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 pages 77-78.

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 4.

4) Replace the BJT with its small signal model.

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

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

Several standard BJT amplifier configurations are discussed below and are analyzed. For
completeness, circuits include standard bias resistors Ry and Rs. For bias configurations
that do not utilize these resistors (e.g., current mirror), simply set Rg = Ry || Ry — 0.

Common Collector Amplifier (Emitter Follower)
DC analysis: With the capacitors open circuit, this circuit is the
same as our good biasing circuit of page 110 with Rc = 0. The

bias point currents and voltages can be found using procedure
of pages 110-112.

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:

¢ Ai Ai ¢ I
Ve B _B 2 ¢ s B r E v
Ai

Iy R i R
B To E

\ .

o . ﬁAlB

1 c

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 =0
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

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:

Ri= 2= Ry | lre+ (Ro | 7)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.

Ryis the Load Separate Load

A A ¢ B P
i g § £
AiB BAiB
B v‘ RB o RF_ v‘ Rl_
L e L e

R(»

=

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.

v C B I iT
When Rpg is the load, the output resistance can e £ =
be found by killing the source (short v;) and find- Lo e Paip T
ing the Thevenin resistance of the two-terminal ’ W
network (using a test voltage source). C
T |
- R
. . (% .
KCL: ip = —Aip + — — BAig
To
KVL (outside loop): —r.Aig = vp

Substituting for Aig from the 2nd equation in the first and rearranging terms we get:

vr _ (r0) Tz
2.T (1+5)(TO) +7’7|-

Since, (14 (5)(r,) > rx, the expression for R, simplifies to

(ro)Tn TxTp

1+8)r,) (1+8) 8

R, =

:’]”6

As mentioned above, when R is the load the common collector is used as a “current ampli-
fier” to raise the current and power levels . This can be seen by checking the current gain
in this amplifier: i, = v,/ Rg, ; ~ v;/ Rp and

1 RE Aiy BAi,
RB
We can calculate R!, the output resistance

when an additional load is attached to the cir- i

e 44f

cuit (i.e., Rg is not the load) with a similar
procedure: we need to find the Thevenin re- v & B g

sistance of the two-terminal network (using a | N " #)
|
R’

test voltage source). Ry

We can use our previous results by noting that

w}—<0

we can replace r, and Rg with v/ = r, | Rg
which results in a circuit similar to the case
with no Ry. Therefore, R] has a similar ex-
pression as Ro if we replace r, withr!:
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/ Ur (Tg} T
T, ir  (1+8)(0) 4+ 7.

In most circuits, (1 + 3)(r)) > r, (unless we choose a small value for Rg) and R, =~ r,

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). 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, Rp 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
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 c, i
amplifier circuit. If we assume that Vi 3 !
coupling capacitor is short circuit v

(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.

wl:27rfl:

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
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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 Rp 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 110. The bias point currents and voltages can be found using
procedure of pages 110-112.

AC analysis: To start the analysis, we kill all DC sources, combine R; and R, into Rp 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:

\,‘._{C‘c B C
vi=rehin v =—(Ro || 1) B Wl Lo
’ 3 3 R A SR
Av=2 =~ Z(Ro | r) ~ - Ro = - =€ | 1
Vi T T'r Te
Ri=Ry | rr — T

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

As with the emitter follower circuit, the load can be configured in two ways: 1) R¢ is the
load; or 2) load is placed in parallel to Rc. The output resistance can be found by killing
the source (short v;) and finding the Thevenin resistance of the two-terminal network. For
this circuit, we see that if v; = 0 (killing the source), Aig = 0. In this case, the strength of
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the dependent current source would be zero and this element would become an open circuit.

Therefore,

R,=r, R, =Rc | T,

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 high-pass filter with:

1
wi(coupling) = 2w f; = e
1
b = 2 = —F-
wi(bypass) = 2m fi e}

where Ry = Rg || 7e

Note that usually Rg > r. and, therefore, Rf ~ r..

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 = %6

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

r0b

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:

1
R;iC. 20

wl:27rfl:
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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)Rc. 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 110. The bias point
currents and voltages can be found using procedure of pages
110-112. =

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

v, Cl C v

Vg — v v Vg — v o
E ) + YE ﬁAZB + E o _ 0

Tn Rg To

R
Up Uy — Vg , b
+ + BAip =0

RC TO /6 B Rc

. Uy — Vg
Aip = (Controlled source aux. Eq.)

