V. Transistor Amplifiers

5.1 Introduction

In page 1-11, we showed that the response of a two-

port networks in a system is completely determined if

2—port v R

we solve the simple circuit shown. Furthermore, one
Network

can show that if a two-port network contains only linear

elements, the two-port network can be modeled with a
maximum of four circuit elements.

For practical circuit in which the two-port network does not contain any independent sources,
the two-port network can be modeled with 3 elements: the input resistance, the output
resistance, and the voltage transfer function as is shown below:

As the combination of the two-port network and the
load (dashed box in the circuit) is a two-terminal net-

work, it can be modeled by its Thevenin equivalent. 2—port v R, !

Furthermore, as this “box” does not contain an inde- Network |
pendent source, Vr = 0. As such, the “box” can be

modeled as a resistor, called the input resistance of the _
two-port network: 7'&

2—-port v R

Yi Network

Input Resistance: R; = —
2

Note that in general R; depends on Rj.

To find a model for the output port of a two-port network, we assume a voltage v; is directly
applied to the two-port network (i.e., vy, = v; and Ry, = 0). In this manner, the output
port model will be independent of Ry;,. Again, as the box containing v; and the two-port
network is a two-terminal network, it can be modeled with its Thevenin equivalent (see
Figure). We call the Thevenin resistance of this “box,” the output resistance of the two-port
network:

/UO

Output Resistance: R,= ——

, (Thevenin Resistance)
Lo

v; =0

The Thevenin voltage source, Vi = v,. the open-loop voltage value. For an amplifier, the
output voltage should be proportional to v;. Therefore, if we define
UOC &

Open-loop Gain:  A,, = — =
Uy Uy

RL—>OO
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Then, Vi = v,. = A,ov;, i.e., the Thevenin voltage can be modeled by a controlled voltage
source. Combining the models for the input and output ports, we arrive at the model for an
amplifier which consists of three circuit elements as is shown below (left).

Voltage Amplifier Model

The amplifier circuit model allows us to solve any amplifier configuration once to compute the
three parameters: A,,, R; and R,. We can then find the response of any circuit containing
this amplifier by utilizing these three parameters (similar to using Thevenin Theorem to
“label” any two-terminal network with Ry and Vr). For example, for the generic two-port
network circuit (circuit right above), we can find the response of the amplifier to the presence
of Ry and Load:

AU:E:LAM Uizi
(4 RO + RL Vsig RZ + Rsig
Uy v; Uy R; R; Ry,
= X—:7XAU:7XAUOX7
Usig Vsig (% Rz + Rsig Rz + Rsig Ro + RL

We see that the open-loop gain A,, is the maximum value for the amplifier gain A,. In
addition, to maximize v,/vs;,, we need R; — oo and R, — 0. A practical voltage amplifier,
thus, is designed to have a “large” R; and a “small” R, (i.e., R; > Ry, and R, < Rp). A
voltage-controlled voltage source is an ideal voltage amplifier as R; — oo and R, = 0.

Similarly, for a two-stage amplifier:

Vo Ril RiQ RL
- 5 X Avol X
Usig i1 + Rsig Rio + Ry Ry + Ry,

Note that the input resistance of the second amplifier, R;s, is the “load” for the first amplifier
and the output resistance of the first amplifier, R, is R4 for the second one.
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We see that in order to maximize the voltage gain, we need to ensure that the input resistance
of the first stage is much larger than R,;,, the output resistance of the last stage is much
smaller than Ry, and the input resistance of any stage to be much larger than the output
resistance of the previous stage: R; y > R, n_1 as R; of the “N”th stage appears as the load
for “N-1"th stage.

For single-transistor amplifier configurations (rest of this section), we will see that is simpler
to compute A, (with load present) directly instead of A,, and R, separately. In this case,
the above formula for computing total gain of a two-stage amplifier can be simplified to

Vo Ry
=—— XA (R =R, x Ap(Rr, =R
Usig R Rsig 1 ( L 2) 2 ( L L)

where A, (R; = R;2) is the voltage gain with R;s being the load, etc.

An important caution: In general, A,, and R, are independent of both Ry, and Ry (why?).
However, R; may depend on Rj;. Amplifier configurations in which R; is independent of
Ry, are called unilateral. It is easy, however, to incorporate the dependence of R; on Ry,
by solving any multi-stage amplifier from the load side toward the signal side: In the above
figure, we know the final load R; which can be used to compute R;; and R;y is the “load”
for stage one and gives R;;.

Analysis of Transistor Amplifier Circuits

Analysis of a transistor amplifier circuit follows these three steps as we need to address
several issues: bias, linear response (to small signals) and the impact of coupling capacitors.

Bias: Zero out the signal and replace capacitors with open circuits. Analyze the circuit using
a large-signal model such as those of page 3-4 or 3-6 for BJT and 3-22/3-23 for MOS.

Small Signal Response:

1) Compute gy, 7, (and r, for BJT) from bias point parameters

2) Zero out all bias sources

3) Assume capacitors are short circuit.

4) Replace the transistor with its small signal model.

5) Inspect the circuit. If you identify the circuit as a prototype circuit, you can directly use
the formulas for that circuit. Otherwise solve for A,, A,,, R; and R, .

Frequency-response: Value of A, found in the small signal response above is called the mid-

frequency gain of the amplifier. Coupling and bypass capacitors as well as the internal
capacitance of transistors introduce poles both at low and high frequencies. We will introduce
a method to compute the low-frequency poles. ECE102 include a more thorough review of
the amplifier frequency response.
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There are four fundamental single transistor amplifier configurations possible and are exam-

ined in the following sections.

