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Common-Emitter Amplifier
A. Before We Start

As the title of this lab says, this lab is about designing a Common-Emitter Amplifier, and this in
this stage of the lab course is premature, in my opinion, of course. How can one design a BJT
amplifier only after one simple characteristic experiment? Maybe students are all brilliant or this
subject is already covered in a class, extensively. Even with that assumption, experiment with a
BJT amplifier should come before asking for designing such circuit. Even before that, a much
simpler circuit investigation would be more beneficial to understand the Common-Emitter
Amplifier.

B. Common-Emitter Amplifier Experiment

B.1 Theory

Let’s start our discussion on Common
Emitter Amplifier (CE Amp), rather from
the first BJT Lab, in which we discussed
about Base voltage and Collector voltage
in the operating region. To revive your
memory, here | bring the CE circuit
configuration. This DC voltage
application into BJT is usually called “DC
Biasing”

In CE circuit, however, more popular biasing method is to supply single DC voltage (instead of
two: Vgg and V¢c), also with a resistor at the Emitter. From this circuit, let’s calculate the
voltage corresponding to Vg and the resistance

corresponding to Rg.  From the upper circuit. + Vc_c_
Between B and GND, the voltage is Vgg and
equivalent resistance is Rg.
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Similarly, on the single voltage biased circuit, we also try to find the equivalent voltage and
resistance seen at the terminals B and
GND.

Here we apply Thevenin theorem. The thevenin voltage can be acquired by finding the terminal
voltage (at B and GND) after opening the terminal. Opening the terminals means we cut the
wire between the Base and the junction of R1 and R2.

+ Nce

When you open the circuit (See below), the terminal voltage is nothing but the voltage across R2,
and R1 and R2 are in series with voltage Vcc across the series resistors. So we can apply

R?_
R, +R,

“voltage divider” to find the terminal voltage: V,, =V -
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K“l‘ £,+K~.

How about Thevenin resistor? Since we have only independent voltage source VCC, we apply
the “Input resistance method” which gets the equivalent circuit at the terminals after deactivating
the voltage source. Deactivation of a voltage source means shorting the voltage source, we have
the two parallel resistors R1 and R2 at the terminals of B and GND. Therefore, Thevenin

R1 ) Rz

R, +R,

Finally we have the following circuit which exactly corresponds to the initial biasing circuit we
studied in the BJT 1 Lab.

resistance is R, =

OK. Now it’s time to consider a CE Amp circuit. By the way, when we say amplifier, we
usually mean by amplifying AC signal. This means that the biased voltages are DC values and
they are not to be disturbed. At the same time, AC wants to be riding over the DC and gets some
boost. Also, the DC bias voltage should not interrupt the input AC signals and the amplified
output AC signal. In other words, we can picture this way. A castle surrounded by circling high
wall, with entrance and exit gates, is governed by a DC system. Whatever entered through the
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entrance gate is exiting the exit gate with amplification. What a great castle it must be!
However, the DC system inside the castle cannot be leaked through the gates. It’s a tightly
controlled system. Therefore the gates’ other function is to block any leakage from the castle to
outside world. The castle here is the base voltage divider biased circuit. And the gates are
realized by coupling capacitors. The size of the capacitor corresponds to the size of the gate.
Smaller gates pass only smaller object, while larger gate passes through larger object.

Actually there is one more device inside the castle to nullify any effect of those foreign objects
entering the castle, while keeping the DC system stable and intact. This in circuit formation is a
bypass capacitor at the Emitter.

The circuit below is one of the popular AC Amp circuits. C; and C, are coupling capacitors, and
Ce is the bypass capacitor. As you can see, all other elements are exactly the same as the circuit
we first discussed. The size, and its impact on frequency response of the whole circuit, of C,,
C,, and Cg will be discussed shortly.

DC Analysis
DC analysis of the circuit is very important in that (i) it makes sure DC biasing is all right and
(ii) it finds Ig which (indirectly) is used for voltage gain of the circuit.

 Vee

In DC analysis, we assume that there are only DC sources. In the circuit above, when we assume
that Vi, is a DC source, that DC source cannot cross coupling capacitor C;. Why? Capacitor
stores DC energy. In other words capacitor works as a open circuit for DC source. That means
the DC-only circuit would look like this:
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R2
R, +R,
Then the voltage at the Emitter is 0.7 V lower than VB (typical silicon diode voltage drop), then

By the voltage divider rule, the Base voltage is V; =V -

i . . Vv . .
the Emitter current Ig is determined by I = R_E . If we assume that Base current is negligible,
E

Vv
then 1. =1, =—F%

E
This Ic is very important element in determining the AC voltage gain. Remember this. In AC
voltage gain (amplification), the value of IC is an important factor to be included. This we will
discuss in the AC Analysis of the circuit.

AC Analysis

In AC analysis, we assume there is no DC sources. All DC sources are deactivated. That means
the DC source Vcc will be grounded. Moreover, the capacitors are shorted. Why? The
impedance of capacitor is reverse proportional to the capacitance and the frequency of AC
signal. If we assume that the AC signal we provide is high frequency signal, then, we can safely
say the impedance of capacitor is almost zero. And zero impedance means short circuit. The
AC analysis circuit then looks like this:

Since all three CE Amp resistors (R1, R2, and RC) are all connected to the GND, we can redraw
the circuit as follows:
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As we know the voltage gain is the ratio output voltage Vo, and the input voltage Vi,. How do
we get the ratio? If we blindly apply that the Emitter current is close to Collector current, at the
same time Base current is zero, then, we would end up at the following “equivalent” circuit:

V} A

As you see the above approach has problem: the input voltage is tied to the ground. If you
disconnect input circuit from Base (since Base current is zero), then there is no way to connect
input and output.

Rescue: Have you heard about Ebers-Moll model of BJT? In the model, the small-signal

. L . . . V

impedance looking into the Emitter is found by the equation: r, = I [TA] , Where V1=25.3[mV]
Im

at room temperature. (Here we learn that BJT performance is dependent upon temperature.)

Now we can apply this Emitter resistance re (with simpler form of 25/1c[mA]) into the circuit.

Then our final good equivalent circuit looks like:
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-

N = e
Vin fe Tc e
Whew! After a long road to the final circuit, we have the following conclusion:

(1) The popular CE Amp circuit’s voltage gain is dependent upon
(@) Re
(b) Load resistor , and
(c) the Emitter resistance.

(2) Since Emitter resistance is dependent on temperature, the voltage gain of the circuit can be
unstable.

(3) Since the load resistor is also in the equation, load affects the voltage gain of the circuit.
Remember this when you design your Common Emitter Amplifier.

Here | intentionally summarize the way we design for a common emitter amplifier because the
above amplifier is not the best one | suggest. Design steps and consideration are discussed in the
next Common Emitter Amplifier, so-called, swamped Common Emitter Amplifier. Here the
idea is to add some bypassed emitter resistance for stable biasing with no change in gain at signal
frequencies.
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Swamped Common Emitter Amplifier

The only change here in the most popular Common Emitter Amplifier is that we increase the AC
resistance of the Emitter circuit to reduce variations in voltage gain. The Common Emitter
Amplifier circuit is shown below:

cc

R
C g
Vin G n C C
| 1
o—| = R

LoAD

ﬁg’l =

Re, "j'_cfs

—

-
-

As you see above, part of the Emitter resistance is bypassed by the capacitor Ce.

DC ANALYSIS:
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AC ANALYSIS:

W

Veur™ ~ T '[Rc IR op)
Via = IE[REI +r31

Ve Rcl/Rum
‘> sz 173:: rQ.""RE‘-t

(Tc=Te)

FREQUENCY ANALYSIS:

Well, we’ve run far and, thankfully, this is the last subject of the discussion. Before we said, in
AC analysis, we short out capacitors when the AC signal frequency is high. This means that
when AC signal frequency is low, the capacitor cannot be removed from the consideration. Then
how “high” is high enough? This will answer the bandwidth of our Common Emitter Amplifier.
Let’s get the AC analysis circuit with capacitors are not shorted out.

from Vi, to the Base of the BJT (which is the input coupling circuit) forms a simple typical
passive high pass filter circuit. It’s cutoff frequency is determined by the capacitor and resistor.
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From here we can guess (and use it in the design) what the lowest frequency it can pass without
any reduction in the promised gain.

On the other hand, the circuit part at the bottom for bypassing, B, we can see this part is a simple
typical passive low pass filter, with its cutoff frequency controlled by, again, capacitor and
resistor.

Vot
"HIE gﬁl V’,w’f" —= e le L

s+

"L

What about the output side capacitor? That part is again another high pass filter circuit. If you
change the load, that means you change the frequency response of the circuit.
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B.2 Simulation

Since we spent enough time in Theory on Common Emitter Amplifier, we are now eager to
design a circuit. But wait for a second. Let's do some simulation first. The circuit presented
here may somewhat disappoint you mainly because this circuit does not satisfy the assignment,
homework, or project of your class. Since | cannot satisfy everybody, and I do not intend to do
so by the way, take the circuit presented here as a starter, but very important starter.

Circuit Formation in PSPice

o S 1u :Vcc
o R1 = 22k | T
C1 o o Cc2 : o
|| - Q2N2222 RL <100k
R2 < 11k Re1 = 1.8k
ACMAG=0.5 -
- B0u CE
6.0k T
% 2
| N
Note that:

(@) Input signal is VAC (instead of usual VSIN) in the circuit since we need frequency
response of the output voltage. AC Sweep is done only with VAC with only amplitude
specified. Different frequency will be applied by the simulator.

(b) To ease the limitation of power supply by 10Board, Vcc is supplied by 5V source.

(c) The load resistance in the circuit is chosen 100kQ. This value may be significantly
different from your assigned work. You, | mean, you need to do some work too. Right?

(d) Why those values of resistors? Try to answer by DC analysis. Find expected voltage
gain from the DC analysis.

(e) Why those values of capacitors? Perform AC analysis and find expected low and high
cutoff frequencies.
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Getting Voltage and Current (all DC of course) gives you the pseudo-DC analysis of the circuit.
From here you can get a lot of information.

VTR

§5.000V/

135.36UA . o
+ 5V
S : 1y \ce
- R1 22k m H Em - -
Cl 135.36UA NG I R0 7. 2O U
o | | : CQ2N2222 - P ) o
| RL 100K
vinge (EhER | ((EXEN |
ACMAG=05 | [(Fmm | CAEEEWY |
o o . . 50U CE
Re2 < 6.0k u T
)
AC Sweep

To do AC Sweep, your AC source must be VAC. You decide only ACMAG (AC magnitude),
and | picked 0.5 in the circuit above. In the AC Sweep we have to assign our frequency band of
interest. Here | set from 0 to 100MHz.

File Edit Draw Mavigate Wiew Options BEGEPEEN Tools  Markers Window  Help

ELIE L i | —
Mone | RV 1 Eait stimul

Librargnd Include Files. .. ;
B 18k

Sirnnlaba F11

| Enabled Enabled
- : ' ’ ' ' ’ ' v AL Swesp., A 5 |
| C1 _ T,% AC Sweep and Moise Analysis fgl
. : . . | Load Biag Paint. . '
AC Sweep Type Sweep Parameters
Save Bias Point...
y—‘ I— r e HasTon " Linear Ptz/Decade 101 L
DCS
3u r "Eep " Octave Start Freq.: 1
. [ Monte CarloMw/arst Cazse. . * Decade Bl B [1 O0Meg
v Biaz Point Detail - .
Moize Analysiz
Digital Setup... Dutput Valtage:
[ Moize Enabled
RZ TTK R W
: : : : Interal:
0 5 ' ) ' ' } . Cancel
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Then we place two voltage probes for frequency analysis:

5V
R 18k |
© 1u — Vce
22k ||
R1 | |
}/® C1 Q C2
| Q2N2222 RL <100k
0.3u
Vin
@\/Ac R2 § 11k Re1 < 1.8k
ACMAG=0.5 L
50u T CE
Re2 6.0k l
L g L 3

Simulated Results (Frequency Response)

gu-po
1.8Hz 18Hz 188Hz 1.8KHz 18KHz 188KHz 1.8HHz 18HHz 188MHz
o U(RL:=2) =+ U(C1:1)

Frequenc

"B CE AMPFIN...

The green tracing is the voltage at the load and red, the input voltage, at each of the frequency at
the range of 0 - 100MHz. What is the low cutoff frequency? What is the high cutoff frequency?
What is the mid-band voltage gain?

How can you change the cutoff frequencies by changing capacitor values?

How do you change the gain by changing resistor values?

Do you see the influence of load, so called "load effect"?
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Bipolar Junction Transistor Circuits

Voltage and Power Amplifier Circuits

Common Emitter Amplifier

The circuit shown on Figure 1 is called the common emitter amplifier circuit. The
important subsystems of this circuit are:

1. The biasing resistor network made up of resistor R and R, and the voltage supply
Ve
2. The coupling capacitor C, .
3. The balance of the circuit with the transistor and collector and emitter resistors.
Vee

ng

S %
i | TE

0

Figure 1. Common Emitter Amplifier Circuit

The common emitter amplifier circuit is the most often used transistor amplifier
configuration.

The procedure to follow for the analysis of any amplifier circuit is as follows:

1. Perform the DC analysis and determine the conditions for the desired operating
point (the Q-point)

2. Develop the AC analysis of the circuit. Obtain the voltage gain

22.071/6.071 Spring 2006, Chaniotakis and Cory 1



DC Circuit Analysis

The biasing network (R, and R, ) provides the Q-point of the circuit. The DC equivalent
circuit is shown on Figure 2.

VTH T IEng Re

Figure 2. DC equivalent circuit for the common emitter amplifier.

The parameters | I

the Q-point

cor leo» leo @nd Vo, correspond to the values at the DC operating point-

We may further simplify the circuit representation by considering the BJT model under DC
conditions. This is shown on Figure 3. We are assuming that the BJT is properly biased and
it is operating in the forward active region. The voltage V. ,,, corresponds to the forward

drop of the diode junction, the 0.7 volts.

Jieo

v Bl
B °
T80 ife
?VBE(on)
E

Figure 3. DC model of an npn BJT

22.071/6.071 Spring 2006, Chaniotakis and Cory 2



For the B-E junction we are using the offset model shown on Figure 4. The resistance r, is
equal to

r, :\I/—T (1.1)
E

Where V; is the thermal voltage, v, = kr , Which at room temperature is V. =26 mV . I,

q
is in general a small resistance in the range of a few Ohms.

= A

1/

v

VBE

Figure 4

By incorporating the BJT DC model (Figure 3) the DC equivalent circuit of the common
emitter amplifier becomes

Figure 5

22.071/6.071 Spring 2006, Chaniotakis and Cory 3



Recall that the transistor operates in the active (linear) region and the Q-point is determined
by applying KVL to the B-E and C-E loops. The resulting expressions are:

B-E Loop: = Vi, = laoRiy +Vaeon + leoRe (1.2)

C-E Loop:= Vigg =Vee — loRe — IoRe (1.3)

Equations (1.2) and (1.3) define the Q-point

AC Circuit Analysis

If a small signal vi is superimposed on the input of the circuit the output signal is now a
superposition of the Q-point and the signal due to vi as shown on Figure 6.

IC +i

chl Q™ e

Cc1 lcQ+ i Vog + vo
I R

] Vg [N

Ve RTH
VI@) v Re §l|EQ+ i

L7 1

Figure 6

Using superposition, the voltage V, is found by:

1. Set V., =0 and calculate the contribution due to vi (V;,). In this case the capacitor
C1 along with resistor R;,, form a high pass filter and for a very high value of C1
the filter will pass all values of vi and V;, =vi

2. Setvi=0 and calculate the contribution due to V,,, (V;,). In this case the V;, =V,

And therefore superposition gives

V, = Vi +V,, (1.4)

22.071/6.071 Spring 2006, Chaniotakis and Cory 4



The AC equivalent circuit may now be obtained by setting all DC voltage sources to zero.
The resulting circuit is shown on Figure 7 (a) and (b). Next by considering the AC model

of the BJT (Figure 8), the AC equivalent circuit of the common emitter amplifier is shown
on Figure 9.

