case-2: Above the midband

When f1/ f = 0, the equation becomes:

Amid
A= .
(l + (f.'"llfg}zj
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Example

For an amplifier, midband gain = 100
Lower cut-off frequency = 1 kHz

Find the gain of an amplifier at frequency f=20f = 20f=20HZ.

Solution:

Below midband:

- Emitting Elite Energy

Amiﬂ: 100

A — —
V3I+H (/)2 /1+(1000/20)2

_ 10 100
V14 (502 /2501
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Coupling Capacitor

AC signal
Passes
through

AV

Circuit 1 Circuit 2

DC signal
Blocked
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Coupling capacitor - whatitis and how it works

WME 1P33

33 MFD
100 VD C
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The coupling capacitor couples and isolates the two systems of
strong current and weak current through the capacitor,
providing a high-frequency signal path to prevent low-frequency
current from entering the weak current system, and ensure
safety.

https://www.tycorun.com/blogs/news/couplin
g-capacitor?srsltid=AfmBQOoprDJ9dSa5yfygALz-
wtrDodCYyIsh8Ji8AEo3rQ9PVeZXD51go
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Effect of Coupling Capacitors:

A coupling capacitor is used in amplifier circuits to pass AC signals but block DC

A capacitor’s reactance 1s:

1

X —
“ 7 oarfC

Case-1: When frequency (f) is high, XC becomes very small

» Capacitor acts like a short circuit — Signal passes easily
« Amplifier gain remains normal

- Emitting Elite Energy

PREPARED BY SHILPASHRI V N,ASSISTANT PROF,DEPT OF EEE,ATMECE,MYSURU



RATME

atme College of Engineering Coviting Clite Energy

Case-2: When frequency is low, f decreases — X becomes large

1. Capacitor starts blocking the AC signal
2. Less signal reaches the next stage
3. Amplifier gain drops

4. Output voltage becomes small

Example
*At 1 kHz, capacitor behaves like a wire — full signal passes — good amplification

*At 10 Hz, capacitor blocks most of the signal — very little output — poor amplification
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What is CE?

CE = Common Emitter

*Used In Bipolar Junction Transistor (BJT) amplifiers

*The Emitter terminal is common (shared) between input and output
(usually connected to ground through a resistor)

*Mostly used for voltage amplification

What is CS?

CS = Common Source

*Used in FET (Field Effect Transistor) amplifiers

*The Source terminal is common between input and output
*\Works similar to CE amplifier in BJTs
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A bypass capacitor (usually CE in BJT, CS in FET) is connected across the emitter
resistor to Improve gain.

4—\1(&
£ P L*VDD
R
) ®
[ A O—é
B - <
B ‘ L
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At high or mid frequencies At low frequencies
Reactance X = ﬁ becomes very small Frequency is low — X becomes large
CE acts like a short circuit Bypass capacitor no longer behaves like a short
The emitter is at AC ground AC signal now drops across Rg
No AC signal voltage drops across Rg This creates negative feedback
.. Gain becomes high X Gain reduces
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At low frequencies, the bypass capacitor does not act as a short circuit because its reactance
Increases.

Therefore, the emitter is no longer at AC ground and the input signal develops voltage across
RE, producing negative feedback. This reduces the voltage gain of the amplifier.
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Effect of Internal Transistor Capacitances

At high frequencies, the external capacitors in the amplifier (coupling and bypass capacitors)
behave like short circuits.

So, they do not affect the amplifier gain at high frequency.

« But inside every transistor, there are internal capacitances called junction capacitances.
For BJT: Cpe c ng TD

e (e — Base-Emitter capacitance /“
* (). — Base-Collector capacitance
B A © 1f ’
For JFET: \// /
Cbe = C.gs d

. Cgs — Gate-Source capacitance

e (44 — Gate-Drain capacitance a) BJT %) TFET
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1. Hybrid-mr Model of Transistor
The hybrid-m model is a small-signal high-frequency model of a BJT.

It includes internal transistor resistances and capacitances that affect gain at high
frequencies. _—rTe |

/ | y
(1 T V".)";‘*jy

—

u; .‘q:'p\.n' g : L
| \ r 1V
?5)1\1’ ", \,\\ ((E \
— ﬁf& ‘ Ac ckt ‘
‘ \o
X K 1 - ln v T
VhE ' E ) |
,L C&_J | E ? r
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1) Small Signal Resistance (rm)

Small-Signal Resistance (r,)

*This is the AC input resistance seen between base and
Vi emitter of a BJT.

It tells how much the base-emitter junction resists small AC
signals.