T'r

Substituting for Aig in the node equations and noting 1 + 3 =~ (3, we get :

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

— 6 =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,. Using

re/B = re, we get:

Vo Re Re

~

v 1e(l+ Re/ro) + Re(1+1e/r9)  1o(l+ Ro/re) + Rp

A, =

where we have simplified the equation noting r. < r,. For most circuits, Rc < 7, and
re < Rp. In this case, the voltage gain is simply A, = —R¢/Rg.
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The input resistance of the circuit can be found from (prove it!)

U;

Ri=Fp || Aip

Noting that Aig = (v; — vg)/rr and vg = —(Rg/Rc)v, = —(Re/Rc)A,v;, we get:

T'r

R, = Rp || —1+AURC/RE

Substituting for A, from above (complete expression for A, with r./r, < 1), we get:

R
fazRBHP<T;ﬁ§E+WQ]

For most circuits, Rc < r, and r. < Rpg. In this case, the input resistance is simply

R; = Rgp || (BRE).

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 (recall OpAmp
inverting amplifier!). The input resistance is also increased dramatically.

As with the emitter follower circuit, the load can
be configured in two ways: 1) R¢ is the load. 2)

Load is placed in parallel to Ro. The output re-
sistance can be found by killing the source (short
v;) and finding the Thevenin resistance of the
two-terminal network (by attaching a test voltage
source to the circuit).

Resistor R drops out of the circuit because it is

shorted out. Resistors 7, and Rg are in parallel.
Therefore, iy = (rp/Rg)Aig and by KCL, i5 =
(ﬁ +1+ TW/RE)AZ.B. Then:

ir = —Aip —i; = —Aip <1 + i)

Rg
1 !
vr = = Bigrs — iar, = i [ro (B+ 1+ 2= ) 414 i .

)
Then:
U 1+7r,/re
RO = T = o R X —
R Wy Ty
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where we have used r, /3 = r.. Generally r, > r. (first approximation below) and for most
circuit, Rg < 1, (second approximation) leading to

R, ~ 15+ 1, X Rejre RETO:T(,(RE—Fl)

1+ Rg/r, ~To Te Te

Value of R) can be found by a similar procedure. Alternatively, examination of the circuit
shows that

R;:RCnRO%RC

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

1
R,C.

wl:27rfl:
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A Possible Biasing Problem: The gain of the common
emitter amplifier with the emitter resistance is approximately
Rc/Rpg. For cases when a high gain (gains larger than 5-10) is
needed, Rp may be become so small that the necessary good
biasing condition, Vg = Rglg > 1 V cannot be fulfilled. The
solution is to use a by-pass capacitor as is shown. The AC signal
sees an emitter resistance of Rg; while for DC signal the emitter
resistance is the larger value of Ry = Rg1 + Rgs. 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, modifies 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:

L1
R.C.  R,Cy

where R = Rps || (Re1 + 7e)

wl:27rfl:
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Summary of BJT Amplifiers*

Common Collector (Emitter Follower):
(Re || 7o)(1+ 5)

+ (B [ ro)(1+5)
Ri= Ry || [r+ (Be || 70)(1+ 8)] »

v —

B (ro) Tr T 1
= "5~ TR
R,O:(l—i—(ﬁ)() 7)T+r NTW where 1, =7, || Rc

Common Emitter:

R
I 0 R S
Tr ks Te
RZ' == RB H T'r
R,=r, R,=Rec | r,~ Re
1 1
Qﬁfl:E—i_m where Ry = Rg || re

Common Emitter with Emitter Resistance:

A__ _ Re R Fe

T6(1+R0/T0)+REN T’E—FRE‘N RE

R
Ri = RB H [ﬂ <ﬁ +’f’e>‘| =~ RB || ﬁRE‘ =~ RB

Rp/re RE )
Ro%o o X T S =T 1
To+ T s r(re+

1
R,C.

R;:RC ||RO%RC and 27Tfl:

Replace Rg with Rg; in the above formulas except

1 . 1
R,C. RyLC
where Riq = Rpo H (REl + Te)