Vi

Figure 7. AC equivalent circuit of common emitter amplifier

c
Je

v Bip

Je Re
Cr Vv —
_ Vb iy
|
b, g

vi G’) Rmg ieI Re
L

Figure 9. AC equivalent circuit model of common emitter amplifier using the npn BJT AC model
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The gain of the amplifier of the circuit on Figure 9 is

A\/ =£= : _ICRC — _IIBIbRC - _ ﬂ RC (15)
vioi(r,+R) @+ (r,+R) p+1lr,+Re
For g >>1and r, << R; the gain reduces to
RC
= 1.6
A R, (1.6)

Let’s now consider the effect of removing the emitter resistor R; . First we see that the gain
will dramatically increase since in general r, is small (a few Ohms). This might appear to
be advantageous until we realize the importance of R. in generating a stable Q-point. By
eliminating R. the Q-point is dependent solely on the small resistance r, which fluctuates

with temperature resulting in an imprecise DC operating point. It is possible with a simple
circuit modification to address both of these issues: increase the AC gain of the amplifier
by eliminating R. in AC and stabilize the Q-point by incorporating R. when under DC

conditions. This solution is implemented by adding capacitor C2 as shown on the circuit of
Figure 10. Capacitor C2 is called a bypass capacitor.

Vee

Y \
s

Rzg g Re —TC2

Figure 10. Common-emitter amplifier with bypass capacitor C2

Under DC conditions, capacitor C2 acts as an open circuit and thus it does not affect the
DC analysis and behavior of the circuit. Under AC conditions and for large values of C2,
its effective resistance to AC signals is negligible and thus it presents a short to ground.
This condition implies that the impedance magnitude of C2 is much less than the resistance
r, for all frequencies of interest.

<<r 1.7
oo <t (1.7)

22.071/6.071 Spring 2006, Chaniotakis and Cory 6



Input Impedance

Besides the gain, the input, R, and the output, R,, impedance seen by the source and the

load respectively are the other two important parameters characterizing an amplifier. The
general two port amplifier model is shown on Figure 11.

Figure 11. General two port model of an amplifier

For the common emitter amplifier the input impedance is calculated by calculating the ratio

R = (1.8)

<.i_c_ RC
Co— W\
+ VO -
_ by
. i
is R
R—>|
| re

I”—o

1

Figure 12
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The input resistance is given by the parallel combination of R, and the resistance seen at
the base of the BJT which is equal to (1+ £)(r, + R:)

R =Ry, 110+ B)(r, + Re) (1.9)

Output Impedance

It is trivial to see that the output impedance of the amplifier is

R, =R, (1.10)

22.071/6.071 Spring 2006, Chaniotakis and Cory 8



Common Collector Amplifier: (Emitter Follower)
The common collector amplifier circuit is shown on Figure 13. Here the output is taken at

the emitter node and it is measured between it and ground.
Vee

-
1 W

—

Vi ) +
§ Re Vo

Il
U

Figure 13. Emitter Follower amplifier circuit

Everything in this circuit is the same as the one we used in the analysis of the common
emitter amplifier (Figure 1) except that in this case the output is sampled at the emitter.

The DC Q-point analysis is the same as developed for the common emitter configuration.

The AC model is shown on Figure 14. The output voltage is given by

v, =V, Re (1.11)
R +1,
And the gain becomes
v Re
A v, R+ (1.12)
<.i_c_ Re
C——WA—
, AN
i L
| ,—>B
Ry

1||—<

Figure 14
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The importance of this configuration is not the trivial voltage gain result obtained above
but rather the input impedance characteristics of the device.

The impedance looking at the base of the transistor is
Ry = @+ B)(r, +Re) (1.13)

And the input impedance seen by the source is again the parallel combination of R,,, and
Rib

R =R, /I(L+ B)(r, +R.) (1.14)

The output impedance may also be calculated by considering the circuit shown on Figure
15.

J_C_RC

R
T B-E
Fé loop \-/F
X

L

Figur_e 15

We have simplified the analysis by removing the emitter resistor R; in the circuit of Figure
15. So first we will calculate the impedance R, seen by R. and then the total output
resistance will be the parallel combination of R; and R, .

R, is given by
R, = Yx (1.15)
IX
KCL at the node A gives
i, =—i,(1+ /) (1.16)
And KVL around the B-E loop gives
iL,Rry —i,r,+v, =0 (1.17)

And by combining Equations (1.15), (1.16) and (1.17) R, becomes

22.071/6.071 Spring 2006, Chaniotakis and Cory 10



RX =\_/—X = re —+ RTH (118)
I, p+1

The total output impedance seen across resistor R; is

R, =R, //(re + ;T:J (1.19)

22.071/6.071 Spring 2006, Chaniotakis and Cory 11



BJT Amplifier Circuits

As we have developed different models for DC signals (simple large-signal model) and AC
signals (small-signal model), analysis of BJT circuits follows these steps:

DC biasing analysis: Assume all capacitors are open circuit. Analyze the transistor circuit
using the simple large signal mode as described in pp 57-58.

AC analysis:

1) Kill all DC sources

2) Assume coupling capacitors are short circuit. The effect of these capacitors is to set a
lower cut-off frequency for the circuit. This is analyzed in the last step.

3) Inspect the circuit. If you identify the circuit as a prototype circuit, you can directly use
the formulas for that circuit. Otherwise go to step 3. 3) Replace the BJT with its small
signal model.

4) Solve for voltage and current transfer functions and input and output impedances (node-
voltage method is the best).

5) Compute the cut-off frequency of the amplifier circuit.

Several standard BJT amplifier configurations are discussed below and are analyzed. Because
most manufacturer spec sheets quote BJT “h” parameters, I have used this notation for
analysis. Conversion to notation used in most electronic text books (r,, r,, and g,,) is
straight-forward.

Common Collector Amplifier (Emitter Follower)
DC analysis: With the capacitors open circuit, this circuit is the
same as our good biasing circuit of page 79 with R. = 0. The

bias point currents and voltages can be found using procedure
of pages 78-81.

AC analysis: To start the analysis, we kill all DC sources:
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We can combine R; and R, into Rp (same resistance that we encountered in the biasing
analysis) and replace the BJT with its small signal model:

v ._¢CL 5 ﬂ;» <Ai7c c v ._{C}E B hie £ y
* hfeAI B ;’
By by Uhye R, 5 Uhg, R,
Re - E Yo . hrelig
% RE Jf: C
1

The figure above shows why this is a common collector configuration: collector is shared
between input and output AC signals. We can now proceed with the analysis. Node voltage
method is usually the best approach to solve these circuits. For example, the above circuit
will have only one node equation for node at point E with a voltage v,:

Vo —V; UV, —0 . v, — 0
+ —ﬁA’LB—F :O

T'r To RE‘

Because of the controlled source, we need to write an “auxiliary” equation relating the control
current (Aig) to node voltages:

V; — Vo

Aig =

Tr

Substituting the expression for Aig in our node equation, multiplying both sides by r,, and
collecting terms, we get:

b1+ B) = v |1+ G+ 7 (lﬂ%ﬂ _— l1+ﬁ+ I ]

To To H RE

Amplifier Gain can now be directly calculated:

1

Tr

(1+5)(ro || Re)

i~

A, =— =
V; 1+

Unless R is very small (tens of ), the fraction in the denominator is quite small compared
toland A, ~ 1.

To find the input impedance, we calculate 7; by KCL:

. . . (% Uy — Vo
;=1 +Aig =

RB Tz
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Since v, & v;, we have i; = v;/Rp or

U;

R;

— = Rp
(23
Note that Rp is the combination of our biasing resistors Ry and Ry. With alternative biasing
schemes which do not require R; and Ry, (and, therefore Rp — o0), the input resistance of
the emitter follower circuit will become large. In this case, we cannot use v, =~ v;. Using the
full expression for v, from above, the input resistance of the emitter follower circuit becomes:
U;

Ri=—=Rp| [r=+ (Rg | ro)(1 + B)]

)

and it is quite large (hundreds of kQ to several MQ) for Rp — oo. Such a circuit is in fact
the first stage of the 741 OpAmp.

The output resistance of the common collector amplifier (in fact for all transistor amplifiers)
is somewhat complicated because the load can be configured in two ways (see figure): First,
Rp, itself, is the load. This is the case when the common collector is used as a “current
amplifier” to raise the power level and to drive the load. The output resistance of the circuit
is R, as is shown in the circuit model. This is usually the case when values of R, and A;
(current gain) is quoted in electronic text books.

Reisthe Load

v G

B ' E L e
—i Yo —ii °
Aig BAig Aig BAig
s ro _‘ RE RB r0 RE v‘ RL

C \ % C \

R
o

py)

Alternatively, the load can be placed in parallel to Rg. This is done when the common
collector amplifier is used as a buffer (A, =~ 1, R; large). In this case, the output resistance
is denoted by R! (see figure). For this circuit, BJT sees a resistance of Rg || Rr. Obviously,
if we want the load not to affect the emitter follower circuit, we should use R; to be much
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larger than Rg. In this case, little current flows in Ry which is fine because we are using
this configuration as a buffer and not to amplify the current and power. As such, value of
R) or A; does not have much use.

T
-

v C
When Rpg is the load, the output resistance can *

. B " E
be found by killing the source (short v;) and find- Lo e r Flg N
ing the Thevenin resistance of the two-terminal ’ W
network (using a test voltage source). T |
- Rn

KCOL: iy = —Aig + L — BAip
T

o

KVL (outside loop): —r.Aig = vp
Substituting for Aig from the 2nd equation in the first and rearranging terms we get:

_ur (ro) Tz ~ (1) T T '

—_— ~ P —
= =] =7,

BT ([ A s T R e R

where we have used the fact that (1 + 3)(r,) > 7.

When Rp is the load, the current gain in this amplifier can be calculated by noting i, = v,/ Rg
and i; ~ v;/ Rp as found above:
i, Rp

A;
i Rpg

In summary, the general properties of the common collector amplifier (emitter follower)
include a voltage gain of unity (A, ~ 1), a very large input resistance R; ~ Rp (and can
be made much larger with alternate biasing schemes). This circuit can be used as buffer for
matching impedance, at the first stage of an amplifier to provide very large input resistance
(such in 741 OpAmp). As a buffer, we need to ensure that Ry, > Rp. The common collector
amplifier can be also used as the last stage of some amplifier system to amplify the current
(and thus, power) and drive a load. In this case, R is the load, R, is small: R, = r. and
current gain can be substantial: A; = Rg/Rpg.

Impact of Coupling Capacitor:

Up to now, we have neglected the impact of the coupling capacitor in the circuit (assumed
it was a short circuit). This is not a correct assumption at low frequencies. The coupling
capacitor results in a lower cut-off frequency for the transistor amplifiers. In order to find the
cut-off frequency, we need to repeat the above analysis and include the coupling capacitor
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impedance in the calculation. In most cases, however, the impact of the coupling capacitor
and the lower cut-off frequency can be deduced be examining the amplifier circuit model.

Consider our general model for any

amplifier circuit. If we assume that v |
coupling capacitor is short circuit
(similar to our AC analysis of BJT

amplifier), v = v;.

Voltage Amplifier Model
When we account for impedance of the capacitor, we have set up a high pass filter in the

input part of the circuit (combination of the coupling capacitor and the input resistance of
the amplifier). This combination introduces a lower cut-off frequency for our amplifier which
is the same as the cut-off frequency of the high-pass filter:

1
R,C.

wy =27 fi =

Lastly, our small signal model is a low-frequency model. As such, our analysis indicates
that the amplifier has no upper cut-off frequency (which is not true). At high frequencies,
the capacitance between BE , BC, CE layers become important and a high-frequency small-
signal model for BJT should be used for analysis. You will see these models in upper division
courses. Basically, these capacitances results in amplifier gain to drop at high frequencies.
PSpice includes a high-frequency model for BJT, so your simulation should show the upper
cut-off frequency for BJT amplifiers.

Common Emitter Amplifier

DC analysis: Recall that an emitter resis-
tor is necessary to provide stability of the
bias point. As such, the circuit configura-
tion as is shown has as a poor bias. We
need to include Rg for good biasing (DC
signals) and eliminate it for AC signals.
The solution to include an emitter resis-
tance and use a “bypass” capacitor to short

it out for AC signals as is shown. = =

Poor Bias Good Bias using a
by—pass capacitor

For this new circuit and with the capacitors open circuit, this circuit is the same as our
good biasing circuit of page 78. The bias point currents and voltages can be found using
procedure of pages 78-81.
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AC analysis: To start the analysis, we kill all DC sources, combine R; and R, into Rg and
replace the BJT with its small signal model. We see that emitter is now common between
input and output AC signals (thus, common emitter amplifier. Analysis of this circuit is
straightforward. Examination of the circuit shows that:

v C,
v; = r.\ipg Vo = —(R. || 7o) BAIp el BH
o R, Pl
AUEU—Z—E(RCIITO)%—ERc:—— RyS 1y 5 R,
V; T T Te W
Rz’:RBHTW Ro:'ro LE

= R,
The negative sign in A, indicates 180° phase shift between input and output. The circuit
has a large voltage gain but has medium value for input resistance.

As with the emitter follower circuit, the load can be configured in two ways: 1) R, is the
load. Then R, = r, and the circuit has a reasonable current gain. 2) Load is placed in
parallel to R.. In this case, we need to ensure that R; > R,.. Little current will flow in R,
and R, and A; values are of not much use.

Lower cut-off frequency: Both the coupling and bypass capacitors contribute to setting
the lower cut-off frequency for this amplifier, both act as a low-pass filter with:

1
wi(coupling) = 2m f; = ¥
1
wi(bypass) =27 f; = e
EYb
R
where Ry, = Rg || (re + —=2)

g

In the case when these two frequencies are far apart, the cut-off frequency of the amplifier
is set by the “larger” cut-off frequency. i.e.,

1
wi(bypass) < wi(coupling) —  w; =27 fj = jo¥e

1
wi(coupling) < wi(bypass) —  w; =27 fi = —; C

L&)

When the two frequencies are close to each other, there is no exact analytical formulas, the
cut-off frequency should be found from simulations. An approximate formula for the cut-off
frequency (accurate within a factor of two and exact at the limits) is:

Lo
R,C.  RyCp

w =27 fi =
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Common Emitter Amplifier with Emitter resistance

A problem with the common emitter amplifier is that its gain
depend on BJT parameters A, ~ (3/r;)R.. Some form of feed-
back is necessary to ensure stable gain for this amplifier. One
way to achieve this is to add an emitter resistance. Recall im-
pact of negative feedback on OpAmp circuits: we traded gain
for stability of the output. Same principles apply here.

DC analysis: With the capacitors open circuit, this circuit is the
same as our good biasing circuit of page 78. The bias point
currents and voltages can be found using procedure of pages
78-81. =

AC analysis: To start the analysis, we kill all DC sources, combine R; and R, into Rg and
replace the BJT with its small signal model. Analysis is straight forward using node-voltage
method.

v C C v
\._H ] o
Vg — U v ) Vg — U,
E ) + _E —/GAZB + E o _ 0
T'r RE To
v Vo — VU ) Re
o o E + ﬁAZB -0
RC To Re
. Vi — Vg
Aip = (Controlled source aux. Eq.)
T

Substituting for Aip in the node equations and noting 1 4+ 5 ~ 3, we get:

VE Vg — Uy  Up — U
-+ 0 + =0
RE Tr To
Vo Vo — Vg Vg — U

- -3 =0
RC To Tz

Above are two equations in two unknowns (vg and v,). Adding the two equation together
we get vg = —(Rp/Rc)v, and substituting that in either equations we can find v,.