Larger base current — smaller 7

Smaller base current — larger 7

2) Output Resistance (ro)

This is the AC resistance seen looking into the collector.
v
ro = - Where:

*VA= Early voltage

*|C = Collector current

Higher collector current — smaller r

Lower current — larger

- Emitting Elite Energy
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3) G-
Higher IC = higher gm — higher gain
v
R=—
I
1
9m — ?
I
Gm —
Ve

Transconductance (gm)
It tells how much collector current changes for a small change in base-emitter voltage.
It represents the "'strength” of the transistor as an amplifier.
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CE short circuit current gain using hybrid-pi model

In common-emitter (CE) configuration, the short-circuit current gain tells us how
much collector current flows for a given base current when the output is shorted

(collector tied to emitter = V=0 v

Step-1: To analyze this at high frequencies, we use the hybrid-it model.:

e r_and C, between base-emitter

o C# between base—collector

e controlled current source g, v, from collector to emitter
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Step-2: When the output is shorted, the collector goes to AC ground.
Therefore:
e (), becomes a capacitor from base to ground
e (U also goes to ground

e collector resistance r, has no voltage across it — ignored

Step-3:Then we write KCL (current equations) at the base and at the collector to find:

B 'z_,: B m + 8C),
Pucls) = iy gr+8(Cr+C,)

This shows how current gain decreases with frequency due to capacitances.
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'FH
—AAN—

B b’ C

oAV —t ot 5
L Iy I
Iy + I

Va ' - Cx "o + Bly' = gmVx
i S .
E E
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Multistage Frequency Effects

When an amplifier has more than one stage (e.g., CE — CE, CE — CB, CE
— CC), the overall frequency response Is not simply the response of a
single stage.

Multiple stages introduce additional poles, zeros, and loading effects that
change gain at high and low frequencies.
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1. Loading Effect between Stages

Each stage’s Input impedance loads the previous stage’s output.

At mid-frequency, loading reduces gain slightly.

*At high-frequency, capacitive reactances reduce input/output resistances
— more loss.

Example:
Stage-1 output resistance + Stage-2 input capacitance creates another RC
low-pass effect — extra pole.
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2. Coupling and Bypass Capacitors
In multistage amplifiers:

*Coupling capacitors C. appear between stages
*Bypass capacitors C¢ at emitters

Each capacitor with its RC network generates a low-frequency pole.
If there are 3 coupling capacitors, total low-frequency response may have 3
poles — slower low-frequency roll-off.
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3. Miller Effect Increases Capacitance
In common-emitter stages, the Miller effect multiplies

CM — C,u(l T Al’)

More stages — more Miller capacitances accumulated — bandwidth
decreases.
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What isa POLE?

A pole is a frequency where the system’s gain starts to decrease.
It reduces gain at higher frequency.

*It adds —20 dB/decade slope per pole.

*It also adds —90° phase shift (eventually).

1 Poles make the system slower.

Example:

A resistor + capacitor (RC low-pass) always creates a pole.

What is a ZERO?

A zero is a frequency where the system’s gain starts to increase or stops decreasing.
*It can boost gain or flatten the drop.

It adds +20 dB/decade slope per zero.

It adds +90° phase shift (eventually).

1 Zeros add a bump or boost in response.

Example:

A capacitor that bypasses a resistor (like in an emitter bypass) creates a zero.
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4. Inter-stage Capacitances Add Poles and Zeros

Capacitances connect nodes between stages:
*Base-collector capacitances

*Wiring, PCB parasitics

*Device parasitics

They create poles and sometimes zeros — affects phase shift and stability.

Example:

B 1
- 27RC
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5. Dominant and Non-dominant Poles Each stage has its own pole:
Each stage has its own pole: P1,P2,P3;--
p19p29p39 Gain
(dB)

When cascaded:

*The lowest frequency pole dominates (sets bandwidth),
*Higher poles create additional drop in gain at HF.

~N
Overall gain roll-off: p1 p»  ps 'requency
When cascaded: l
*Single stage — —20 dB/decade
*Two stages — —40 dB/decade The lowest frequency pole
Three stages — —60 dB/decade dominates (sets bandwidth) I
Higher poles create additional drop in gain at HF

So high-frequency drop becomes steeper
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6. Low-Frequency Gain Drops Earlier

Because each stage adds coupling capacitors, low-frequency cutoff shifts upward:

fr = max of all pole frequencies

So, if single stage had f; = 20 Hz,
two-stage may rise to 60—-100 Hz.
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7. High-Frequency Bandwidth Shrinks
Because more poles accumulate, high-frequency cutoff shifts downward:

f ~ lowest of high-frequency poles

Typical effect:
e Single stage: fy = 2 MHz
e Two stages: fy = 500 kHz
e Three stages: fy = 200 kHz

Thus gain-bandwidth product per stage limits final bandwidth.
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Audio jack
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Cascade connection

Step 1: Concept

When a single amplifier stage doesn’t give enough amplification (gain), we
connect two or more amplifier stages in series.