2m fi =

*If bias resistors are not present (e.g., bias with current mirror),
let Rgp — oo in the “full” expression for R;.
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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

e = hje = 5 kQ rO:h =100 k€2 B = hyse = 200 rezﬁz%Q
DC analysis:
9V
Replace Ry and Ry with their Thevenin equivalent and 18k
proceed with DC analysis (all DC current and voltages
are denoted by capital letters): N 04T
Rp =18k || 22 k=9.9 kQ
99 22k 1k
= =4.
Vip TFET 9 95V
KVL: Vg = Rplp+ Vip + 10°T; Iy — —E_ - 12 -
: VBB Blp + VBE E B=113 201
9.9 x 103
4.95—0.7=1Ip | ——— + 10°
d < 201 )
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 134,

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

=100 k2 B = hse =200 rezﬁz%ﬁ

rr = hje = 5 kQ To =

oe

5V

DC analysis: Replace Ry and Ry with their Thevenin equivalent
and proceed with DC analysis (all DC current and voltages are

34k 1k
denoted by capital letters). Since all capacitors are replaced with

open circuit, the emitter resistance for DC analysis is 270+240 = v aTuF A
510 €. i

Rp=59k| 34 k=5.0kQ sok 70

5.9
Ve = 15=222V
BB 5.9+ 34 240 47uF
KVL: Vpp = Rplp+ Vpg + 5101 [p=—E _ 15
: Vpp = Riplp BE E B—1+6—201 I
5.0 x 103 15V
222 —-07=Ig| —— 1
0.7=1g < 501 +5 0)
_ _ e |1
]E—SmA%[C, ]B—E—l5luA ¢

KVL: Voo = 10001¢ + Ve + 51015
Vep =15—1,510x3x 1073 =105V

270 + 240
=510

DC Bias: Ig~Ic=3mA, Ig=15uA, Veg=105V

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 134 (with Rg; = 270 Q):

Rc 1,000
Ay=— == = 3.70
Re 270
Ri~R - e 1) Z
s~ Rp || BREp1 = Rp = 5.0 kQ R, ~r, " +1)=12MQ
Rl = Rps || (Re1 +10) = 240 || (270 + 25) = 132 Q
. Wy . 1 1 B
Ji= o 27R;C. + 2Ry Cy, N
! L = 31.5 Hz

21 x 5,000 x 4.7 x 106 * 2m x 132 x 47 x 106

ECEG65 Lecture Notes (F. Najmabadi), Winter 2006 136



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: Gin = 100, 5 = 200, hje = 5 kQ, hoe = 10 uS).

—100kQ 1, =Z

’f’ﬂ-:hie:5k9 ’I“O:hoe _ﬁ

=250

The prototype of this circuit is a common emitter amplifier with an
emitter resistance. Using formulas of page 134

Ayl = o= =4
E

The lower cut-off frequency will set the value of C..
We start with the DC bias: As Ve 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+Rg) — Roc+ Rp=25kQ

Values of Rc 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:

Rc

R—:4 — 4Rp+ Rp=25kQ0 — Rgp=>500Q,Rc=2.kQ
)

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. Vi = Rglp = 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 Rg and Vgg. Rp is found from good bias condition and Vgg 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 Vog = 7.5 V. A power supply
of 15 V is available. Manufacturers’ spec sheets give: (B, = 100, hye = 200, rr = 5 k€,
hoe = 10 uS.

VCC

—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 134:

Re
Ay~ =—=10
A~ 7

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,:

Voo = 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 Ry = 51 k{2 and Ry = 3.6k {2

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

"= Rps || (Re1 + 1) = 110 || (220 4 25) = 76
R; ~ Rg = 3.3 kQ

1
+

RC,  RLC, T

Wi

This is one equation in two unknown (C. and Cpg) so one can be chosen freely. Typically
Cy> C.as R; = Rg > R > R);. 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 (Y
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
129) and is

=27 x 100

wp =~

RYC,

This gives C, = 20 pF. Then, setting

L1
R;C, =Ch
1 1
~0.1
R,C. R.,.C,

RC.=10R,C, — C.=47x10°%=4.7pF

So, are design values are: Ry = 50 k), Ry = 3.6 kQ, Rg; = 220 ), Rgy = 110 Q, Rc =
2.2 kO, Cp, =20 pF, and C. = 4.7 pF.