Alternatively, we can find compact and simple solutions by noting that terms containing r,
in the denominator are usually small as r, is quite large. In this case, the node equations
simplify to (using r./0 = r.):

g\l 5+ - )=— — uvg=5——U

RE Te Te B RE‘ + Te !
U = fic (vg —v;) = fie (7RE - 1) v = — _fic v
o Te " v Te RE+T€ " RE+T3 '
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Then, the voltage gain and input and output resistance can also be easily calculated:

gV fo  Ic
" v  Rp+r. Rg

R; = Rp || [B(RE +1.)] R, =7,

As before the minus sign in A, indicates a 180° phase shift between input and output signals.
Note the impact of negative feedback introduced by the emitter resistance. The voltage gain
is independent of BJT parameters and is set by Rc and Rp as Rg > r. (recall OpAmp
inverting amplifier!). The input resistance is increased dramatically.

Lower cut-off frequency: The coupling capacitor together with the input resistance of
the amplifer lead to a lower cut-off freqnecy for this amplifer (similar to emitter follower).
The lower cut-off freqncy is geivn by:

1
R,C.

wl:27rfl:

A Possible Biasing Problem: The gain of the common
emitter amplifier with the emitter resistance is approximately
Rc/Rg. For cases when a high gain (gains larger than 5-10) is
needed, R may be become so small that the necessary good v G
biasing condition, Vg = Rglg > 1 V cannot be fulfilled. The

solution is to use a by-pass capacitor as is shown. The AC signal 2 "
sees an emitter resistance of Rg; while for DC signal the emitter
resistance is the larger value of R = Rg; + Rgo. Obviously for-
mulas for common emitter amplifier with emitter resistance can

be applied here by replacing Rp with Rg; as in deriving the am-
plifier gain, and input and output impedances, we “short” the
bypass capacitor so Rgs is effectively removed from the circuit.

The addition of by-pass capacitor, however, modify the lower cut-off frequency of the circuit.
Similar to a regular common emitter amplifier with no emitter resistance, both the coupling
and bypass capacitors contribute to setting the lower cut-off frequency for this amplifier.
Similarly we find that an approximate formula for the cut-off frequency (accurate within a
factor of two and exact at the limits) is:

PR B
AT R T RLG,

/ RB
where Ry = Rps || (Rg1 +7e + 7)
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Summary of BJT Amplifiers
Common Collector (Emitter Follower):
C Rellr)(+8)
Y re+ (Re || o) (14 5)
Ri = Rp || [rx + (R | 7o) (1 + B)] = R

Common Emitter:

R,
AUZ_E(RC | 7o) %_ERCZ__
Tz T'r Te
Ri - RB H T'r
R, =r,
1 1
o f —
Th=ge T RG
/ RB
where Ry = Rg | (r. + 7)
Common Emitter with Emitter Resistance:
R R
A, = C ~ _ fc

a Rpi+1e Rp
R; = Rp || [B(RE1 + 7¢)]

R,=r,

If Rgs and bypass capacitors are not present, replace Rg
with Rg in above formula and

2m fi =

Ricc
If Rgs and bypass capacitor are present,

1 1

RiC. | ByCy

wy =27 fi =

R =
where Ry = Rpo || (Rp1 +7e + FB)
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Examples of Analysis and Design of BJT Amplifiers

Example 1: Find the bias point and AC amplifier parameters of this circuit (Manufacturers’
spec sheets give: hy. = 200, h;e = 5 kQ, hye = 10 uS).

T'r

re = hie =5 kQ o= 4 = 100 kQ B = hg. =200 re:§:25g
DC analysis:
9V
Replace Ry and Ry with their Thevenin equivalent and 15
proceed with DC analysis (all DC current and voltages
are denoted by capital letters): Y OATHF
Rp =18k || 22 k=9.9 kQ
99 22k 1k
p—t g 4‘
Vip TFET 9 95V
KVL: Vg = Rplp+ Vip + 10°T; Iy — —E_ - 12 -
: VBB BlB BE E BT 5~ 201
: 103
495 — 0.7 = Iy 22X
2.1
Ic
]E:4mA%[C, ]B:E:20MA

KVL: Voo = Veg + 10315
Vep=9—-102x4x103=5V =

DC Bias summary: Ip=~Ic=4mA, Ig=20puA, Veg=5V

AC analysis: The circuit is a common collector amplifier. Using the formulas in page 98,

A, ~1

R, ~ R =9.9 kQ

R, ~r,=250Q

= = ! — 36 Hz

21 2rRpC. 27 x 9.9 x 103 x 0.47 x 106
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Example 2: Find the bias point and AC amplifier parameters of this circuit (Manufacturers’
spec sheets give: hg. = 200, h;e = 5 k2, hoe = 10 pS).

T

r. = h; =5 kQ o= =100 kQ B = hse = 200 TEZE:%Q
DC analysis:
15V
Replace Ry and Ry with their Thevenin equivalent and proceed
34k 1k
with DC analysis (all DC current and voltages are denoted by
capital letters). Since all capacitors are replaced with open cir- v aTer "
cuit, the emitter resistance for DC analysis is 270+240 = 510 (2. i
Rp=59k]| 34 k=5.0k 59k 270
5.9
=—15=222V
PP 59434 20 S AT
Ip I
KVL: Vgg = Rglg+V, 5101 Ip = = —
BB Bl + VpE + E B 155 201 [
5.0 x 103
222 — 0.7 = I | 222" 4510 o
2.1
Io He
]E:3mA%[C, IB:ﬁ:15,uA

KVL: Voo = 100010 + Veg + 51015
Vep =15—1,510x3x 1073 =105V
DC Bias: Igx~Ic=3mA, Ig=15puA, Veg=105YV

270 + 240
=510

AC analysis: The circuit is a common collector amplifier with an emitter resistance. Note
that the 240 € resistor is shorted out with the by-pass capacitor. It only enters the formula
for the lower cut-off frequency. Using the formulas in page 98:

Re 1,000
A, = = —3.39

Rgi+re  270+25
R; ~ Rp = 5.0 kQ o A Te =250

R 5,000
Ry == Rps || (Rp1 + re + 73) =240 || (270 + 25 + = =) = 137 Q
B Wy N 1 1 .
Ji= o 27R;C. + 21 Ry, Cy N
1 1
= 31.5 Hz

27 x 5,000 x 4.7 x 106 - 27 x 137 x 47 x 10-6
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Example 3: Design a BJT amplifier with a gain of 4 and a lower cut-off frequency of 100 Hz.
The Q point parameters should be I = 3 mA and Vo = 7.5 V. (Manufacturers’ spec sheets
give: Gmin = 100, 5 = 200, hje = 5 kQ, hoe = 10 uS).

VCC

re=he=5kQ r,=-— =100k re:%z%g

oe

The prototype of this circuit is a common emitter amplifier with an
emitter resistance. Using formulas of page 98 (r. = r/hs. = 25 Q),

Rc Re
A, = N — =
| | R +r, Rg

4

The lower cut-off frequency will set the value of C..
We start with the DC bias: As Vg is not given, we need to
choose it. To set the Q-point in the middle of load line, set
Voo = 2Veg = 15 V. Then, noting I¢ =~ Ig,:
Voo = Rele + Veg + Relg
15—75=3x10"%Rc+Rpg) — Rc+ Rp=25kQ

Values of Ro and Rg can be found from the above equation
together with the AC gain of the amplifier, Ay = 4. Ignoring 7,
compared to Rg (usually a good approximation), we get:

R
R—C:4 — 4Rp+Rp=25kQ — Rg=>500Q Ro=2. kO
E

Commercial values are R = 510 Q and Ro = 2 k(). Use these commercial values for the
rest of analysis.

We need to check if Vi > 1V, the condition for good biasing. Vg = Rplg = 510x3x 1073 =
1.5 > 1, it is OK (See next example for the case when Vg is smaller than 1 V).

We now proceed to find Rp and Vzp. Rp is found from good bias condition and Vzp from
a KVL in BE loop:

Rp < (B+1)Rg — Rp=0.1(8pnin +1)Rp = 0.1 x 101 x 510 = 5.1 kQ

KVL: VBB :RB[B+VBE+REIE
3x 1073

-3
501 +0.74+510 x 3 x107° =228V

VBB =5.1 X% 103
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Bias resistors Ry and Ry are now found from Rp and Vgp:

RiR,
Rp =R | Ry= ——— =5kQ
B =R || Ry R

Vsp Ry 228 ..

Vee :R1+R2 N 15

Ry can be found by dividing the two equations: R; = 33 k{2. R, is found from the equation
for Vg to be Ry = 5.9 k). Commercial values are R; = 33 k2 and Ry = 6.2 k2.

Lastly, we have to find the value of the coupling capacitor:

=27 x 100

" R.C.

Using R; ~ Rg = 5.1 k2, we find C, = 3 x 1077 F or a commercial values of C, = 300 nF.

So, are design values are: Ry = 33 k{2, Ry = 6.2 kQ, Rg = 510 2, Rc = 2 k2. and
C. =300 nF.

Example 4: Design a BJT amplifier with a gain of 10 and a lower cut-off frequency of
100 Hz. The Q point parameters should be I = 3 mA and Vg = 7.5 V. A power supply
of 15 V is available. Manufacturers’ spec sheets give: (B, = 100, hye = 200, rr = 5 k€,
hee = 10 uS.

—100kQ =T =950

1
7 = hie = 5 k2 ry = . 3

The prototype of this circuit is a common emitter amplifier with an
emitter resistance. Using formulas of page 98:

Re  Re

Al = ~ =< =10
| | RE—i-T’e RE

The lower cut-off frequency will set the value of C..

We start with the DC bias: As the power supply voltage is given, we set Voo = 15 V. Then,
noting Io ~ Ig,:

Vee = Rele + Veg + Relg
15-75=3x10%Rc+Rg) — Rc+ Rp=25kQ
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Values of Rs and Rg can be found from the above equation together with the AC gain of

the amplifier Ay = 10. Ignoring r. compared to Rg (usually a good approximation), we get:

Re _
Rg
We need to check if Vg > 1 V which is the condition for good
biasing: Vi = Rplg = 227 x 3 x 1072 = 0.69 < 1. Therefore,

we need to use a bypass capacitor and modify our circuits as is
shown.

For DC analysis, the emitter resistance is Rg; + Rgs while for
AC analysis, the emitter resistance will be Rg;. Therefore:

DC Bias: RC + RE‘l + RE‘2 = 2.5k

AC gain: A, = il =10
Rp

Above are two equations in three unknowns. A third equation is
derived by setting Vg = 1 V to minimize the value of Rg;+ Rgo.

Ve = (Rg1 + Ri2) Ik

1
REl + RE2 - m =333

Now, solving for Ro, Rgi, and Rgs, we find R = 2.2 kS,
Rp =220 Q, and Rgs = 110 Q (All commercial values).

We can now proceed to find Rg and Vpp:

Rp < (B+1)(Rg1 + Rpa)
Rp = 0.1(Bmin + 1)(Re1 + Rga) = 0.1 x 101 x 330 = 3.3 kQ
KVL: VBB :RB[B+VBE+REIE

3x 1073

-3
501 +0.74+330x3x107° =17V

VBB =3.3 X 103

Bias resistors R, and Ry are now found from Rp and VgB:

R.R,
=Tl R R, + R,
VBB R2 1

= 0.066

VCC:R1+R2:E
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R; can be found by dividing the two equations: R; = 50 k2 and R, is found from the
equation for Vgp to be Ry = 3.6k (). Commercial values are R, = 51 k{2 and Ry = 3.6k {2

Lastly, we have to find the value of the coupling and bypass capacitors:

3,300
200

R
Ry == Ry || (R + 7e + —2) = 110 || (220 4 25 +

=775 Q
i ) =775

R, ~ Rp = 3.3 kQ2

1
+

= =2 1
R T RLG, 7 x 100

Wi

This is one equation in two unknown (C, and Cp) so one can be chosen freely. Typically
Cy> C.as R; = Rg > R > RJj. This means that unless we choose C. to be very small,
the cut-off frequency is set by the bypass capacitor. The usual approach is the choose C
based on the cut-off frequency of the amplifier and choose C\ such that cut-off frequency of
the R;C. filter is at least a factor of ten lower than that of the bypass capacitor. Note that
in this case, our formula for the cut-off frequency is quite accurate (see discussion in page
95) and is

=27 x 100

wp =~

RC,

This gives Cj, = 20 pF. Then, setting

1 1
RC. Sw.G

1 o1 1
rC. - U R.G,

RC.=10R,C, — C,=47°%=47uF

So, are design values are: Ry = 50 k), Ry = 3.6 kQ, Rg; = 220 ), Rgy = 110 Q, Rc =
922k, O, = 20 uF, and C, = 4.7 uF.

An alternative approach is to choose C (or C,) and compute the value of the other from
the formula for the cut-off frequency. For example, if we choose C, = 47 uF, we find
C.=0.86 uF.
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BJT Differential Pairs:
Emitter-Coupled Logic and Difference Amplifiers

The differential pairs are the most widely used circuit building block in analog ICs. They
are made from both BJT and variant of Field-effect transistors (FET). In addition, BJT
differential pairs are the basis for the very-high-speed logic circuit family called Emitter-
Coupled Logic (ECL).

~VEe “Vee

The circuit above (on the left) shows the basic BJT differential-pair configuration. It consists
of two matched BJTs with emitters coupled together. On ICs, the differential pairs are
typically biased by a current source as is shown (using a variant of current mirror circuit).
The differential pair can be also biased by using an emitter resistor as is shown on the circuit
above right. This variant is typically used when simple circuits are built from individual
components (it is not very often utilized in modern circuits). Here we focus on the differential
pairs that are biased with a current source.

The circuit has two inputs, v; and v, and the output signals can be extracted from the
collector of both BJTs (ve1 and ves). Inspection of the circuit reveal certain properties. By
KCL we find that icy + 42 = i1 + ig2 = I. That is the two BJTs share the current [
between them. So, in general, i1 ~ igy < I and icy & igy < I. It is clear that at least one
of the BJT pair should be ON (i.e., not in cut-off) in order to satisfy the above equation
(both ig; and igs cannot be zero). Value of R¢ is chosen such that either BJT will be in
active-linear if its collector current reaches its maximum value of I.

Vee = Retier +vepr + Vies — Ver

vepr = Voo + Vee + Vies — Roicr > v,

Vee +Vee +Vies =V, Vec +Vee =V,
< i < i

Re

With this choice for Re, both BJTs will either be in cut-off or active-linear (and never in
saturation).
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Lastly, if we write a KVL through a loop that contains the input voltage sources and both
base-emitter junctions, we will have:

KVL: —v1 +UBg1 —VUBE2 +V2 =0 — Vg1 — Vg2 = V1 — V2

To understand the behavior of the circuit, let’s assume
that a common voltage of voyy is applied to both inputs:
v = vy = vopy (CM stands for Common Mode). Then,
UBgE1 — UBga = V1 — vy = 0 or vgg; = vggs. Because
identical BJTs are biased with same vgg, we should have
i1 = ipo and current [ is divided equally between the
pair:

KCL: i01 ~ iEl =0.5] and icg ~ ’iEg =0.51.