This connection is called a cascade connection or multistage amplifier.
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Step 2: How It Works

*The output of one amplifier becomes the input of the next.
Example:

Stage 1 — Stage 2 — Stage 3

(Output of Stage 1 = Input of Stage 2, and so on.)
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Step 3: Voltage Gain Relation
Let each amplifier have a voltage gain:
*AV1 for stage 1

*AV?2 for stage 2
*AV3 for stage 3

Then the total voltage gainis: A, = Ay X Ays X Ay

This means total gain =
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Step 4: Current Gain
Current gain (A1) Is given by the ratio of output current to Input

current:

A' L -Iu
;= —
I

Using relationships between voltage, current, and resistance:

Where:
A — A Zi *Av = voltage gain
i = v X . .
Ry *Zi= input impedance

*RL= load resistance
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Step 5: Important Notes

*Each stage slightly loads the next stage, reducing gain a little (called
loaded gain).

*The total amplification is huge because small gains multiply together.
‘Used In audio amplifiers, signal processing, and communication
circuits.
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In Simple Words:

1.Single amplifier = small output.

2.Connect many In series — output increases greatly.
3.Multiply individual stage gains — get total gain.

4.Phase reversal occurs (negative sign).

5.Useful for making weak signals strong enough for further use.
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Multistage Amplifier with n stages

i , \}I, = \j,’g_ Avﬁ. \)09- Non AV; Non FL;
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Example:

A given amplifier arrangement has the following voltage gains:
AVl — 1[},. AVZ — 20} AU:; — 40

Find:
. The overall voltage gain, and
. The total voltage gain in dB
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Solution:

Step 1:

Overall voltage gain,
Ayr = Ayy X Ayy X Ays

AVT = 10 x 20 x 40 = 8000
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Step 2:

Convert each gain into decibels (dB) using

- Emitting Elite Energy

Av(dﬂ) = 20 lﬂgm(ﬂy)
Ayy(dB) = 20log,, 10 = 20
Ays(dB) = 201log,, 20 = 26

A},’:;(dB) = 20 lﬂlgl“ 40 = 32
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Step 3:

Total voltage gain in dB is the sum of all:
AVT(dB) = Apl(dB) F Ay (dB) } AV:;(dB)

AVT(dB) =20+26+32=78dB

*Overall Voltage Gain = 8000
«Total Voltage Gain in dB = 78 dB
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Methods of Cascading Amplifier Stages

In AC coupled amplifiers, stages are coupled together in such a way that DC
levels are isolated — only the AC components of a signal are transferred from

stage 1o stage.

In all, there are three methods for coupling of amplifiers:
1.RC Coupling

2. Transformer Coupling

3.Direct Coupling
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1.Direct Coupling

In direct coupling, the quiescent DC collector current of the first stage passes to the
second stage through its base.

Thus, i1t is not a true AC coupling method.

|t affects the biasing conditions of the next stage.

*Here, we will discuss the true AC coupled amplifiers and their frequency response.
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Example: DC or Low-Frequency Amplifier

*The output of one transistor connects directly to the input of the next (no capacitor

or transformer).
Suitable for amplifying slowly varying signals like temperature or sensor voltages.

1 Used in op-amps and instrumentation amplifiers.
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2. RC Coupling
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2. RC Coupling

Step-1: Coupling action:

*The AC output of the first stage is passed to the input (base) of the next stage through
a coupling capacitor (C_c).

*That coupling capacitor acts as the load seen by the output terminal of the first stage
for AC signals.

Step-2: DC isolation:

*The coupling capacitor blocks DC, so the quiescent (DC) voltage/current of the first
stage does not reach or disturb the bias of the second stage.

*Therefore the DC operating point (bias) of the next stage Is unaffected by the previous
stage.
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Step-3: Frequency response (broadband):

*The RC coupling network is broadband in nature — it gives a wide frequency response
without sharp peaks.

«Because of this it is suitable for audio frequency (AF) amplifiers covering the whole audio
band.

Step-4: Frequency limits (roll-offs):

Low-frequency cut-off: response falls at very low frequencies due to the coupling capacitor
(too small C_c blocks low frequencies).

*High-frequency cut-off: response also falls at high frequencies because of shunt/internal
capacitances (stray capacitances, transistor capacitances).

Applications:
1. Widely used in small-signal audio amplifiers.
2. Examples: tape-recorders, radio receivers, television receivers, etc.
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RC Coupling

AN A

‘A\J (vaid9

) Fot AY(M&A) — ‘
L S

IMu3

Frequency Response
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1. Coupling Through Transformer

*The output of one amplifier stage goes to the next through a transformer.
*Purpose: Impedance matching, especially in audio power amplifiers.