An alternative approach is to choose Cy (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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Example 5: Find the bias point and AC amplifier parameters of this circuit (Manufacturers’
spec sheets give: § = 200, r, =5 kQ, r, = 100 kS2).

This is a two-stage amplifier. The first

stage (Trl) is a common emitter amplifier

and the second stage (Tr2) is an emitter s

follower. The two stages are coupled by a o

coupling capacitor (0.47 uF). v, 47yF

DC analysis:

When we replace the coupling capacitors
with open circuits, we see the that bias

22k 1k

circuits for the two transistors are indepen-
dent of each other. Fach bias circuit can =
be solved independently.

For Trl, we replace the bias resistors (6.2k and 33k) with their Thevenin equivalent and
proceed with DC analysis:

6.2
Rp =62k| 33 k=5.22k d V = ———15=237V
BI I an BB 601 33
I I
BE-KVL: = I 1031 Ig = ===
\Y Vep1 = Rpilpi + Vee1 + 10°1g; Bl 155 201
5.22 x 103
2371—-07=1 _—
37—0.7 El( 501 +500>
Icq
IE1:3.17mA%101, 131:7:16IMA

CE-KVL: Voo =2 x 103101 + Vegy + 50015
Ve = 15—-25x 102 x3.17x 102 =71V
DC Bias summary for Trl: Ig; =~ Ic; =3.17TmA, I =16 A, Vep1 =71V

Following similar procedure for Tr2, we get:

22

=18k || 22k =9.9 kQ d V =——15=825V
RBQ 8 H 9.9 an BB2 18 29 5 8.25
[E2 IE2
BE-KVL: V = Igs +V +10%1 Ipy = —%£ — ==
BB2 RB2 B2 BE?2 0 E2 B2 1 5 201

9.9 x 10°
25—-07=1 T 1108
8.25 — 0.7 E2< S0 +0>

ECEG65 Lecture Notes (F. Najmabadi), Winter 2006 141



I
I =T72mA =~ Ioo,  Ips= -2 =36 uA

B
CE-KVL: Voo = Veogs + 103159

Vepe =15 —103x72x 103 =78V
DC Bias summary for TR2: Igs ~ Ico =72 mA, Ipy =36 uA, Vepa =78V

AC analysis:

We start with the emitter follower circuit (Tr2) as the input resistance of this circuit will
appear as the load for the common emitter amplifier (Tr1). Using the formulas in page 134:

AU2 ~ 1
RZ'Q ~ RBQ =99 kQ
Wiz 1 1
_ 2z _ — =34 H
Jo=or 21 RpaCos 27 X 9.9 X 103 x 0.47 x 106 ’
Since R;» = 9.9 k2 is NOT much larger than the collector resistor of common emitter

amplifier (Tr1), it will affect the first circuit. Following discussion in pages 125 and 128, the
effect of this load can be taken into by replacing Rc in common emitter amplifiers formulas
with R, = Re || R = Req || Rio = 2 k || 9.9 kQ = 1.66 k€.

R 1.66k
Al = ==—""=33
[Aun Rz 500
Ril =~ RBl = 5.22 kQ
wiy 1 1

fu= = 6.5 Hz

97 2mRpmCoa 27 X 522 x 103 x 4.7 x 10-6

The overall gain of the two-stage amplifier is then A, = A, X Ay» = 3.3. The input resistance
of the two-stage amplifier is the input resistance of the first-stage (Trl), R; = 9.9 k. To
find the lower cut-off frequency of the two-stage amplifier, we note that:

Avl
1 — jwpn /w

Av2

Anlge) = T

and Ap(jw) =

Alev2
(1 — jwll/w)(l — jwlg/W)

A,(jw) = A (Jw) X Ape(jw) =

From above, it is clear that the maximum value of A, (jw) is A,1 A, and the cut-off frequency,
w; can be found from |A,(jw = w;)| = Ay Awe/v/2 (similar to procedure we used for filters).
For the circuit above, since wys > wj; the lower cut-off frequency would be very close to wys.
So, the lower-cut-off frequency of this amplifier is 34 Hz.
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Example 6: Find the bias point and AC amplifier parameters of this circuit (Manufacturers’
spec sheets give: § = 200, r, =5 kQ, r, = 100 kS2).