As such, both BJTs will be in active linear, vgr1 = vpg2 = 0.7 V and the output voltages
of vo1 = Voo = vee — 0.51 R will appear at both collectors.
Now, let’s assume v; = 1 V and vy = 0. Writing KVL on
a loop that contains both input voltage sources, we get:

KVL: UBgEl — UBg2 = V1 — Vs =1V

Because vgg < v, = 0.7 V, the only way that the above
equation can be satisfied is for vggs to be negative: Qo
is in cut-off and igs = 0. Because of the current sharing
properties, ()1 should be on and carry current /. Thus:

vppr = 0.7V, wvggs =vgp1 —1=-03V

tcr =tp1 =1, icy=1ig2=0

And voltages of vey = Voo — [Re and vee = Ve will develop at the collectors of the BJT
pair. One can easily show that for any vy —ve > v, = 0.7V, Q; will be ON with icy =i =1
and ve1 = Voo — [ Re; and Qo will be OFF with igo = igs = 0 and vee = Ve

If we now apply v1 = —1 V and vy = 0, the reverse of
the above occurs:

KVL: UBE1 — UBE2 — U] — Uy = -1V

In this case, ()5 will be ON and carry current I and ),
will be OFF. Again, it is easy to show that this is true
for any v; — vy < —vy = —0.7 V.
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The response of the BJT differential pair to a pair of in- , Roar

| |
g T

put signals with vy = v — vy is summarized in this graph.
When vy is large, the collector voltages switch from one
state voe to another state voe — I Re depending on the
sign vg. As such, the differential pair can be used as a
logic gate and a family of logic circuits, emitter-coupled
logic, is based on differential pairs. In fact, because a

BJT can switch very rapidly between cut-off and active-
linear regimes, ECL circuits are the basis for very fast v, 0y, v

logic circuits today.

For small v, (typically < 0.2 V), the circuit behaves as a linear amplifier. In this case, the
circuit is called a differential amplifier and is the most popular building block of analog ICs.

Differential Amplifiers

The properties of the differential amplifier above (case of
vg small) can be found in a straight-forward manner. The
input signals v; and vy can be written in terms of their
difference vy = v — v9 and their average (common-mode
voltage vopy) as:

U1 + V2
2
v1 = voum + 0.5v4

VoM = and vy = v — vy

Vg = VoM — 0.5?],1

The response of the circuit can now be found using superposition principle by considering
the response to: case 1) v = vepr and vy = vy and case 2) vy = 0.5v4 and vo = —0.5v4.
The response of the circuit to case 1, v1 = vo = veopr, was found in page 108. Effectively,
voum sets the bias point for both BJTs with icq = ig1 = ico = iga = 0.51, collector
voltages of voy = v = vee — 0.5 R, and a difference of zero between to collector voltages,
Uy = Vo1 — Voo = 0.

To find the response of the circuit to case 2, v; = 0.5v4 and vy = —0.5v4, we can use our
small signal model (since v, is small). Examination of the circuit reveals that each of the
BJTs form a common emitter amplifier configuration (with no emitter resistor). Using our
analysis of common emitter amplifiers (A, = R¢/r.), we have:

R R
Vep = Ayv; = © (0.5v4) and v = Ay = ¢ (—0.5v4)
Te Te
Rc
Vo = Vel — VU2 = Vq
Te
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Summing the responses for case 1 and 2, we find that the output voltage of this amplifier is

Re Re Re
Vg = Vd — AU =
Te Te Te

v, =0+

similar to a common emitter amplifier. The additional complexity of this circuit compared
to our standard common emitter amplifier results in three distinct improvements:

1) This is a “DC” amplifier and does not require a coupling capacitor.

2) Absence of biasing resistors (R, — o) leads to a higher input resistance, R; = r, || Rg =
Tr.

3) Elimination of biasing resistors makes it more suitable for IC implementation.

It should be obvious that a differential amplifier configura-
tion can be developed which is similar to a common emitter
amplifier with a emitter resistor (to stabilize the gain and
increase the input resistance dramatically). Such a circuit is
shown. Note that Rg in this circuit is not used to provide
stable DC biasing (current source does that). Its function is
to provide negative feedback for amplification of small sig-
nal, vg. Following the above procedure, one can show that
the gain of this amplifier configuration is:

Rc Rc

Vo=—=——1v3 — Ay=——
Rg +r. d Reg + 1.

As with standard CE amplifer with emitter resistance, the input impdenace is also increased
dramatically by negative feedback of Rg (and absence of biasing resistors, R, — 00):

R; = Rp || [B(Rp1+1e)] = B(REg1 + 7e)

ECE60L Lecture Notes, Winter 2002 108



L ecture 22

Freguency Response of Amplifiers(11)
VOLTAGE AMPLIFIERS

Outline

1. Full Analysis
2. Miller Approximation
3.  Open Circuit Time Constant

Reading Assignment:
Howe and Sodini, Chapter 10, Sections 10.1-10.4
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Common Emitter Amplifier

V+

@'ar

louT
4—

5/\% K +
RL§ Vout

e Operating Point Analysis
- V=0,Rs=0,r, >0, r,, >0, R = ©
— Find Vg, such that | =14, with the BJT in the
forward active region
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Frequency Response Analysis of the
Common Emitter Amplifier

* Frequency Response
— Set Vg as=0.

— Substitute BJT small signal model (with capacitors)
including Rg, R, Iy, T

— Perform impedance analysis
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1. Full Analysisof CE Voltage Amplifier

+
\é(*) r V. _—_—cC l OV oll Toc R Vou

Replace voltage
source and resistance
with current source
and resistance using
Norton Equivalent

@
+

IS<T> R, V—=—C (s IV} Ry  Vout

R, =Rllr C Rop=rollgliR
Node 1.

VAR .

IS: ’ +J(DCTCVTE+J(DCH(VTE_VOUt)
in

Node 2: v

gmvn + ?Ut — j(DCu (Vn _Vout)

out

6.012 Spring 2007 Lecture 22



Full Frequency Response Analysis (contd.)

» Re-arrange 2 and obtain an expression for V _
 Substituting it into 1 and with some manipulation, we

can obtain an expression for V. / I
Vout —Rin Réut(gm - ijy)

- H ! / ! ! / 2 !/ /
s 1+ Ja)(RoutC,u +RinC,+ RhCr+ ngoutRinC,u)_ " RoutRinCLCx

Changing input current source back to a voltage source:

C
_ngéut( r” ][1_ JCO”J
Vout _ RS + r7r gm

V, 1+ jo(Ry,C,+Ri,C, @1+ g,Ry )+ R,C, )- ©’R),R;,C,C

out in™~ u out " Min~u~rx

whereR! =R ||[r. andR,, =1 ||r.. IR,

out

We can ignore zero at g,,/C, because it is higher than .

The gain can be expressed as:
Vout Ao Avo

Vs (Ut jon)lt jon) 1-jo(q+n)- o?no

where A, Isthe gain at low frequency and t, and t, are
the two time constants associated with the capacitors
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Denominator of the System Transfer Function

<
c

=

>
\N
i

Uty U, ®
log scale

11+ 7 = RgueC, + Rin Cﬂ(1+ OmRout )+ RinC
71 % = Royut Rin C,ucn
We could solve for t, and 1, but is algebraically complex.

eHowever, iIf weassumethat 1, >> 1, = 1, + 1,7 1.

e Thisis aconservative estimate since the true t, isactually
smaller and hence the true bandwidth is actually larger
than:

1 ~ Ri; [C,[ +C ,(1+ gmRout )]+ RoutC
Then:
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2. TheMiller Approximation

Effect of C, on the Input Impedance:

| Cy
||
||

O]
+

M C) Im¥ Rout= ro|| roc|| R, Vout

The input impedance Z; is determined by applying a test
voltage V, to the input and measuring |,

Vout = —ImVt Rout + 1tRout

The Miller Approximation assumes that current through
C, Issmall compared to the transconductance generator

It <<|gmVi|
Vout ® =9ImViRout
WecanrelateV, and V , by

l¢
jaC

Vt - Vout —
MU
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The Miller Approximation (contd.)

After some Algebra:

V 1 1
= Zeff =

0 G, @ anRan) joC, - Ac, )

Theeffect of C, at inputisthat C, is“Miller multiplied”
by (1-Ac,)

Generalized “Miller Effect”

z

il -

v v, — Vi | Zgt v,

_ | B =y b

1 1 1 4
Za=ZI(1-A,)

* An impedance connected across an amplifier with
voltage gain A, can be replaced by an an impedance
to ground ... divided by (1-A,,)

* A, islarge and negative for common-emitter and
common-source amplifiers

« Capacitance at input is magnified.

Z
%l = A)
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Freguency Response of the CE Voltage
Amplifier Using Miller Approximation

Rs
W

+ ©

_|_
V. r vV ——C ——Cpy 9.V R Vout

m out

Cy= Cu(l + 0 R 0w

« The Miller capacitance is lumped together with C_,
which results in asingle pole low passfilter at the
Input

PPN (L Y
Vi r,+ Rg 1+ jo(C,+Cpn )Rs lIr,)

« Atlow frequency (DC) the small signal voltagegainis

Vout r
= —gm| —Z— |R!
le{rﬂJr Rs out

» The frequency at which the magnitude of the voltage
gain isreduced by /N2 is

BRI r,z)(i?;z+ Cm) :{(Rs i rn)}{ Crt L+ glm Rém)CﬂJ
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3. Open Circuit Time Constant Analysis

Assumptions;

 No zeros

e One“dominant” pole (U1, << 11, , U, ... Ut,)
* N capacitors

Vout _ Avo
Vs (1+ jor X1+ jon )1+ jor,)

The example shows a voltage gain; however, it could be
N orV /.

I out out' s

Multiplying out the denominator:

Vout _ Avo
Vs 1+by(jo)+by(jw)? +...+ b, (joo)"

whereb, =1, + 1, + 15 +....+ 1,

It can be shown that the coefficient b, can be found
exactly [see Gray & Meyer, 39 Edition, pp. 502-506]

N N
i

* T, ISthe open-circuit time constant for capacitor C,

« C isthei® capacitor and Ry, isthe Thevenin
resistance across the it capacitor terminals (with all
capacitors open-circuited)
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Open Circuit Time Constant Analysis
Estimating the Dominant Pole

The dominant pole of the system can be estimated by:
b,=1,+1,+15+....+ 1,

b1 =| 2RriCi| ~ a=—"
i=1 “1

R;,C, isthe open-circuit time constant for capacitor C,

Power of the Technique:

« Estimates the contribution of each capacitor to the
dominant pole frequency separately

« Enablesthe designer to understand what part of a
complicated circuit is responsible for limiting the
bandwidth of amplifier

e The approximate magnitude of the Bode Plot is

&

Approvimation is valid
P up o ILI:I=E-"|.'|

Ay ldB

6.012 Spring 2007 Lecture 22
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Common Emitter Amplifier Analysis
Using OCT

Cll
|
||

+
VS<+> r V. _—_—cC l OV oll Toc R Vou

Rg
My —s

From the Full Analysis

o 5 i
Vout _ ot Rs + 1y Im

- 1 4 ! / !/ 2 / 4
Vs 1+ Jw(RoutC,u + RinCy(1+ Im Rout)"‘ Rincﬂ} @ RoutRinCyCﬂ

where Rin = Rs || rz and Royt = 1o || foc || RL

by = RoutCp + ancu(1+ OmRout )+ RinCx

1 1
b RoutCu+ anCy(1+ +0m Rout )"‘ RinCr

@W3dB ~

6.012 Spring 2007 Lecture 22



Common Emitter Amplifier Analysis
Using OCT—Procedure

1. Eliminate all independent sources[e.g. V,— O]

2. Open-circuit all capacitors

3. Find the Thevenin resistance by applying i, and
measuring Vv,.

Time Constant for C_

------

i e i : i
SRR 02 N
]':l'\_l_.-"l I

Result obtained by inspection

Rrz=Rs Ity

'c, = RrCx

6.012 Spring 2007 Lecture 22
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Common Emitter Amplifier Analysis
Using OCT—Time Constant for C,

Using the same procedure

H I i

1 I ]

1 | 1

1 I ]

1 ; b 1 o N . - 1

1 - o o |

| T - v m N r ! I r

1 I i - i — .'
| i 1
| i |
_______________________ I TR IR T |

v 4
i
\:"7
+ f:
RE_RSH f“%{E pﬂ gmll"': E::} RE‘I.IT=1;7” ” RL
i vV, i Vi +V -
—lt = R! It = o+ mVz Eliminate v _:
N out
Vt

= Ry, = Rout +Rj n(+9mRout )

7c,, = RruCp =|Réut + Rin(1+ ImRéut ) s
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Common Emitter Amplifier Analysis
Using OCT—Dominant Pole

Summing individual time constants

b1=Rr,Cr+ RT,uC,u

b1 = RoutCp + ancy(1+ Im Rout )+ RinCz

Assume T, >> 1,

bl =N+~ N
by = R§utC, + ancu(1+ ImRout )+ RinCp

1 1
b RoutCp+ RinCpu(l+ gmRout )+ RinC

@W3dB ~

Thisresult isvery similar to the Miller Effect calculation
Additional term R',,C , taken into account

out

6.012 Spring 2007 Lecture 22
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Comparethe Three Methods of Analyzing
the Frequency Response of CE Amplifier

Full Analysis—

1 1
7 RoutCy +RinCy L+ 9mRout )+ RinC,

W3dB ~

Miller Approximation—

_{ 1 } 1
W3dB = Ri'n Cﬂ_—l— (1+ Om R(')u'[ )C,U

Open Circuit Time Constant—

1 1
a)BdB ~ = ! 4 / !
b RoutCu+ Rinc,u(lJr OmRout)*+ RinC~
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What did we learn today?

Summary of Key Concepts

e Full Anaysis
— Assumesthat t; + 1, ~ 14

1 1
7 RoutCu +Rin Cy(1+ Om Rout )+ RinC

e Miller Approximation
— Doesnot take into account R’

@W3dB ~

_{ 1 } 1
W3dB = Ri'n Cﬂ_—l— (1+ Om R(')u'[ )C,U

e Open Circuit Time Constant (OCT)
— Assumes adominant pole as full analysis

1 1
a)BdB ~ = ! ! ! !
b RoutCu+ RinC,u(1+ OmRout )+ RinC

6.012 Spring 2007 Lecture 22 17
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Transistor AC Equivalent Circuits

To visualize the operation of a transistor in an amplifier circuit, it is often useful to
represent the device by an equivalent circuit.

r-Parameters

There are five r Parameters are given in table below.
An r-parameter equivalent circuit for a bipolar junction transistor .

o, Ac alpha (1./1,)
Ac beta (1./1,)

ac

r', Ac emitter resistance
ry Ac base resistance
r Ac collector resistance

c

Transistor AC Equivalent Circuits

r-Parameters

The effect of the ac base resistance ( rb’ ) is usually small enough to neglect, so it can
be replaced by a short. ,

The ac collector resistance ( I’C ) is usually several hundred kilohms and can be
replaced by an open.

LS
( |
| rr ) ‘ |' 'r! - 'aacle E_ﬂaclb
SHIRE | | C E' " M IC
——t - O——" L +— | O
j—w S ! K%Jf |
. a,.l, | [ R -
ok | B
|_ _ : _____ = Simplified r-parameter equivalent circuit
B for a bipolar junction transistor
o]

Generalized r-parameter equivalent circuit
for a bipolar junction transistor 4
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Transistor AC Equivalent Circuits

r-Parameter
® These factors are shown in transistor symbol in the figure below.
* TFor amplifier analysis, the ac emitter resistance, re' , is the most important of the r
parametets. " 25mV
¢ I
E
. =
©)

12

Bm > II)

Transistor AC Equivalent Circuits
Comparison of the AC (B,.) to the DC (Bpc)

*  For a typical transistor, a graph of 1. versus I is nonlinear, as shown in figure (a).

= If you pick a Q-point on the curve and cause the base current to vary an amount
Aly, then collector current will vary an amount Al as shown in part (b). At different
points on the nonlinear curve, the ratdo Al./Aly will be different, and it may also
differ from the I./I; ratio at the Q-point. Since Bpc=1./I; and B,.= Al./Al, the
values of these two quantities can differ slightly.

I-A I}

Y T, .
L. Al { Q
cQ : . i(ls’lc)

I |

I - | I >/
0 Igq ’ 0 T i

. B
Boc =111z at Q point Bac =Al Al 6
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Bipolar Transistor Amplifier Configurations

® As the BJT is a 3 terminal device, there are basically 3 possible way to connect it within
an electronic circuit with one terminal being common to both the input and output.

= Each method of connection responding differently to its input signal within a circuit as
the static characteristics of the transistor vary with each circuit arrangement.