2. DC Isolation
*Transformer blocks DC.
*The next stage’s quiescent point remains unaffected.

3. Frequency Response Issue

L_eakage inductance and inter-winding capacitance cause poor bandwidth.
«Amplifier cannot amplify all frequencies equally well.
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4. Resonance at RF Frequencies
*Inter-winding capacitance can cause natural resonance at certain frequencies — very high gain.
By adding shunt capacitors, resonance can be tuned to desired RF frequencies.

5. Tuned Voltage Amplifier
*\When tuned for a specific RF frequency, the circuit becomes a Tuned Voltage Amplifier.
*Used in Radio and TV receivers to amplify selective RF frequencies.

*Transformer winding has very low DC resistance.
*Almost full VVcc appears at the collector — higher efficiency.
*No collector resistor — less power loss.
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Multistage Amplifiers: Cascade Connection

When the amplification from a single stage amplifier is not sufficient for a particular purpose or when the input or
output impedance is not of suitable magnitude for the intended application, two or more stages are connected in
series.

The output of one stage is connected as input to the other stage.

| + I I
!'.-: ‘d] I‘-_.: F.-:I-l [_ali: ,-'-T II.-'EI T:Jl ;:!3 ‘4 : '-5 'I_'_."'iI § .|II 'iti';
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Multistage Amplifiers: Cascade Connection

For the cascaded system, the input impedance is that of first stage and output impedance is that of last
stage.

Z,=72, and Zo="2Zpq;

The output of one stage is connected as input to the other stage.
Vi; = Vo and  Vj3=Vg,

A total overall voltage gain of the cascading amplifier is:
VO

AVT:V
I

b + | |
v, Ay, Vor=Vis Ay, Vay = Vis Ay, v, gﬂi
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Multistage Amplifiers: Cascade Connection

A total overall voltage gain of the cascading A = Vo *Voz . Vo1
amplifier is: Vs Ve

Ayr = 71 Ayr = Ay x AV, x AV,

V, Vi Vy, Ay =AV, « AV, x AV,

VT YLV, v
i3 i2 I For n-cascaded amplifier stages,
V., =V and V,=V
i2— Vo1 i3~ Vo2 Ay, = AV, x AV, x AV, ————— —AVn
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i} o

| + | |

ie A 2 Irfﬂ] [_fl:: A Vs T.’e'l I i A " 1',;' § Ry

o - . - i -
¥ L 4 4
g : Z.=Z
?;] Z; Eﬂ'l 31: 2'52 E"E g i

A total overall current of the cascading
amplifier is:

Zil
AIT = —AVT x R_L

the minus sign indicates phase reversal (180° phase shift) between:
the input current, and

the output current delivered to the load.
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Where the phase inversion comes from ?7?

Most voltage amplifiers (common-emitter BJT, common-source MOSFET)
Introduce one phase inversion:
Vo=—AVwVI

If the cascaded system contains one inverting stage, the overall transfer
becomes negative.

Even If you cascade many stages, the total number of inversions determines
the sign:

*Odd number of inverting stages — negative sign

*Even number of inverting stages — positive sign
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In this connection the output of Common
Emitter (CE) stage drives the input of Common

Base (CB) stage.

Low input capacitance

High input impedance (provided by CE)
High output impedance (provided by CB) Vi o
Excellent high frequency response

B whE

The voltage gain of CE stage is very low.

Rg is used to limit the bias current of Q,.
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Given:

Stage 1: Z, = 1kQ, Z, = 3.3kQ, A\, = -420
Stage 2: Z, = 1kQ, Z, = 3.3kQ, A\, = -420
Rs = 0.6kQ, R =2.7kQ

1. For the cascaded arrangement shown
below, determine

a. The loaded voltage gain of each stage

b. The total gain of the system, A, and A ¢
c. The current gain of each stage

d. The total current gain

W I|!EF o T
- . - 0
+ . I CE amplifier CE amplifies |( i
0.6 k2
v ' v Zi=1kQ Zy=1kQ Ry ,
) : Z,=33kQ Z,=3.3 kQ 270 ¥,
. —’ , -
Z, Z, Z, Z,
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R, | KF |
| + m |( .|f CE;inlinI:zr
Vi 7, =33kQ
. Ay =— 420
Zi
a. The loaded gain of each stage

A =
171k + 3.3k

For the emitter follower stage the load is Z;,.