This is a two-stage amplifier. The first

stage (Trl) is a common emitter amplifier
and the second stage (Tr2) is an emitter

follower. The circuit is similar to the two- .
T.

stage amplifier of Example 5. The only dif-
ference is that Tr2 is directly biased from
Trl and there is no coupling capacitor be-
tween the two stages. This approach has
its own advantages and disadvantages that

are discussed at the end of this example.

DC analysis:

Since the base current in BJTs are typically much smaller that the collector current, we start
by assuming I > Ipy. In this case, I} = Iy + Iy = Ic1 = Ig; (the bias current Iy has

no effect on bias parameters of Trl). This assumption simplifies the analysis considerably
and we will check the validity of this assumption later.

For Trl, we replace the bias resistors (6.2k and 33k) with their Thevenin equivalent and
proceed with DC analysis:

6.2

Rp1 =62k | 33 k=5.22k2 d V =———15=237V
B1 I an BBl = 55133
I I'm
BE-KVL: = I 1037 [ = —— — &2
\Y Vep1 = Rpi1lp1 + Vep1 + 10715 Bl 55 201
5.22 x 10°
2371—-07=1 _—
37—0.7 E1< 201 +500>
I
Ip =317TmA ~ Icy, Ip = % =16 pA

CE-KVL: Voo =2 x 103101 + Vegy + 50015
Vopr=15—25x10°x3.17x 103 =71V
DC Bias summary for Trl: Ig; = Ic; =3.17TmA, Ig; =16 pA, Vep1 =71V

To find the bias point of TR2, we note:

Vs = Vepr + 500 x Ig; = 7.1+ 500 x 3.17 x 107* =8.68 V
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BE-KVL: Vgy = Vg + 1035
8.68 — 0.7 = 10%I o

1
IE2:8.OH1A%ICQ, IBQZ%:4O[LA

KVL: Voo = Vogs + 103159
Vops =15—10°x8.0x 103 =70V
DC Bias summary for TR2: Igs ~ Ico = 8.0 mA, Igy =40 uA, Vg =70V

We now check our assumption of Iy > Igy. We find Ig; = 3.17 mA> Igy = 41 uA. So,
our assumption was justified.

It should be noted that this bias arrangement is also stable to variation in transistor 3. The
bias resistors in the first stage will ensure that /oy (= Ig;) and Vogy is stable to variation
of TR1 . Since Vs = Vog1 + Re1 X I, Ve will also be stable to variation in transistor
B. Finally, Vo = Vps + Rpalgs. Thus, Ioo (= Ipy) will also be stable (and Vige because
of CE-KVL).

AC analysis:

As in Example 5, we start with the emitter follower circuit (Tr2) as the input resistance
of this circuit will appear as the load for the common emitter amplifier (Tr1). Using the
formulas in page 134 and noting that this amplifier does not have bias resistors (Rp; — 00):

AU2 ~ 1
Rio =72+ (Rg || 70) (1 + B) = 5 x 10* 4201 x 10 = 201 kQ

Note that because of the absence of the bias resistors, the input resistance of the circuit is
very large, and because of the absence of the coupling capacitors, there is no lower cut-off
frequency for this stage.

Since R;; = 201 k2 is much larger than the collector resistor of common emitter amplifier
(Trl), it will NOT affect the first circuit. The parameters of the first-stage common emitter
amplifier can be found using formulas of page 134.

Re 2,000
Aplr — == =
Aal~ R = 00
Rz’l ~ R31 = 5.22 kQ
wi 1 1

fu= = 6.5 Hz

o1 27RpCa 27 x 522 x 103 x 4.7 x 106

ECEG65 Lecture Notes (F. Najmabadi), Winter 2006 144



The overall gain of the two-stage amplifier is then A, = A,; x A2 = 4. The input resistance
of the two-stage amplifier is the input resistance of the first-stage (Trl), R; = 9.9 k. The
find the lower cut-off frequency of the two-stage amplifier is 6.5 Hz.

The two-stage amplifier of Example 6 has many advantages over that of Example 5. It has
three less elements. Because of the absence of bias resistors, the second-stage does not load
the first stage and the overall gain is higher. Also because of the absence of a coupling
capacitor between the two-stages, the overall cut-off frequency of the circuit is lower. Some
of these issues can be resolved by design, e.g., use a large capacitor for coupling the two
stages, use a large Rpo, etc.. The drawback of the Example 6 circuit is that the bias circuit
is more complicated and harder to design.
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