1. The Common Emitter Amplifier Configuration
2. The Common Collector Amplifier Configuration

3. The Common Base Amplifier Configuration

The Common-Emitter Amplifier

* Input is at the base. Output is at the collector.

® There is a phase inversion from input to output, the amplified output is 180° out of
phase with the input. When the voltage on the input starts to go positive, the device
is forward biased. As forward bias increases, collector current increases. That's how
the device works. Turn it on more, and more current flows through it. As collector
current increases, collector voltage decreases. There's the key. Increasing base voltage
causes increasing collector current and decreases collector voltage. Increasing base
voltage causes decreasing collector voltage. And the opposite is true.

Voltage-Divider bias Vee
\\ +12V

I
Vout L
A {

\
1 uF Ry \g/
(&} 180° phase-shift

3/24/2011



The Common-Emitter Amplifier

C, and C; are coupling capacitors for the input and output signals.

C, is the emitter-bypass capacitor (X-,=0Q for the AC signal current). The emitter

bypass capacitor helps increase the gain by allowing the ac signal to pass more easily.
All capacitors must have a negligible reactance at the frequency of operation
Emitter is at ac ground due to the bypass capacitor.

The Xopypass) should be about ten times less than Rp.

The AC equivalent circuit is shown in the following:

VCC
+12V

9

The Common-Emitter Amplifier
DC Equivalent Circuit Analysis

To analyze the amplifier, the dc bias values must first +12V
be determined. To do this, a dc equivalent circuit is
developed by replacing the coupling and bypass
capacitors with open (remember, a capacitor appears
open to dc). 1L0KO

The dc component of the circuit “sees” only the part
of the circuit that is within the boundaties of C;, C,, v _
and C; as the dc will not pass through these N\,
components. The equivalent circuit for dc analysis is
shown. R,

Re

The methods for dc analysis are just are the same as
dealing with a voltage-divider circuit.

10
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The Common-Emitter Amplifier

The AC Equivalent Circuit Analysis

The ac equivalent circuit basically replaces the capacitors(X-=0Q) with shorts, being
that ac passes through easily through them.

The power supplies are also effectively shorts to ground for ac analysis at the signal
frequency (R;,,=0€ of the battery).

ac source

Rc
1.0 kQ
R, R,
22 k) 6.8 k()
(a) Without an ac voltage source. (b) With an ac voltage source

AC ground is shown in red.

11

The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

We can look at the input voltage in terms of the equivalent base circuit (ignore the
other components from the previous diagram).

Note the use of simple series-parallel analysis skills for determining Vin.

V==V,
Rs + R,

Base

>
V@ \/m <2Riuuul| = Rl Il RZ Il Rim base)

12
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The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

The input resistance as seen by the input voltage can be illustrated by the r
parameter equivalent circuit. The simplified formula below is used.

+ VCC

RIN (Base) = ﬂDC RE Re

C

B(!{'I/) = I('

Rin(Base) = ﬁac r'le

The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

= The output resistance is for all
practical purposes the value of

R, =R IR,

3/24/2011
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The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

Voltage gain can be easily determined
by dividing the ac output voltage by the
ac input voltage.

A\/ :Vout /Vin :Vc /Vb

Voltage gain can also be determined by
the simplified formula below.

A =R ’

The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

The bypass capacitor makes the gain
unstable  since  transistor  amplifier Vee

becomes more dependent on If.

This effect can be swamped or somewhat

improved by adding another emitter

resistor(Rgy). C} L 1 uF
1 uF
= G
10 uF




The Common-Emitter Amplifier
The AC Equivalent Circuit Analysis

= Taking the attenuation from the ac supply internal resistance and input resistance into

consideration is included in the overall gain

A,v= {vb/vs)Av Overall

— . gain e
A/ _Vc /Vb V.1V, <Amplifier-»
gain
_ Rin(total) A/ I\;lk\c—m— t
' R +R
s in(total) 53 At collector
: v s V.IV, v,
A =<, I = : M *
Is Rs +R;, } k
R\ % § \"N
— R(‘
A, =AA
V(G Ry IR,
. =l \J
- - - - 17

The Common-Collector Amplifier
®* The Common-Collector circuit with voltage-divider bias is shown figure below.

= Notice that the input signal is capacitively coupled to the base, the output signal is

capacitively coupled from the emitter, and the collector is at ac ground.

= The CC amplifier is usually referred as the emitter follower (since the output voltage

at the emitter follows the input voltage at the base.

+Vee
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The Common-Collector Amplifier

Input and Output Resistance

Vi _Vy _ le(+R,)

R. =1 —
in(Base)
Iin Ib Ib
since l, =1, =p,.1,,
R ~ ﬂac Ib(r'e+Re)
in(Base) — |
b

Thel, termscancel; therefore, _ Transistor

. - equivalent
Rin(Base) ;ﬂac (re+Re) B
IfR,>>p,. 1,
Rin(Base) = ﬁac (rle+Re) V., =1 E
Rinsase) = Bac Re R,=Rg IR,

vl’lll - It’let‘
Rin(tot) = Rl ” Rz ” Rin(Base) le
= 19

The Common-Collector Amplifier

Input and Output Resistance

The prime function of this circuit is to connect a high resistance source to a low

resistance load (“a buffer amplifier”).

The input resistance can be determined by the simplified formula below.

v, .
Rin(Base) = |_Il: = ﬁac (r e+Re)

The output resistance is very low. This

Iransistor
makes it useful for driving low impedance " equivalent
loads (“a buffer amplifier”). B

\Y/ I.R
Rout =—2Ut — ¢ ¢ —| ow
-1 E
¢ ¢ ‘/III e Il'(

R, =Rg IR,

Vuul = Il' R:
i l
- 20

3/24/2011
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The Common-Collector Amplifier

Voltage gain

As in all amplifiers, the voltage gain is A, =V, /V,

i

Vout = Ie Re Ayl l )
- ransistor
Where : Re IS RE ” RL 5 " equivalent
14
Vin = Ie(re + Re)
A\/ — Ie Re
— 7, N E
Ie(re’ + RE) anzlu(
R, R,=Rg I R,
A/ = T v Vu/ll - Iz'Rx'
r,+R, L l
A, =1 e

Since the output is at the emitter, it is in phase with the base voltage, so there is no
Inversion from input to output. Because there is no inversion and because the voltage
gain is approximately 1, the output voltage closely follows the input voltage in both
phase and amplitude; thus the term emitter-follower.

21
The Common-Collector Amplifier
Current gain
I
Aﬁ =—£ aels
[ransistor

4~ equivalent

Power gain
A, =AA ‘
since A, =1, theoverall powergain is

A=A L l

R,=Rg IR,
vnlll = I(' Rt‘

22

3/24/2011
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The Common-Base Amplifier

= A typical common-base amplifier is shown in figure below.

= The base is the common terminal and is at ac ground because of capacitor C,.

= The input signal is capacitively coupled to the emitter.

= The output is capacitively coupled from the collector to a load resistor.

+Vee

AAA

> Re

(a) Complete circuit with load

1-AAA

lmm A A%
R

1WA~
=
5

>
<

G

R,

(b) AC equivalent model

R.=RcIR,

23

The Common-Base Amplifier

Voltage Gain

The voltage gain from emitter to collector is developed as follows (V;,=V,, V,.,.=V.

V, \Y

— tout _ Ye _
A V. 'V,

n e

if R >>r.,then

RC
AV=7

e

R
i

|CRC ~ IeRc
le(r/IR:) ~ te(r, || Re)
+Vee
J I-E Re ¢
SR Vo
R

Q
=

(a) Complete circuit with load

1-AAA

I VVy
o

WA
=
&

(b) AC equivalent model

R, =R.IR,

24

3/24/2011
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The Common-Base Amplifier

Input Resistance
The resistance, looking in at the emitter,
is
’
R Vo Ve L(EIR)
in(emitter) — I - I - I
in e e
H !/
if Rc >>r.,then
~ !
Rin(eminer) = I‘-e
+Vee
E: Re ¢
|

—
HH-AAA,
lmm A A%
R

1WA~
&

1|

(a) Complete circuit with load

>
=R
o L
= C, ‘@ R
! o—)|

Output Resistance

Looking into the collector the ac
collector resistance, appears in parallel
with R¢.. But typically much larger than
Re, so a good approximation for the
output resistance is:

Rout = Re

out

R.=RcIR,

(b) AC equivalent model 2 5

The Common-Base Amplifier

Current Gain

® The current gain is the output current divided by the input current. I, is the ac output

current, and [, is the ac input current. Since I.=1, the current gain is approximately 1.

Power Gain

= Since the current gain is approximately 1 for the common-base amplifier and A,=A4 4,

the power gain is approximately equal to the voltage gain.

ARA,
+Vee
>
< :: Re (&
.Sk :
C,
= Cl R,
\ o)
T =
E:R: Re

(a) Complete circuit with load

R, =R.IR,

(b) AC equivalent model 2 6

3/24/2011
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Relative Comparison of Amplifier Configuration

CE cc CB
Voltage gain, A, High Low High
R/, = Re/r
Current gain, A ;g High High Low
B B =1
Power gain, A, Very high High High
ArAv EAi = v
Input resistance, R;,,..0 Low High Very low
Bucrtl' BucRE l”;
Output resistance, R, High Very low High
RC (Rs/ Buc) “ RE RC
27

Darlington Transistor

® 'The Darlington transistor (Darlington pair) is a compound structure consisting of
two bipolar transistors (either integrated or separated devices) connected in such a way
that the current amplified by the first transistor is amplified further by the second one.

® The collectors are joined together and the emitter of the input transistor is connected
to the base of the output transistor as shown in figure below:

ﬂDarIington= ﬂl 'ﬂZ +ﬂl +ﬁ2

if S, and S, are high enough, thisrelation can beapproximated with :

+Vee
ﬂDarIington ~ ﬁl : ﬂZ 't
= The current gain is high so
it can be used to amplify
weak signal.

Sidney Darlington

(July 18, 1906 — October 31, 1997) L )8

3/24/2011
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Sziklai pair
»  The Sziklai pair is a configuration of two bipolar transistors, similar to a Darlington
pair. But the Sziklai pair has one NPN and one PNP transistor, and so it is
sometimes called the "complementary Darlington".

Current gain is similar to that of a Darlington pair, which is the product of the gains
of the two transistors.

oC

Q2

mo

George Clifford Sziklai oE
(July 9, 1909— September 9, 1998)

29

Multistage Amplifiers Gain

®= Two or more amplifiers can be connected to increase the gain of an ac signal. The

overall gain can be calculated by simply multiplying each gain together.

A=A ALA ;.

Input o > > > ———— o Output

30

3/24/2011
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TRANSISTOR AMPLIFIERS
AET 38

First Transistor developed at Bell Labs on December 16, 1947



TRANSISTOR AMPLIFIERS

Objective la

Identify Bipolar Transistor Amplifier Operating
Principles



TRANSISTOR AMPLIFIERS

Overview

(1) Dynamic Operation

(2) Configurations

(3) Common Emitter

(4) Common Collector

(5) Common Base

(6) Temperature Stabilization
(7) Coupling



TRANSISTOR AMPLIFIERS
Typical Amplifier

DC SOURCE VOLTAGE DC SOURCE VOLTAGE DC SOURCE VOLTAGE
+ + +
R1 R1 R? R1
A A
Cc
A
o1 — a1
R2 B B
A )G
B
EQUIVALENT CIRCUIT SIMPLIFIED CIRCUIT AMPLIFIER CIRCUIT

OF AMPLIFIER OF AMPLIFIER
(A) (B) (C)

ATRITOS00H s34 | H3



TRANSISTOR AMPLIFIERS
Typical Amplifier

DC SOURCE VOLTAGE
+

R1

EQUIVALENT CIRCUIT
OF AMPLIFIER

(A)

(A). Output taken from A to
B:
Reduce the resistance of R2,

voltage from Ato B
decreases.

INncrease the resistance of
R2, voltage from Ato B
INcreases.

(Voltage follows resistance)!



TRANSISTOR AMPLIFIERS
Typical Amplifier

DC SOURCE VOLTAGE
+

Resistor (R2) is replaced with
transistor (Q1)

a (B). Output taken from A to B:

Reduce the resistance of Q1,
voltage from Ato B
B decreases.

Increase the resistance of Q1,
= voltage from A to B increases.

siIMPLIFIED ciRculT  (Voltage follows resistance)!
OF AMPLIFIER

(B)

R1

Q1



TRANSISTOR AMPLIFIERS
Typical Amplifier

DCSOURCEVOLTAGE (C)AnN Input signal from G1 is

applied to the base

R2 R1 through C.. The input

A signal changes the Bias on
the base of the transistor
controlling the current flow

i
(m) 61 " through the transistor.
i The output, taken from A to

Cc

Q1

B, will be a reproduction of
the input signal only much
(C) larger.

AMPLIFIER CIRCUIT



TRANSISTOR AMPLIFIERS

Amplification: The ability of a circuit to

receive a small change of input voltage
or current (signal) and produce a large

change in the output voltage or current
(signal).

Amplification depends on the change in
the transistor’s resistance caused by an
Input signal.



TRANSISTOR AMPLIFIERS

CONFIGURATIONS
'\ o
O &
: F &
INJUT OUTPUT inpuT ﬂ DU'I'TF’UT
oY _T_' o -l . _T_l o

(A) (B) )
COMMON EMITTER COMMON BASE

©)
COMMON COLLECTOR



TRANSISTOR AMPLIFIERS

Common Emitter

Common Emitter is
sometimes called the

&
4 Grounded Emitter.
.* OUTPUT Input Signal IS applled
INPUT to the base.

_T_' ®  OQutput signal is taken

from the collector.
COMMON EMITTER

The common line,
(not used for signal)
IS connected to the
emitter.
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Common Collector

Common Collector (CC)
IS sometimes called
Grounded Collector.

ne input signal is
oplied to the base.

ne output signal is

= taken from the emitter.

O
lT T
LT OUTPUT g4
iy 2o 7
COMMON COLLECTOR

The common line, (not
used for signal) Is
connected to the
collector.
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Common Base

Common Base (CB) is
sometimes called
Grounded Base.

-I-. i O
INPUT OUTPUT The !nput signal iS.
applied to the emitter.
ot _T_ e The output signal is
COMMON BASE —= taken from the
collector.

The common line, (not
used for signal) Is
connected to the base.
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Common Emitter Amplifier

# The purpose of the common
emitter amplifier is to provide
good current, voltage, and
power gain.

# 180° phase shift



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier Components

+Vce

R3

2™
@
OUTPUT

R, determines
forward bias

R, aids In
developing bias

R Is the collector
load resistor used to
develop the output
signal

R, Is the emitter
resistor used for
thermal stability
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Common Emitter Amplifier Components

tee
R3 Q, - transistor
3 R C, is the input
¢ o coupling capacitor
\ OUTPUT
7 B ¢ Q1 °
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Common Emitter Amplifier

*ee
R3 Current paths and
§ Ri percentage of flow
® — —
. ?? . OUTPUT rIE—_S%/OO%’ 1. = 95%0,
INPUT U B D70
®

from Ground to +VCC

R
T 2 R4 @NPN — Current flows



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

Signal path: When a signal is applied to
an amplifier, four things occur.

@ Base, emitter & collector currents
change at the rate of the input signal

@Collector voltage changes at the rate of
the input signal

@Phase shift of 180°

@There will be signal gain!



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

Static or Quiescent Operation

By definition, bias Is defined as the
average DC voltage (or current)
used to establish the operating
point In transistor circuits for a
static or quiescent condition. A
static condition means the circuit
does not have an input signal and Is
fixed In a non-varying condition.
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Typical Amplifier with Bias - Static Condition

Transistor Current
Path

/ 600myv (.6v) Bias

(emitter to base

voltage) causes

emitter current (IE),

base current (1B),

®) and collector
current (IC) to flow.