Z;
Zi; +Zpq

Vo1 _
Via

Ay, = Ayng

* —420 = —97.67

L UF
CE amplifier |( ] c
Z,=1kQ %RL
Ly=3.3 KL 2.7kQ Ve
| Apy, =420 | _
2 Zs
Vo2 R,
Ay, = = Aynp
Vio Rp+Zy;
A 2.7k 420 189
= * — — —
V27 2.7k + 3.3k

b. Total voltage gain
Ay = AV, x AV,

Ayy = —97.67 + —189 = 18.45 + 103
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R, | WF
+ _ + CE amplifier
0.6 kL2
| I, Ezz I kﬂ
i ! Z,=33kQ
. Ay, =420
Zin

Ave =
VS ™ Z.1 + Ry

A —
ST 1Kk + 0.6k

Ayr

+18.45 « 103 = 11.53 « 103

| LF 1,
CE amplifier |( | c
Z;=1kQ R;
4y =33 kQ 27kQ Vo
. .F'l_|f,ﬂ. =—420 L
t O
£ Z,

c. Current gain of each stage

A, =—AV ,Ln
I1 1 Z

i2

A (-=97.67) 1k _ 97.67
= —(— ] * — — )
11 1k

Z.
A, =—AV,+—2% = —(-189)

—— =170
R, 2.7k

A;; = Ai, *Ai, =97.67 x70 = 6.84 = 10>
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Analysis for CE-CE mode

C

Rs

-

| &——

Fig shows two stage RC coupled CE—CE cascaded.
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Amplifier with their biasing arrangement. The coupling capacitors provide DC isolation b/w 2 stages of amp as a short ckt
equivalent for AC response.

1. Ve 4.7,
Voltage divider gives the base voltage. Input impedance comes from parallel combination of resistors and transistor input.
2. Ve 5. & 6. Voltage Gain of Each Stage

Used to find base-emitter erp. CE amplifier gain = —(collector resistance / internal emitter resistance).

Second stage similar.

3.1 :
E 7. Total Gain Ay

Emitter current = emitter voltage / emitter resistor. . multiply gains of both stages.
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8. Output Voltage

Output = total gain x input.

9. Output Impedance

CE output impedance equals F¢.

10. Loaded Gain Ay

Load reduces the total gain because it forms a divider with amplifier output impedance.
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— _ &R
1. Vp = Rl Vee

2. Vg = Vg — Vg

Ve
3. Ip = E‘:
To determine A,, Z,, Z;: Cascade (CE-CE) Amplifier
s A RalZ 8. V, = Avr x Vi
. vl — . T, 9. Z{_;Q — R{T
6. AT_-‘E — f 10. Ay = Ay x ﬁ
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1. For the cascaded arrangement shown below, determine
a. The loaded voltage gain of each stage

b. The total gain of the system, A, and A

c. The total current gain of the system

Ay,

1 2 I,
Given: Emitter follower _?__ Commaon base T
Stage 1: Z; = 1039, Zo= 12%, A =1 ) gg:}lgéﬂ For= Vi ;;:EEEQ v A
Stage 2: Z; = 26Q), Z, = 5.1kQ, A, = 240 g~ [T “ _
Rs = 1kQ, R, = 8.2kQ ! T o
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Ay, AFZ I, i)\i
Emitter follower ?Ii Common base ':[J x —
Z;=10 kL _ Z; =26 R,
7Z,=120 Vor=Vip | z,-51k0 3.2 kQ Vo=V,
AF"-'I-: | _._ ﬂr"qﬂ,: 240
o |r' *_i 5
.'3'5,1 Eﬁz Eﬁ; =4,
a. The loaded gain of each stage Ao — Vo2 _ R,
V2 ViZ RL + ZOZ VNL
For the emitter follower stage the load is Z;,.
8.2k
Ay, = 240 = 147.97
y Vo1 Zyp py V2T 8 2k +5.1k |
YUV Zip+Zo M .
b. Total voltage gain
Ay = AV, * AV,
Ay = 1=0.684
1726+12

Ay =0.684 «147.97 = 101.20
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Ao = Ziy y c. Total current gain
vs = 7 R. Avt Z,
nrus A = —AVT =

L

Aye = 101.20 = 92
VS T 10k + 1k

10k
A, = —(101.20)

=—-123.41
8.2k
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A Darlington pair is a combination of two transistors connected
together so that the current amplified by the first transistor is further
amplified by the second.

Why It Is used:
1.Very high current gain () — Multiplication of both transistor gains.

2.Used to drive high-current loads from a small input signal.
3.High input impedance, so it does not load the previous stage.
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Simple Example:

If T1 has gain 50 and T2 has gain 100,

Total gain = 50 x 100 = 5000 — useful for sensors, switching
relays, motors, LEDs, etc.
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DIY Amplifier Darlington 2N3055
Transistor Extremely powerful Using
Output Capacitors

https://www.youtube.com/watch?v=a0cZWrm4-y0
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Darlington Amplifier

C C
B, = Current gain of Q, s 5
B, = Current gain of Q, | |
The current gain of Darlington Transistor: Bo 0
— =1 = B 0
Po = PP h
Ifg,=p,=P <Q?
o = B
A Darlington connection acts as single 5 £

transistor with a large current gain.
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Step-1:Applying KVL to the base circuit we get;

Vee — IsBRg — Ve — IERE =0

Ve = Vger + Vies

Step-2: Ig = (1+Bp) Iz = Pols

IgRg = Ve — Ve - IERE Q}

[ Vee — Ve -
R+ (1+Bp)Rg

Step-3: Ve =1 * R

Vg =Vge + Vg
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Darlington equations tell you how the circuit acts as a high-
current, low-output-impedance voltage follower with huge
current gain and very high input impedance.
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1. Touch Sensor Lamps / Touch Switches

When you touch a metal plate, the current from your finger
Is extremely small (microamps).

A Darlington pair amplifies this tiny current enough to: THOT e
v’ turn ON/OFF a lamp

v/ trigger a relay

Why Darlington?
Because It has very high current gain and works with
weak signals.
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How to make Touch Switch

s
ve ©
=

Yo 200C Wi

;
:

ZRRE

N
~
~J
e
<
S
a
4
o

5v DC

Bulb Switch Fan Switch
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2. Microcontroller — Motor Drive (Without Driver
1C)

Arduino/ESP pins give only 20-40 mA, which is too
small for:

*DC motors

*Fan motors

Vibrator motors

A Darlington pair allows the microcontroller to drive
motors safely.

Why Darlington?
It converts small input current — big output
current.
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3. Relay Drivers

Relays need 50-200 mA, but
sensors/microcontrollers cannot provide this.
Using a Darlington, you can directly energize a
relay coil.

Where used In reality?

*Home automation relay boards

*Power switching modules

*Security systems
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4. Audio Amplifier Input Stages

The first stage of many audio amplifiers uses speaker ' (n?:pr:_
a Darlington pair. 1 T
Why’) amplifier 4 mixer

v High input impedance — does not load the

audio source R
v/ Good current boost for next amplifier stage o
Used In: Al e
«Speaker amplifiers =
*Headphone amps : ]
*Radio receivers o ‘o
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5. Light Dimmer, Fan Regulator (Old
Designs)

Darlington pairs were used to control
the phase/power of AC loads before
MOSFETs became popular.

Used In:

Old fan speed controllers

Old light dimmers Varying this potentiometer,

corresponingly varies
the lamp intensity...
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6. Liquid Level / Soil Moisture Sensors
Sensor current Is very weak.

Ll
..........
....

Darlington pair boosts It to drive: o
*buzzer o
LED .
LED Iindicator

controller input it Visecing
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/. Automotive Electronics
Car sensors generate small currents.

Darlington pairs amplify signals for:
fuel Injectors

eignition control

cooling fan control

*Wiper motor control

Must handle large currents — Darlington pair is ideal.
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8. Temperature-Controlled Fans
Temperature sensors like NTC produce low current.
Darlington amplifies it to drive:

«12V fans
*blower motors How Inverters Work

Used In: Variable Frequency Drive
*CPU coolers Wl
*Power supply cooling
*Inverters et et st o sy

Motor speed can npow vary
TheEngineeringMindset.com makea g“.COﬂ'\

- Emitting Elite Energy PREPARED BY SHILPASHRI V N,ASSISTANT PROF,DEPT OF EEE,ATMECE,MYSURU




RJATME

atme College of Engineering

ne122

220NN

1032100 '

- Emitting Elite Energy
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TIP122 Darlington power transistor to convert 12V DC to
approximately 220V AC for powering a 9\VW AC bulb.

The setup includes a 12V battery as the power source, a 33kQ
resistor for base biasing, and a 103J100 capacitor (0.01uF,
100V) for oscillation and filtering. The transistor drives a
center-tapped transformer, with one end connected to the
collector and the center tap connected to the positive terminal
of the battery. The switching action of the TIP122, controlled
by the RC network, induces an alternating voltage In the
secondary winding of the transformer, thus generating a
stepped-up AC voltage suitable for low-power AC loads.
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9. Voltage Regulators (LM317 + Darlington)
To increase current output of LM317 from 1.5A — up to 10A, a

Darlington transistor Is added.

Used In:
*Battery chargers
*Adjustable power supplies
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Ve The Darlington transistor is replaced by
| 1. Input resistance r; between base and emitter.
I 2. Controlled current source between collector and
| . emitter terminals.
Ry
. =t B C

0 AC equivalent circuit

- Emitting Elite Energy

|
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1. AC Voltage Gain (A,)

A,= Vo IVi

Voltage gain = 1 because emitter followers nearly copy input voltage to
the output.
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1. AC Voltage Gain (AV) Substitute:
We start from the small-signal model. Vo = (1+ Bp)I,RE
o B S
Step 1 - Output voltage Step 3 — Input Voltage ~ ° — |
Output voltage appears across RE: Apply KVL at input loop: fﬁ\ Fi @ﬁm Iy
v, Ry . -
Vo =I.Rg Vi=ILyr; + I.Rg % Pl o
! %Rb |
Step 2 — Express le In terms of Ib substitute I, = (1 + Bp)l, = +
For a Darlington pair: 7 L B
I, = (1+ Bp)1