TRANSISTOR AMPLIFIERS
Typical Amplifier with Bias - Static Condition

Current enters the
emitter and exits
Ve the base.

Current enters the
emitter and exits
the collector
through R1 to V.
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Common Emitter Amplifier

Dynamic Operation

The varying condition of a circuit is
called i1ts dynamic condition or
operating condition. This occurs
whenever an input signal iIs applied.
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Typical Amplifier with Bias - Dynamic

+25Y

N

M T2 T3 T4 TH

i Sl et Rl Bt oy | --boo oL

T T2 T3 T4 TS

0V F-----

ATRZEN2004-0406-186

Dynamic condition: DC Bias with signhal added
(Varying condition)

The output voltage has a much larger voltage
change than the input.
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Typical Amplifier with Bias - Dynamic

+25Y

L R

T T2 T3 T4 T5
o il Bl ol Bl Bl oy po-loodoolo L

T T2 T3 T4 TS

0V F-----

Notice the .2V Pk-Pk signal at the input is using the
.6v DC as its reference and the output 10V Pk-Pk
signal is using the 15V DC as its reference.
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Common Emitter Amplifier
*ee

R3
R1
\ e — - -
& CCU)
C1
+V . Y| & N B
A
oV Fb- @1 ® ov

OUTPUT
WAVEFORM
INPUT T R2 R4

-\

WAVEFORM




TRANSISTOR AMPLIFIERS
NPN Common Emitter Amplifier Operation

The negative alternation of the input signal
applied to the base of the transistor causes
forward bias to decrease and collector
current to decrease.

The voltage drop across R; decreases
because I. decreased

The collector voltage (V) increases

The bilas decrease caused an Increase In
output voltage and produced a 180 phase
Inversion
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NPN Common Emitter Amplifier Operation

The positive alternation of the input signal
applied to the base causes forward bias to
Increase and collector current to increase

The voltage drop across R; Increases
because I Increased

The collector voltage (V) decreases

The bilas increase caused a decrease In
output voltage and produced a 180 phase
Inversion



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

+Vee
Rz
Rq Rq
Cq QUTPUT C1 QUTPUT
o)l Q1 o)\
/1 /1
INPUT INPUT Cy
— ¢ \|
71 "VEE
A.NPN CE AMPLIFIER B. ALTERNATE POWER CONNECTION NPN
-Vee
Ro éEFQ —
R1 Y R1 L @
Cq OUTPUT Cq OUTPUT
)| a1 —H—)
INPUT A\ INPUT * ¢, =
—o ¢ \|

C. PNP CE AMPLIFIER D. ALTERNATE CIRCUIT PNP

ATR2ECCO044-0408- 188
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Common Emitter Amplifier

,"'HCC
R, NPN with convem_:ional
power connection
off ! OUTPUT V. to base and
o) N collector using
NPUT . respective resistors
1 T (R, &R,).

A.NPN CE AMPLIFIER



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

= power connection Vg,
R1 o to emitter with

o le. PSQ1“UTF’UT current path through

Neut o, Q, out the base and

? ) Ve _[0 collector through R;
O

& R, to ground.

% NPN with alternate
R2

B. ALTERNATE POWER CONNECTION NPN



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier
9~ VcC

Ry PNP with conventional
power connection
o

e ST SUTPLT -V to base and
o—)| Q1 collector using
INPUT . respective resistors
l T (R, & R,).

C. PNP CE AMPLIFIER



TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

? R, — PNP with alternate
R, power conr)ection_
of OUTPUT +Ve to emltt_er with
o) Qq current path in the
'”F’:T Cso base and collector
)| —®  through R; & R, out

+¥
— ‘ ==L the emitter to

D. ALTERNATE CIRCUIT PNP ground.




TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

Characteristic Curve Graph

A transistor CHARACTERISTIC CURVE Is a
graph plotting of the relationships
between currents and voltages in a
transistor circuit.

The graph is then called a FAMILY of
curves.
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TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

al) C‘ Q1

ZN334

A\

A. SCHEMATIC

;‘EVCE
T 0- 40V

T o

17500, _

2H334

L = ] =

1SR

100

TS

S0y

10 20

30

WCE - COLLECTOR YOLTAGE - VOLTS

40

Characteristic Curve
Graph

Graph shows base
current (I;) changes
vs. collector current

(1o).

Graph shows a
change in V. vs. |



200,A_L+—

6 +i 175pA Point A -Cutoff
< 8 Lo Applied Voltage = 25V
IEE e
= - -
g - 120A Point B -Saturation
§ 35 Vee 25 volts
o ° a 1004 IC= R " "kq 0™
Q 25 —
é 32 D 75pA
o

1 50pA

\. Ig=0 +Veo 25v
0 0 7.5 10 125 17.520 A 30 I ’

Vg - COLLECTOR VOLTAGE - VOLTS

Base current - |5

1'H'r¢¢ 25 Volts
IE = =
R, 250K
t

OUTPUT

= 100pA
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+Veo
R3

> R1 OUTPUT
INPUT 3 Co

WAVEFORM Cq —e :

. Al -y~ - - - 200 m¥p-p

' @ % Q1 '
10mvpp -L--\-- = * !

! [ 3" HE

Amplifier Gain — A ratio of the change In
output to the change in input expressed as

a formula:
AOutput 200 mV _

= = 20
Alnput 10 mV

Gain =



-7 — =@

TRANSISTOR AMPLIFIERS

Common Emitter Amplifier

Dptlrlnum Ro

Bias vs. Gain
Characteristics

Optimum has the
best gain

R, Is directly

proportional to bias,
\ resistance increases
*  forward bias

Cutoff Saturation

> BIAS e | CFEASES

R, Is inversely
proportional to bias
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+Veo

R3

> R1 OUTPUT
INPUT ? Co

WAVEFORM C1 —e '

- ° 4 -1t - - -~ - 200 mvVp-p

1 Fi| 1
10mvpp -L--\-- &/ @ * !

. [ § HE

Collector Load Resistor Changes

Increasing the resistance of R3 will cause a
corresponding increase in the amount of change
IN collector voltage and increase in voltage gain.

Gain is directly proportional to the resistance
value of R3.



| - COLLECTOR CURRENT £ mA

4

3.3
3

2.5

2
1.5

1

0

2opA__L_+—F

i 17 5pA

Point B-Saturation

IC_".".:.: _ 25 volts 417 mA
C 125uA R2 6KQ
I a 100uA
———
D THUA
P,
S0pA
\ g : +Voe 25v
0 35 75 10 12515 (7520 30
Vg - COLLECTOR VOLTAGE - VOLTS R4 é Rs
_ 247K 6KQ
Increasing R2 to 6_Kﬂ S0pA P- P ‘. —
changes the load line 1 (’\J ) o
- . )
and gain increases Yo NS neuT
Rgg = 3KQ

from 10V to 12.5 volts.
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Class of Operation

@There are four classes of operation
for amplifiers: A, AB, Band C

@The class of operation is
determined by the amount of
forward bias.
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Common Emitter Amplifier — Class A

+10V
Ry Class A amplifiers
R/ have an exact
C1 7 reproduction of the

o) Qq - -0V ! :

’ / tw input in the output.

0.6V - ov. Conducts 100%0 of
i the time

The collector current
will flow for 360
degrees of the input
signal




Class ‘A’ Amplifier Curve
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Common Emitter Amplifier — Class AB

+5V @ +10V o
Ro Class AB amplifiers

has some amplitude
distortion and

t W conducts 519% to

Rq

‘31

99906 of the time.




Class ‘AB’ Amplifier Curve
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Common Emitter Amplifier — Class B

+10V
R Class B amplifiers has
’ amplitude and
.C.J, Qq | 1" gy CPOSSOver distortion.
v / t _____ sy Conducts 50% of the
UVP' - R1 oV time.
Y
¢ 2 ‘ The collector current

will flow for 180
degrees of the input
signal.



Class ‘B’ Amplifier Curve
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Common Emitter Amplifier — Class C

B i Class C amplifiers
R2 have amplitude and
e 3 Y crossover distortion
o ® ) Q4 EE\; on both alternations.
WW / Conducts < 5090
0.2V oV

Ve $




Class ‘C’ Amplifier Curve

~—~——




TRANSISTOR AMPLIFIERS

Fidelity — The degree to which a device
accurately reproduces at its output the
characteristics of its input signal.

Class A has the best fidelity

Efficiency — The ratio between the
output signal power and the total input
power.

Class C has the best efficiency.



TRANSISTOR AMPLIFIERS

Amplitude Distortion — The result of
changing a waveshape so its amplitude
IS no longer proportional to the original
amplitude.

Amplitude distortion caused by too large
Input signal, excessive bias, or
Insufficient forward bias.



TRANSISTOR AMPLIFIERS

Class of Operation Chart

CLASS FIDELITY EFFICIENCY CONDUCTS WAVESHAPE BIAS "E"
A Excellent YWorst 360* AT OR NEAR
100% TIME OPTIMUM
B Poor Good 180° AT CUT OFF
L0% Conducts
AB Average Poor MORE THAN Below
180%f LESS OPTIMUM
THAN 360° Above
Conducts: Cutoff
502: LESS
THAN 100%:
C Worst Excellent LESS THAN BELOW
180° CUTOFF
Conducts:
LESS THAN
L0%
OVERDRIVEN| Poor Poor LESS THAN INPUT TOO
360® Conducts LARGE
LESS THAN

100%
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Common Base Amplifier

®»The common base amplifier is also known as the
grounded base amplifier.

®» The common base amplifier has a voltage gain
greater than one, but it has a current gain less
than one.

® It is normally characterized by a very small input
Impedance and a high output impedance like the
common emitter amplifier.

®The input signal is in phase with the output
signal.



TRANSISTOR AMPLIFIERS

12v Common Base Amplifier
+VCC
Ra R, provides forward
R nias for the emitter-
1 OUTPUT ] ]
Q; —e pase junction
¢ VB C3
R, alds In developing
17T R, forward bias
=G R; Is the collector load
———1 resistor
INPUT Co
? % Rq R, develops the input

= = signal

ATR2 B0 4-CO08-007
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12 Common Base Amplifier
TVCC
R3 C, places the base at
R outputr  AC ground
ve 21 —e _ _ _
| C3 C, is the input coupling
% capacitor
Cq1 == R5
| C; Is the Output
coupling capacitor
® [ ¢
INPUT €2 Q, NPN transistor

ATR2 B0 4-CO08-007
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12V

+Vee

R3
§ R OUTPUT
Q4 I{ ")
V | A"
B 03
Cq1 == R5

ATR2 B0 4-CH00-007

Common Base Amplifier

A positive alternation
applied to the emitter of the
transistor decreases
forward bias and causes
emitter current to decrease.
A decrease In emitter
current results in a decrease
In collector current. A
decrease In I, decreases E,
causing V. to become more
positive. The collector
waveform is an amplified
reproduction of the positive
Input alternation.
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Common Collector Amplifier

#The common collector amplifier is also
called the emuitter follower amplifier because
the output voltage signal at the emitter is
approximately equal to the input signal on
the base.

#Amplifier's voltage gain is always less than
the Input signal voltage.

#Used to match a high-impedance source
to a low-impedance load
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Common Collector Amplifier

#Common collector amplifier has a large
current and power gain, excellent stability
and frequency response.

#The output impedance of this circuit is
equal to the value of the emitter resistor,
this circuit i1s used for impedance matching.

#The input and output signals are in phase.



TRANSISTOR AMPLIFIERS

Common Collector Amplifier

#Uses degenerative or negative feedback.

#Degenerative feedback is the process of
returning a part of the output of an
amplifier to its input in such a manner that
It cancels part of the input signal.

#As a result, the common collector amplifier
has a voltage gain of less than 1.
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Common Collector Amplifier
Vee +12V

I
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Common Collector Amplifier
R1 — Determines amplifier forward bias

R2 — Aids in determining forward bias

R3 — Emitter load resistor-develops the
output signal & degenerative feedback

C1l — Input coupling capacitor

C2 — By-pass capacitor, places collector
at AC ground

C3 — Output coupling capacitor

Q1 — Transistor amplifier



TRANSISTOR AMPLIFIERS

Common Collector Amplifier

As the voltage on the
base goes In a positive
direction, the voltage
on the emitter goes in a
positive direction.

This positive voltage
reverse biases the
transistor decreasing |-
resulting Iin an increase
voltage drop across the
transistor.



TRANSISTOR AMPLIFIERS

Common Collector Amplifier

As the voltage drop

Vec 12V across the transistor
I Increases the voltage
. é drop across the load
Vpp 1 :
Icz resistor R; decreases,
% o—|—¢ 0, 4 *»»  thus gain less than one.
C1
-
C3
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Appraisal



TRANSISTOR AMPLIFIERS

1. In the common emitter configuration,
the input 1s applied to the and the
output Is taken from the

a. emitter: collector
b. base; collector
C. emitter; base

d. base; emitter



TRANSISTOR AMPLIFIERS

2. What is the purpose of

*Vee resistors R1 and R2?
R3 a. Amplify the input signal
3"
‘. . b_. Develop the output
- 1 output  signal
INPUT e ¢
o c. Develop forward bias

R2 R4
T voltage for Q1

L L d. Block DC from the base
of Q1
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3. In a common collector amplifier,
degenerative feedback Is out of
phase with the input signal.

a. 0 degrees

b. 90 degrees
c. 180 degrees
d. 270 degrees
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4. The common base amplifier has a
voltage gain , but a current gain

a. less than one, less than one
b. greater than one, less than one
c. less than one, greater than one

d. greater than one, greater than one
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5. In the common emitter

*Vee configuration, R3
R3 primarily affects
3R a. gain.
C1 ® ]
\| output D, forward bias.
INP.UT e 1 ¢
o c. degeneration.

R2 R4
T d. temperature
L L L stabilization.
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12V
+Vee : :
6. What Is the purpose of R4 In
R the common base amplifier?
3
3 R ouTPuT a. Couple the output signal
Vg Q4 —e
: C3 b. Develop the input signal
T R, % c. Develop the output signal
= = d. Keep the base at AC ground
® € ¢
INPUT Co

ATR2 B0 4-0008-007
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7. In the amplifier circuit
shown, the purpose of C2 is to

a. couple the output signal.

0.8V pp
‘ [\/

AR

b. develop the output signal.

c. place the collector at AC

d. provide regenerative
feeback.
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8. The amplifiers class of operation is
determined by

a. fidelity.
b. efficiency:.
c. output waveform.

d. amount of forward bias.
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9. With a transistor amplifier operating in
class B, the collector current will flow for
of the input signal.

a. 90 degrees
b. 180 degrees
c. 360 degrees

d. more than 180 degrees but less than 360
degrees
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12V
+VCo
R3

§ R OUTPUT

Q1 I @

V | LY
l B C3
p=—y R2 %
@ :{ »

INPUT Co

ATR2 B0 4-0008-007

10. In the transistor amplifier
shown, what Is the phase
relationship between the input
and output signals?

a. 0 degree phase shift

b. 90 degree phase shift
c. 180 degree phase shift
d. 270 degree phase shift
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TEMPERATURE STABALIZATION



TEMPERATURE STABALIZATION
PURPOSE

The process of minimizing
undesired changes in a
transistor circuit caused by
heat iIs called temperature
stabilization.



TEMPERATURE STABALIZATION

Negative Temperature Coefficient

=Transistors have a negative temperature
coefficient

=This means that as temperature increases
the resistance of the transistor decreases.



TEMPERATURE STABALIZATION
Negative Temperature Coefficient

To compensate for temperature changes,
all thermal stabilization circuits do the
opposite to the transistor. As
temperature increases, the thermal
stabilization circuits reduce forward bias

of the transistor, increasing Its resistance.



COLLECTOR CURRENT mA

TEMPERATURE STABALIZATION

Collector Current (1.) vs.Temperature Graph
Non-stabilized circuits

@As temperature
4 increases | - increases
3- due to the resistance of

the transistor decreasing.

@This causesthe
transistor |- to move

0 25 50 75 100 above its operating
TEMPERATURE C .
point.




TEMPERATURE STABALIZATION
Swamping Resistor Stabilization
+Veo

SWAMPING

RESISTOR

o T EERI00TT 5001 B2



TEMPERATURE STABALIZATION
Swamping Resistor Stabilization

@Placing a resistor (R;) In the emitter for
temperature stabilization iIs referred to as a
“Swamping” resistor. Using swamping
resistor (R;) for temperature stabilization
results in degeneration feedback.

@An increase In I flows through the emitter

resistor and develops an increase In voltage
on the emitter.

@This voltage opposes forward bias and
reduces Iz and ..



TEMPERATURE STABALIZATION

Swamping Resistor with Bypass

Capacitor
+VCC

R4
C1 .
Q. OUTPUT
% o— i 1
(]
INPUT
I ¢,
— SWAMPING EMITTER BY-PASS
RESISTOR CAPACITOR

AT OG0T #5001 B2



TEMPERATURE STABALIZATION
Swamping Resistor with Bypass Capacitor

@C, Is referred to as the “emitter bypass
capacitor”.

@By placing a large capacitor (C,) across
R3, a signal ground is established and
compensates for signal degeneration



TEMPERATURE STABALIZATION

Thermistor Stabilization
+Veoo

R
2 OUTPUT
R1 e

& PP (e -G



TEMPERATURE STABALIZATION
Thermistor Stabilization

@ A thermistor has a negative temperature
coefficient of resistance.

@ Bias iIs established by R; and R;; the
thermistor.

@ As temp. Increases, resistance of R,
decreases, causing bias and 1. to decrease

@ This compensates for the change in I due
to temp. variations.



TEMPERATURE STABALIZATION
Forward Bias Diode Stabilization

+VC o

R2
QUTPUT
R g

ATNICOG0O 4= 1



TEMPERATURE STABALIZATION
Forward Bias Diode Stabilization

@To more closely follow resistance changes of
the transistor, replace the thermistor with a

diode.

@Diodes and transistors are made of the same
materials, therefore, closely follow
temperature changes.

@As the amplifiers forward biased diode
temperature increases its resistance decreases,

thus forward bias decreases.



TEMPERATURE STABALIZATION
Reverse Bilas Diode Stabilization

+VCo

R2
- OUTPUT
INPUT 1 ®

ATNICOCDO -0 1



TEMPERATURE STABALIZATION
Reverse Bilas Diode Stabilization

@Used to reduce the effects of I.; on collector
current.

@As the reverse current of CR, increases, it will
cause a larger voltage drop across R;.

@This will reduce the voltage across the base-
emitter junction (V), causing base current to
decrease, causing collector current will

decrease.



TEMPERATURE STABALIZATION
Double Diode Stabilization

+VCo

Ra
QUTPUT
R1 ®

AT COUD -G



TEMPERATURE STABALIZATION
Double Diode Stabilization

@Forward biased diode CR, compensates
for changes in the resistance of the forward
biased emitter-base junction due to
temperature.

@The reverse biased diode CR,
compensates for the effects of I In the

reverse biased collector-base junction.



TEMPERATURE STABALIZATION
Heat Sink

Heat sinks dissipate heat generated by high current
through transistors

The transistor is connected directly to the heat sink and
the fins dissipate the heat away from the junctions.



TEMPERATURE
STABILIZATION

Appraisal



TEMPERATURE STABILIZATION

11. The “negative temperature coefficient”
of a thermistor means that as temperature
INncreases resistance

a. Increases
b. decreases

c. Remains the same



TEMPERATURE STABILIZATION

12. Using the swamping resistor for
thermal stability, what type of feedback Is
developed to control the amplifier?

a. Regenerative
b. Degenerative

c. Positive feedback



TEMPERATURE STABILIZATION

13. Which of the following devices is used
to dissipate heat into the air?

a. Heat sink
b. Circuit board
c. Swamping resistor

d. Coupling capacitor
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COUPLING



TRANSISTOR AMPLIFIER COUPLING

Purpose:

To achieve the high gain needed
by most circuits, amplifiers are
connected In series (or cascaded
together) to form cascade
amplifiers. The signal is couple
from one amplifier stage to
another.



TRANSISTOR AMPLIFIER COUPLING

Cascade Amplifier Voltage Gain

Low gain amplifiers do not amplify the
Input signal enough to be of practical
use. Using cascade amplifiers, high
gain is achieved without incurring
distortion.

The overall gain of a cascade amplifier
IS equal to the product of the
iIndividual gains, or: Ay oray = Avp X
Ayp X Ayg



TRANSISTOR AMPLIFIER COUPLING
Cascade Amplifier Voltage Gain

Vee

1
STAGE 1 ' STAGE2 | STAGE3
\ \
E Co R4 E C4 Re % Ce

H1§ ] A"
Ay= 10 Ay= 10 . Ay= 10
G‘l 1

Q E Q 1 Q
———Q | — € _—©

 S— : :
I i
|:|3§ —Cs E Rs +Cs i Ry —C7
I i
T :

3

The overall gain for this cascade amplifief;.
however, Is 1000 (A oray = Avt X Ay X Ay =
10 x 10 x 10 = 1000).



TRANSISTOR AMPLIFIER COUPLING

There are numerous types of circuits
used to connect (or couple) one
amplifier to another. The most
commonly used are:

®Direct Coupling
®»RC Coupling
®|_C Coupling

®»Transformer Coupling



Direct, RC, LC, and Transformer

Coupling

Ve
e GD{EJ}FT_IGME EEELE.IJFII-.?NG
COUPLING L
A5 ! T4 Rg §
— —
Co Ca (4) ngﬂﬁ:ﬁﬂ"m
/r:::- Q4 /r:::->02 /;,7-)03 ~ ) ~
\':;-. R = \a/ Q4 R

ORI 1430201



LOW FREQUENCY GAIN LOSS

Three types of components cause low
frequency gain loss In a cascade

am

olifier: coupling capacitors, inductors

and transformers.

Coup

Ing Capacitors cause low frequency gain

loss because of their high capacitive reactance at
low frequencies.

Inductors and Transformers cause low frequency

gain loss at low frequencies for the opposite
reason. They have low reactance at low

frequ

encies.



HIGH FREQUENCY GAIN LOSS

@ Components that cause high
frequency gain loss are transistors,
Inductors and transformers.

@ Stray capacitance caused by
various wires and components will
also cause high frequency gain loss.



HIGH FREQUENCY GAIN LOSS
Transistors - Interelement Capacitance

The emitter-base and collector-base junctions form
an effective capacitance at high frequencies.

The signhal bypasses the transistor thus preventing
amplification.

Interelement capacitance causes loss of signal at
high frequencies.



HIGH FREQUENCY GAIN LOSS

Inter-winding Capacitance

THE COILS AND THE
AREA BETWEEN THE

COILS ACT LIKE A
CAPACITOR \

¥ High frequency loss Is due to inter-
winding capacitance in which the
Individual coils can act as capacitors.

EOnly occurs at very high frequencies.



HIGH FREQUENCY GAIN LOSS

Stray Capacitance

e Capacitance which exists between
circuit components and wiring. The
stray capacitance between two
conductors could cause output signal
amplitude to decrease.

E Stray capacitance is not normally a
problem in audio amplifiers. The
highest frequency involved iIs about
20kHz and the capacitive reactance Is
still high.



DIRECT COUPLING

Note: The line
connected between Q;
collector and Q. base
enables AC and DC to be
transferred from Q, to

Q>

Direct coupling is the
only type of coupling
that can amplify DC
voltages as well as AC
signals.




DIRECT COUPLING

Has a poor high
frequency response due
to interelement
capacitance of

<2 \/ transistors.

R3 - Collector load
resistor for Q, and the
base bias resistor for Q..

= C2
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DIRECT COUPLING

Frequency Response Graph

Observe the loss of
25KHz signal at the high

-0 bt TrEQUENcCIEs Which is

' due to the
high'frequency transistor’s inter-

0SS element

OHz

FREQUENCY - capacitance.
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DIRECT COUPLING

Frequency Response Graph

25KHz When amplifying

oo pere AC Signals, direct

' coupling is
hightfrequency Normally used to

' loss amplify the audio

OHz

FREQUENCY .- range of

frequencies (20Hz
to 20kHz).



Resistive-Capacitive (RC)

RC coupling uses a
Wee capacitor to couple
the signhal between

Mg Rg o, SR3 SR stages.
ct —e
o) o1 02 C, — Passes AC and

Ay Ve blocks (isolates)
direct current
between stages.




Resistive-Capacitive (RC)

Has a poor high
*Vee frequency response
due to transistor

Ry R? - R3 R4 :
y 2 o Interelement
0y of 0z capacitance.
A Poor low frequency

= = response due to X,
of the capacitor.
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Resistive-Capacitive (RC)

Frequency Response Curve

15 Hz 25 KHz
,G: frequency high flr uency
" loss loss

OHz FREQUENCY

finr-

Low frequency loss
due to the high
reactance of C,, C,
and C,

High frequency loss
due to the
Interelement
capacitance of Q,
and Q,



Impedance Coupling (LC)

Ve

Cs

LC coupling is used to
amplify much higher
frequencies.

R, Is replaced with an
Inductor.

The gain of the
amplifier IS NOW
determined by the
Inductor’s inductive
reactance (X)).



Impedance Coupling (LC)

The main disadvantage of
Impedance coupling is
that it is limited to high

Ve

frequency use.

« o Ihereactance of the

N~ CS[\V inductor at low
frequencies Is not large
enough to produce good
voltage gain.
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Impedance Coupling (LC)

Frequency Response Curve

o
O

30 MHz
low frequency ./ .
|0SS e
high fréguency
lo
FREQUENCY

Loss of amplitude at
low frequency is due
to low reactance of the
Inductor.

Loss of amplitude at
high frequency is due
to inter-element
capacitance of Q, and

Qo>.
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o
O

Impedance Coupling (LC)

Frequency Response Curve

N ?AHZ, The specific point (in

N this case 30MHz) that
low frequency , the amplifier will peak
loss high frdquency at Is determined by

o the resonant

frequency of the LC
circuit.

FREQUENCY >



Transformer Coupling

e

The advantages of transformer coupling is
that it provides isolation between stages so
that one stage does not feedback and
Interfere with another stages, and is also used
for impedance matching between stages.



moC-—-H—nrm 1t >

Transformer Coupling

Frequency Response Curve

Has a poor low
, 450 MHz frequency response
L due to low XL of
transformer windings.

low frequency

U Transistor interelement
capacitance and inter-
winding capacitance of
mmmmmm the transformer causes
high frequency loss.

FREQUENCY >




TRANSISTOR AMPLIFIER
COUPLING

Appraisal



TRANSISTOR AMPLIFIER COUPLING

14. What type of amplifier coupling Is used
that can amplify DC voltages as well as AC
signals?

a. LC
b. RC
c. Direct

d. Transformer



TRANSISTOR AMPLIFIER COUPLING

15. What type of amplifier coupling Is used
for impedance matching and circuit
Isolation?

a. LC
b. RC
c. Direct

d. Transformer



TRANSISTOR AMPLIFIER COUPLING

16. In the RC coupled amplifier, the low
frequency gain loss Is due to the reactance of

components
a.Cl,C2,and C3

Ry R2 R3 R4 b R1 and R4
" 01 2 A % c. R2 and R5
\ d. Q1 and Q2

e



TRANSISTOR AMPLIFIER COUPLING

17. In the RC coupled amplifier, the high
frequency gain loss Is due to the inter-element

capacitance of components
a.Cl,C2,and C3

Ry R2 R3 R4 b R1 and R4
" 01 2 A % c. R2 and R5
\ d. Q1 and Q2

e



TRANSISTOR AMPLIFIER COUPLING

18. In the following figure, what type of
coupling is used between Q3 and Q47?

a.LC Db.RC c.Direct d. Transformer

B! o~

00—

T4

ATRZEOA00 14001 %



Appraisal Answers
10.

11.
12.
13.
14.
15.
16.
17.
18.
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The End



Physics 3330 Experiment #7 Fall 1999
Transistor Amplifiers

Purpose

The aim of this experiment isto develop a bipolar transistor amplifier with avoltage gain of minus
25. The amplifier must accept input signals from a source impedance of 1 kWand provide an
undistorted output amplitude of 5V when driving a560 Wload. The bandwidth should extend
from below 100 Hz to above 1 MHz.

Introduction

An electrical signa can be amplified by using adevice which alows asmall current or voltage to
control the flow of amuch larger current from a dc power source. Transistors are the basic device
providing control of thiskind. There are two general types of transistors, bipolar and field-effect.
Very roughly, the difference between these two typesisthat for bipolar devices an input current
controls the large current flow through the device, while for field-effect transistors an input voltage
providesthe control. In thisexperiment we will build a two-stage amplifier using two bipolar
transistors.

In most practical applicationsit is better to use an op-amp as a source of gain rather than to build an
amplifier from discrete transistors. A good understanding of transistor fundamentalsis
nevertheless essential. Because op-amps are built from transistors, a detailed understanding of op-
amp behavior, particularly input and output characteristics, must be based on an understanding of
transistors. We will learn in Experiments #9 and #10 about logic devices, which are the basic
elements of computers and other digital devices. These integrated circuits are also made from
transistors, and so the behavior of logic devices depends upon the behavior of transistors. In
addition to the importance of transistors as components of op-amps, logic circuits, and an enormous
variety of other integrated circuits, single transistors are still important in many applications. For
experiments they are especialy useful asinterface devices between integrated circuits and sensors,
indicators, and other devices used to communicate with the outside world.

Thethree terminals of abipolar transistor are called the emitter, base, and collector (Figure 7.1). A
small current into the base controls alarge current flow from the collector to the emitter. The
current at the base istypically one hundredth of the collector-emitter current. Moreover, the large
current flow is almost independent of the voltage across the transistor from collector to emitter.
Thismakesit possible to obtain alarge amplification of voltage by taking the output voltage from a
resistor in serieswith the collector. We will begin by constructing a common emitter amplifier,
which operates on this principle.
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A major fault of a single-stage common emitter amplifier isits high output impedance. Thiscan be
cured by adding an emitter follower as a second stage. In thiscircuit the control signal isagain
applied at the base, but the output is taken from the emitter. The emitter voltage precisely follows
the base voltage but more current is available from the emitter. The common emitter stage and the
emitter follower stage are by far the most common transistor circuit configurations.

Figure 7.1 Pin-out of 2N3904 and 1 k trimpot

Readings

D&H Chapter 8.1 through 8.6 on bipolar transistors.

Horowitz and Hill, Chapter 2 also may be helpful, especiadly 2.01-2.03, 2.05, the first page of 2.06,
2.07, 2.09-2.12, and the part of 2.13 on page 84 and 85. Table 2.1 and Figure 2.78 give
summaries of the specifications of some real devices.

Theory

CURRENT AMPLIFIER MODEL OF BIPOLAR TRANSISTOR

From the smplest point of view a bipolar transstor is a current amplifier. The current flowing from
collector to emitter is equal to the base current multiplied by afactor. An NPN transistor operates
with the collector voltage at least afew tenths of avolt above the emitter voltage, and with a current
flowing into the base. The base-emitter junction then acts like aforward-biased diode with an 0.6 V
drop: Vg » Vg + 0.6V. Under these conditions, the collector current is proportional to the base
current: Ic = hgg Ig. The constant of proportionality is caled hgg because it is one of the "h-
parameters,” aset of numbersthat give acomplete description of the small-signal properties of a
transistor (see Bugg Section 17.4). It isimportant to keep in mind that hgg is not really a constant.
It depends on collector current (see H&H Fig. 2.78), and it varies by 50% or more from device to
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device. If youwant to know the emitter current rather than the collector current you can find it by
current conservation: Ig =1g + Ic = (Vhgg + 1) Ic. Thedifference between Ic and Ig isamost
never important since hgg is normally in the range 100 — 1000. Anocther way to say thisisthat the
base current is very small compared to the collector and emitter currents.