- Emitting Elite Energy
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Substitute I, = (1 + Bp)I, Step 4 — Voltage Gain

A, — E Vo = (1 + ,BD)I{,RE
Vi =ILyr; + (1+ Bp),RE 72
Vi=1,[r; + (1+ Bp)Rg]
Fact t [
actor out 1, Ay — (1+ Bp)RE
Vi =1I[r; + (1 + Bp)Rg] ri+ (1+ Bp)RE

Step 5 — Approximation

Since (1+ Bp)Re >r; mm)p Ay ~ 1
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BRIEF EXAMPLES

1. Voltage Gain Example
If (1+ Bp)REp = 10kS2 and r; = 502

10k
50 4 10k

Ay

~ 0.995 = 1 Interpretation: Output voltage ~ input voltage
— Voltage buffer.
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2. AC Input Impedance (Z,) i .
’ ;\%r; @ﬁhfh
Zl - r) v %Rﬁ, T ;
Step 1 — Using V, Expression 2 | Re
From above: Ol = -
| T
I. = (1+ Bp)I A
Ia’} — Ib:‘ﬁi + -I:[.RE /V
Z p— —I - Z =T + + R
Vi = Iyri + (1+ Bp)Rg| "I ’ o
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Since Bp is very large:

Base impedance is amplified by f D and
Zy ~ BpRE RB appears in parallel — Very high input
Impedance.

Step 3 — Source input sees RB in parallel

The source sees:

Z;r = Rp || Z
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Input Impedance Example

Let Bp = 1000, R = 1 k()

Zy ~ 1000 x 1k =1 M)

Department of EEE
Crnitting Clite Cnergy

PIR
sensor ——
»

. Detecting area
\ Fresnel
lens

homemade-circuits.com

Interpretation: Very small input current needed — good for sensors.

- Emitting Elite Energy

IR TRANSMITTER

\
D

IR RECEIVER
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3. AC Current Gain (Al)

Step 1 — Define Current Gain

1o

A= —

=7,
Since {p = 1,

Ie

A= —

=7

- Emitting Elite Energy
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I. = (Y+ Bp)Iy = Bpl,

o

g
1

S
|
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Step 3 — Find 1,/I, Using KCL
At input node:

Vi
Ir=—+1
I Rﬂ+b

But: Vi = 12,
Substitute: Factor:

L Z
lrf:M+ire;=lr.h(1-|-—j'rJr
Rp

- Emitting Elite Energy
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Final Current Gain

Ar = Bp

Rp

Zy + Rp

Current gain = _D but slightly reduced due to Ry loading.

- Emitting Elite Energy
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Current Gain Example

If B =100 for each transistor — Darlington § D = 100x100 = 10,000.

With small base current 10pA

I. ~ Bpl, = 10,000 x 10uA = 0.1A4

Interpretation: Small input drives big load https://www.youtube.com/watch?v=a0cZWrm4-y0

https://www.instructables.com/Darlington-Pair/
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4. AC Output Impedance (Z)

Z{j:?

Step 1 — Apply KCL at emitter

At node E (emitter), the currents entering are Ib
through ri and the dependent current source gDIb.
The currents leaving are the emitter current through
RE, call it i, and the output current lo.

Iy + Bply = I; + I,

Iy + Bply — I

- Emitting Elite Energy
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Step 2 — Substitute currents using Ohm’s Law

From the circuit:

*The voltage across ri is positive at emitter and negative
at base, so the current direction through ri gives:

V i B C
If) — _ -. . o - e}

T; '
fﬁ\ Fi { : }ﬁn 1

Negative sign %fﬁf T
means current is Eo— o
flowing opposite

assumed
direction)
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The current through emitter resistor RE is:

v

I = —
I Rx

Step 3 — Substitute into KCL equation

Iy +pBplhy —I; — I, =0

E},BD( E) 1 I,=10

Tr; T;

V |4
—(1 — —1,=0
Té( - Bp) R

Department of EEE
Crnitting Clite Cnergy

A B C
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Step 2 — Output Impedance

Factor V: V
1 1
T RE ]_
20= T B 1
r; T RE
Rewrite:
1
Zo
1 1 1
P T P
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Output impedance is very small (<< 10 Q)
Recognize these as parallel terms: because r_l is divided by B_D.
B X E
T VW
Z{‘J:T‘iHREH( t) L
Bp ‘
Vi=0 R
Since 7/ Bp is very small:
T
Z{) ~ v
Bp : :

- Emitting Elite Energy PREPARED BY SHILPASHRI V N,ASSISTANT PROF,DEPT OF EEE,ATMECE,MYSURU




RATME

atme College of Engineering Coviting Clite Energy

Output Impedance Example

If ri=50Q2 and B D = 1000:

50
Zn ~ —— = (.05}
1. 1000 0.05

Interpretation: Extremely stiff output —
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Why Darlington is useful everywhere)

¢/ High input impedance — Works with tiny sensor signals
¢ High current gain — Can drive motors, relays, fans

v/ Low output impedance — Good for power stages

v Voltage gain = 1 — Perfect as a buffer stage
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1. AC Voltage Gain (A.) 3. Total Input Impedance (Z 1)
Vo (1+;5'D)RE ZI = Rﬂ || Z,g_,
Ay = = ~ 1

“ Vi r+((+B8p)Re

Meaning: Darlington is a voltage follower

Meaning: Source sees base impedance in parallel with RB.