Ve Ve
a) +15V b) i +15V
S Re
Vout
Vin 2N3904 Vin 2N3904
Vout ﬁ
Rg < Re
< <
</ 7

Figure7.2 a) Emitter follower stage b) Common Emitter Stage

Figure 7.2 shows the two main transistor-based circuits we will consider. In the emitter-
follower stage the output (emitter) voltage is smply related to the input (base) voltage by adiode
drop of about .6 eV. Anac signal of 1 volt amplitude on the input will therefore give an AC signal
of 1 volt on the output, i.e. the output just “follows’ theinput. Aswewill seelater, the advantage
of thiscircuit isas abuffer dueto arelatively high input and low output impedance.

In the common emitter stage of figure 7.2b, a1 volt ac signal at the input will again cause a
1 volt ac signal at the emitter. Thiswill cause an ac current of 1volt/R: from the emitter to ground,
and hence also through R... V., is therefore 15-R (1volt/R;) and we see that thereis an ac voltage
gain of R/R..

Although we are only looking to amplify the AC signal, it is nonetheless very important to
set up proper dc bias conditions or quiescent points. Thefirst step isto fix the dc voltage of the
base with avoltage divider (R1 and Ry in Figure 7.3). The emitter voltage will then be 0.6 V less

out

than the base voltage. With the emitter voltage known, the current flowing from the emitter is
determined by the emitter resistor: 1g = VE/Rg. For an emitter follower, the collector isusually tied
to the positive supply voltage Vcc. The only difference between biasing the emitter follower and
biasing the common emitter circuit is that the common emitter circuit always has a collector resistor.
The collector resistor does not change the base or emitter voltage, but the drop across the collector
resistor does determine the collector voltage: Vc = Ve —IcRe.
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Figure 7.3 Biased Common Emitter Amplifier

There are three subtleties to keep in mind when biasing common-emitter or emitter-follower
circuits. Firgt of al, the base bias voltage must be fixed by alow enough impedance so that
changes in the base current do not alter the base voltage. Thisis essential because the base current
depends on hpe and so isnot awell determined quantity. If the base voltage is determined by a
divider (asin Figure 7.3), the divider impedance will be low enough when:

R|R, = RlRiRéz << heeRe. D

Aswewill seein amoment, this equation just says that the impedance seen looking into the divider
(The Thevenin equivalent or R, ||R,) should be much less that the impedance looking into the base.
Another point to keep in mind is that when you fix the quiescent point by choosing the base divider
ratio and the resistors Rg and R¢, you are also fixing the dc power dissipation in the transistor: P =
(Vc —VE) |g. Becareful that you do not exceed the maximum allowed power dissipation Pmax.
Finally, the quiescent point determines the voltages at which the output will clip. For acommon
emitter stage the maximum output voltage will be close to the positive supply voltage Vcc. The
minimum output voltage occurs when the transistor saturates, which happens when the collector
voltage isno longer at least afew tenths of avolt above the emitter voltage. We usudly try to
design common emitter stages for symmetrical clipping, which meansthat the output can swing
equa amounts above and below the quiescent point.

The voltage gain of the emitter follower stage is very close to unity. The common emitter stage, in
contrast, can have alarge voltage gain:
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A= R @

If we are interested in the ac gain, then Rc and Rg stand for the ac impedances attached to the
collector and emitter, which may be different from the dc resistances. In our circuit we use Cg to
bypass part of the emitter resistor at the signal frequency.

INPUT AND OUTPUT IMPEDANCES
The input impedance is the same for both emitter followers and common emitter stages. The input
impedance looking into the base is

fin = (hee +1)R 3)

In this expression R is whatever impedance is connected to the emitter. For acommon emitter, R
would usually just be the emitter resistor, but for an emitter follower R might be the emitter resistor
in parallel with the input impedance of the next stage. If you want the input impedance of the whole
stage, rather than just that looking into the base, you will have to consider ri, in parale with the
base bias resistors.

The output impedance of acommon emitter stageisjust equal to the collector resistor.

The output impedance looking into the emitter of an emitter follower is given by

R
[y = —— 4
T — (4)

Now R stands for whatever impedance is connected to the base. For our two-stage amplifier shown
in Figure 7.5, the emitter-follower base is connected to the collector of acommon emitter stage, and
so R isthe output impedance of that stage, which isequal to Rc.

EBERS-MOLL MODEL OF BIPOLAR TRANSISTOR

A dightly more detailed picture of the bipolar transistor is required to understand what happens
when the emitter resistor isvery small. Instead of using the current amplifier model, one can take
the view that the collector current I is controlled by the base-emitter voltage Vge. The dependence
of Ic on Vg isdefinitely not linear, rather it isavery rapid exponentia function. The formula
relating Ic and Vg is caled the Ebers-Moll equation, and it is discussed in H&H Section 2.10.

For our purposes, the Ebers-Moll model only modifies our current amplifier model in one
important way. For small variations about the quiescent point, the transistor now acts asif it hasa
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small interna resistor re in series with the emitter

ro=25W¢
. @

& mAQ
e

The magnitude of the intrinsic emitter resistance re dependes on the collector current Ic.

The presence of the intrinsic emitter resistance re modifies the above Equations (1) — (4). In
Equations (1) and (2) we should subgtitute Re ® Rg + rg, and for Equation (3) we need to
substitute R® R + re. Equation (4) is modified to read

S e (@)

Mot = ———
out heg +1

The most important of these resultsis the modified Equation (2)

R

A= (2)

which shows that the common emitter gain does not go to infinity when the external emitter resistor
goesto zero. Instead the gain goesto thefinitevalue A =—Rc / re

Problems

1. Calculate the quiescent voltages Vg, VE, and V¢, and the currents |g and I for the common
emitter circuit in Figure 7.4. How much power is dissipated in the transistor itself? Isthe
power safely below Pmax? (See Appendix for 2N3904 Data Sheet.)

2. Find the ac voltage gain of the circuit in Figure 7.4 for 10 kHz sine waves with the emitter
bypass capacitor Cg removed. Estimate the maximum amplitude of the output before
clipping occurs. (The maximum output voltage is limited by the positive supply voltage, and
the minimum is determined by the requirement that the collector voltage must be at least a
few tenths of avolt above the emitter voltage.)

3. The emitter bypass capacitor can provide an AC ground path for the emitter, increasing the
gain of the amplifier a high frequency. Considering the effects of the intrinsic emitter
resistance re, What is the maximum possible AC voltage gain of the amplifier in Figure 7.4?

Will thisgain likely be realized for 10 kHz sine waves? Why or why not?

4, What setting of the emitter trimpot is needed to give the required gain of —25? For the
single stagein Figure 7.4, what are the input and output impedances ri, and royt at 10 kHz
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and again of —25? (Note that rj,, is the impedance looking into the base in paralel with the
base divider impedance.) Calculate the fraction of the original amplitude obtained when a
560 WIload is connected to the output via a coupling capacitor.

5. Calculate the output impedance for the emitter follower circuit shown in Figure 7.5. What

fraction of the origina output amplitude do you expect to obtain when you attach the 560 W
load to the emitter follower output?

output
attach scope
+15V
oV
ov
1 L 2 +V cc
R i +15V
Lt 2k

47k < < 274k

\+||Cout v
c. 71 47nF VOU
) in
Vin 555 2N3904 .
1 LB
R — A7 nF

R, & F <L N
10k & 1. k<(_i|_CE
\l tl’lm ?7”1:
o T ov

Figure 7.4 Common Emitter Stage Layout and Schematic
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New Apparatus and M ethods

A drawing to help you identify the leads of the 2N3904 transistor and the trimpot is shown in
Figure7.1. The 2N3904 isan NPN device, asindicated by its symbol with an outward pointing
arrow. Thearrow for aPNP device pointsin. To keep the convention straight, remember Not
Pointing iN for NPN. Y our trimpot may not look exactly like the one shown, but it will have the
three leads wiper, cw, and ccw. The wiper moves toward the cw lead when the screw isturned
clockwise.

The transistor amplifier uses dc power at +15V only. Usejust the positive section of the dc power
supply. Disconnect the negative line from your circuit board.

In Figure 7.4 we show the first amplifier stage and a suggested circuit board layout. Y our circuit
will be easier to understand if you try to keep the physical layout looking like the schematic
diagram. Usethe wiring color code given in Experiment #4.

Use the oscilloscope 10x probe to observe the amplifier outputs. This minimizes capacitive loading
and reduces the risk of spontaneous oscillations.

Outline of the Experiment
1 Verify that the 2N3904 is an NPN transistor using the digital multimeter. |sthe 2N3906 a
PNP or an NPN transistor?

2. Construct acommon emitter transistor bias circuit. Confirm that the quiescent voltages are
correct. Add coupling capacitorsto the circuit to make an ac amplifier, and measure the ac
voltage gain for 10 kHz sine waves. Verify that the gain has the expected value, and confirm
that the output amplitude can reach 5V before the extremes of the sine waves are clipped.

3. Make avariable gain amplifier by bypassing part of the emitter resistance with a capacitor.
Find the maximum possible voltage gain and compare with your prediction.

4, Adjust the gain to the required value of —25. Find the effect on the output amplitude of
placing a source impedance of 1 kWin series with the signal source. Also observe what

happens when you place a 560 Wload between the output and ground.

5. Now build an emitter follower stage as an impedance buffer between the amplifier and the
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load. Verify that the emitter follower alone has unit voltage gain. What happens now when
you connect the load to the emitter follower output?

6. Test the performance of the complete circuit under the specified conditions. 1 kW source
impedance and 560 Wload. First reset the overall gainto —25if it has changed. Check that the 5V
undistorted output amplitudeis still available. Measure the gain versus frequency from 1 Hz to 10
Mhz.

Detailed Procedure

POLARITY CHECK

Determine the polarities of the emitter-base and base-collector diode junctions of a2N3904 using
the diode tester on your digital multimeter. Now check the polaritiesfor a2N3906. Isit an NPN
or aPNP transistor? The pin-out for a2N3906 is the same as for a 2N3904.

COMMON EMITTER AMPLIFIER: QUIESCENT STATE

Thefirst step isto construct the bias network and check that the correct dc levels (quiescent
voltages) are established. Assemble the common emitter stage as shown in Figure 7.4, but without
the input and output coupling capacitors or the emitter capacitor (without Cip, Cout, and Cg). The
wiper contact on the emitter resistor Rg should not be connected to anything yet. Measure the
resistors before putting them in the circuit, and if they differ from the values used in your
calculations, recal culate the quiescent voltages. Before turning on the power, disconnect the power
supply from the circuit board for amoment and check that it is set to +15V. Then turn on the
power, and check the dc levels Vg (at the transistor base), Ve (at the emitter) and V¢ (at the

collector).

The quiescent levels should agree with your calculations to within 10%. If they do not, thereis
something wrong that must be corrected before you can go on.

COMMON EMITTER AMPLIFIER: FIXED GAIN
Convert the previous circuit to an ac amplifier by adding the coupling capacitors Ci, and Coyt. Be

sure to observe the polarity of polarized capacitors. The capacitors will transmit ac signals but
block dc signals. This allows you to connect signals without disturbing the quiescent conditions.
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When you switch on the power, you may see high frequency spontaneous oscillations. These must
be suppressed before you can proceed.

Assemble atest set-up to observe the input and output of the amplifier with 10 kHz sine waves,
using the 10x scope probe for the output. Y ou may need to add a 220 kWresistor to ground after

Cout to keep the dc leve at the scope input near ground. Vary the input amplitude to find the output
amplitude at which clipping begins. Canyou get a5V undistorted output amplitude (10 V p-p)?

Measure the gain of the amplifier for 10 kHz sine waves at an amplitude about half the clipping
level. Whileyou are at the bench, compare the measured gain with that predicted from the
measured values of components:

_R
Ro+r,
If they differ by more than 5% find the cause and correct the problem before you go ahead.

COMMON EMITTER AMPLIFIER-VARIABLE GAIN
Connect the wiper of the 1.0 k trimpot Rg through the bypass capacitor Cg to ground. Verify that

the quiescent point has not changed significantly.

Observe the change in gain as you traverse the full range of the trimpot using 10 kHz sine waves.
Start with the contact at ground (bottom of diagram) and move it up until Cg bypasses al of Rg.
When approaching maximum gain turn down the input amplitude (along way) so that the output
signasare still well shaped sine waves. If the output is distorted the amplifier isnot inits linear
regime, and our formulas for the ac gain are not correct.

Compare the measured maximum gain with the value predicted in the homework for several output
amplitudes going down by factors of two. Do theory and experiment tend to converge as'V oyt

tendsto zero?

COMMON EMITTER AMPLIFIER: INPUT AND OUTPUT IMPEDANCE

Set the amplifier gain to —25 for 10 kHz sinewaves. What trimpot setting gives again of —257?.
(To see where the trimpot is set, remove it from the circuit and measure the resistance from cw to
wiper or from ccw to wiper.)
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Simulate the required source impedance by inserting a 1 kWresistor in series with the input. What
fraction of the original output amplitude do you see? Isthis as expected? Remove the 1 kW
resistor before the next test so that you test only one thing at atime.

Connect a 560 Wload from the output to ground. What fraction of the original output do you now
see? Isthis as expected?

EMITTER FOLLOWER OUTPUT STAGE

In the emitter follower circuit, the input signal is applied to the base of the transistor, but the output
istaken from the emitter. The emitter follower has unit gain, i.e. the emitter "follows" the base
voltage. Theinput impedanceis high and the output impedance is low.

Ordinarily the quiescent base voltage is determined by a bias circuit. In the present case the
collector voltage V¢ of the previous circuit already has a value suitable for biasing the follower, so

adirect dc connection can be made between the two circuits.

Assemble the emitter follower circuit shown in Figure 7.5. Do not connect the 560 WIoad to the
output yet.

Carry out appropriate dc diagnostic tests. Thistime we expect the collector to be at +15 V, the base
to be at the collector voltage of the first stage, and the emitter to be about 0.6 V below the collector.
Correct any problems before moving on.

Confirm that the voltage gain of the emitter follower isunity. Drive the complete system with the
function generator. Observe the ac amplitudes at the input of the emitter follower and at the output.
Measure the ac gain of the emitter follower stage. (Again you may need to add a 220 kWresistor to
ground after Cot to keep the dc level at the scope input near ground.) 'Y ou may want to put the
scope on ac coupling when you probe points with large dc offsets.

Attach a 560 Wload from the output to ground. What fraction of the unloaded output do you now
see? Compare with your calculations.
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Figure7.5 Complete Two-stage Amplifier Circuit
FINAL TESTS

Reset the gain to —25 with the 1 kW source resistor and the 560 Woutput load in place. Check the
linearity of the amplifier for 10 kHz sine waves by measuring the output amplitude at severa input
amplitudes, extending up into the clipped regime. Graph Vot versus Vin. The slope should equal

the gain in the linear region of the graph.

Set the amplitude to be about one haf the clipped value, and then determine the upper and lower
cut-off frequenciesf4 and f_ by varying the frequency of the sinewaves. Can you understand the

origin of these frequency cutoffs?
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Appendix
Data sheet for the 2N3904. (See dso Horowitz and Hill, Table 2.1)

The 2N3904 is an NPN silicon bipolar junction transistor.

ABSOLUTE MAXIMUM RATINGS

VcE 40V (collector to emitter voltage)
VEB 6V (emitter to base voltage)

Ic 200 mA (collector current)

Pmax 300 mwW (power dissipation)

TYPICAL CHARACTERISTICS

hre 200 (current gain. See H&H Figure 2.78 for typical dependenceonIc.)
fr 300 MHz (frequency where internal capacitances cause gain to be
reduced to unity)
Ces 10 pF (internal emitter-base capacitance)
Crc 3 pF (internal base-collector capacitance)
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