— voltage gain ~ 1. 4. AC Current Gain (A))
2. Base Input Impedance (Z_b) 4 Rp
1= Bp
Zy+ Rp

Zy=r;+ (14 Bp)Rg = BpRE Ar ~ Bp

Meaning: Input impedance becomes very high
Meaning: Current is amplified by g x p of two BJTs.
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5. AC Output Impedance (Z,)

T
Zo =ri | Rg | B

T
Bp

Meaning: Output impedance becomes very low.

Zo
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Numerical: Darlington Emitter Follower

Y

For the Darlington emitter—follower shown
below: | .
(@) Calculate the dc bias voltages Vg, Vg, V. and

currents Ig and .. L o
(b) Calculate the input and output impedances. e QJ ﬂ’\/f
(c) Determine the voltage and current gains. i I(T}
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e Supply: Ve =18V sV
e Base resistor: R = 3.3 M2 :
e Emitter resistor: R = 390 (2 S C
e Composite current gain of Darlington: Bp = 8000 e
* Two base—emitter junctions in series — total base-emitter drop . 3| 3?4@ $ ,,iz_ ﬁgﬂﬁ
Vee ~ 08+ 08=16V L " |
Starting at V¢ and going through Rg, the base-emitter e
junctions, and R to ground: ) %m -

Vee = IpRp + Vpg + IgRE
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For a Darlington, the emitter current is approximately

Ip =~ Bplp
Vee = IpRp + Ve + (BpIp)RE

Group the terms with Ig:

Voo — Vi
Voo — Vg = Ip(Rp + BpRE) ‘ Ip = R;F} 35??2
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Step-1: Step-2:
Vee — VBE
Ip= == Ip = Ipy = Icy = Bplp
Rp + BpRE
18V - 1.6V Ip= Bplp

Inr =
57 3.3 MQ + (8000)(390 Q)

Iz = 8000 x 2.55 uA

16.4 ;
6 ~255x10°° A = 20.4 mA

- 6.42 x 106

Since IC=IE for a large-f3 transistor, we also have

Ip ~ 2.55 pA
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Step-3:
Finding the emitter voltage VE

Emitter resistor drop:

Ve = IgRE
= (20.4 mA)(390 Q)

VE =0.0204 x 390 ~ 7.96 V

Ve~T7.96V

Step-4:
Finding the base voltage Vg

The base Is above the emitter by the total
Darlington base—emitter voltage:

Ve = Ve + Vg
— 16V +796V =956V

Ve ~ 9.56 V
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Step-5:

Finding the collector voltage VC
In this circuit, the collectors of the transistors are tied directly to VCC.

Therefore the collector DC voltage is simply:

Ve=Voc =18V
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Step-6:
Impedance seen looking into the base Is

vy
Zb:i = 7; (l : ﬁﬂ)RE

7y, = 5kQ + (8001)(390 )
8001 x 390 ~ 3.12 x 10°Q = 3.12MQ

Add the 5 kQ: Zy ~ 3.13 M}
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Step-7: Total input impedance — Zi Why parallel?

At the base node, for AC:
Zi = Rg || Z, = 3.3MQ || 3.13 M *RB is from base to ground.

— 1.6 MQ *The transistor input is Zb from
base to ground.

Parallel formula:

_ RpZ, (3.3)(3.13) 10.329
Ay =
f A M) =~
Rp + 2 '~ 3.343.13 6.43
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Step-8

T

Zo=ri|| Re | 5-

5 k(2

Z,=5kQ|390Q | - =
5k | I 000

0.625 (2
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Step-9
Ay = v, /v;
4, Y (A+Bp)iRe _  Rp(1+ fp)
I (25 ib[ri - (1 4 ;BD)RE} i RE(I | ,5[})
A, — _(390€2)(8001) 3120 390
5kQ + (390 Q2)(8001) Ay = 3195300 = 0.998

AF ~ (.998
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Step-10
AI — Iﬂ/{jri

A, ~ }ESI.DRB
I Pt
Rp + BpRE

(8000) (3.3 M)

— —~ 3

I
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Step-11
V, = A,V; = (0.998)(120 mV)

= 119.76 mV
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