Notes:

1) The small-signal models of PNP and NPN transistors (or PMOS and NMOS transistors)

are similar. Thus, the formulas derived below can be used for either case.

2) The small-signal model of a BJT is similar to that of a MOS with the exception of the
additional resistor r, (the input ports in a MOS is open circuit circuit). As such, we expect
that formulas for MOS amplifiers would be the same as those of BJT amplifier if we set

rr — OQ.

3) For MOS circuits, we use the common approximation g¢,,r, > 1 as

21p Va 2V4
To = — - ImTo =

== —>1
Vas — Vin Ip Vas — Vin

Im

typically g,,7, is 50 or more.

4) For BJT circuits, we use the common approximation g¢,,r, > 1 as

I_C _VA—FVCENQ Va+Ver

— , T =~ — mlo = > 1
nVT [c IC g

Im Vi

typically g,,7, is several thousands. In addition, ¢,,r, = 3> 1

5) In many text books (e.g., Sedra & Smith), the formulas for BJT amplifiers are given in

terms of B & r. (instead of g, & r,) where

with 7. typically in 10s or 100 Q range. Here we keep both g, form (so we can see the

comparison to MOS amplifiers) and also derive the formula in r, form.

6) Some manufacturer spec sheet for BJTs (e.g., spec sheet for 3N3904) use the older notation

ybrid m model) for which are hs. = 3, hye =15, and hoe = 1/7,
hybrid del) for BJT which hy G, h dh
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5.2 Common-Drain and Common-Collector Amplifiers

Common-Drain or Source Follower Configuration

Circuit shown is the generic “small-signal” circuit of a
common-drain amplifier (i.e., we have “zeroed” out all Bias
sources). Note that the input is applied at the gate and the
output is taken at the source. As the drain is grounded (for

small signal), it is the common terminal of input and output.
Thus, this circuit is called the common-drain amplifier. =

It is important to realize that as a transistor can be biased in many ways, several “complete”
circuits (i.e., including the bias elements) will reduce to the above “small-signal” form of a
common-drain amplifier. Some examples are given below.

VSS VDD
RS C2 Vi o—| C2
VO VO
V.
_ VDD _ VSS _
RG:RlHRQ Rg—>OO, RG%OO,RSHOO,
no Pole from C1 no Pole from C1

We now proceed with the small-signal analysis by replacing the MOS with its small-signal
model. An important observation is that the resistor Rg is parallel to R; and appears as
the load for the transistor. In fact, in many applications, Rg is replaced by the load (e.g. a
speaker, input of another amplifier circuit). As such, we define R} = Rg || R;. The open-
loop gain of the amplifier is calculated with R} — oo (both Rg and Ry are open circuit)
and the output resistance is taken to the left of Rg (see page 5-6)

We compute, A, (in the presence of a load) directly as this does not complicate the analysis.
The open-loop gain is then calculated by setting R, — oo. Inspecting the circuit, we find
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that the current g,,,v,s will flow in r, || R}, (from v, to the ground). Thus,

Vgs = V; — Uy
Ohm Law: v, = gmys(ro || RL) = gm(ro || RL)(vi — v,)

g Vo gmloll BL) _ gmTo R ~ _9nl
o 14 gnlro | R ro+ R+ gmroRy 14 gnRY

where we have used g,,7, > 1 to drop R} compared to g,,7,R} in the denominator.

The open-loop gain can be find by setting R; — oo to get r, || R} = r, and

ImTo

A, =—T=
R

Because A,, = 1, v, = vg &~ vg = v; and vg “follows” the input voltage. Thus, this
configuration is also called the Source Follower.

Finding R; is easy as v; = R i; (see circuit) and, therefore, R; = Rg. As R; is independent of
Ry, this configuration is unilateral. Note that if R were not present (see example complete
circuit of page 5-5), R; — oo.

To find R, we need to zero out v; and compute the Thevenin Equivalent resistance seen at
the output terminals. Because of the presence of the controlled source, we need to attach a
v, voltage source to the circuit and compute 7,:

V. Cl + Vgs_ S

. Uy mTo + 1
KCL: Iy = —JmUgs + — = Uy g
To To
14 gl Gm

R, is typically small, a few 100 2. Note that:

x RL —1x Rj: _ ngjl
R.+ R, L4 1/gm 1+ g R

AU - Avo

which is exactly the expression we had derived before.
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In summary, the general properties of the common-drain amplifier (source follower) include
an open-loop voltage gain of unity, a large input resistance (and can be made infinite in
some biasing schemes) and a small output resistance. This type of circuit is typically called
a buffer and often used when there is a mismatch between input resistance of one stage
and the output resistance of the previous stage. Additionally, i;, = i, > 1; as A,, = 1 but
R; > R,. As such, this circuit can be used to amplify the signal current (and power) and
drive a load (used typically as the last stage of an amplifier circuit)

Note re R,: In some text books (e.g., Sedra & v o 4 +%s_ S
Smith), the output resistance is defined to include
Rp (see circuit). If we call this resistance to be R,

inspection of the circuit shows that R, = Rp || R..

Common-Collector or Emitter Follower Configuration

Circuit shown is the generic “small-signal” circuit of a -
common-collector amplifier (i.e., we have “zeroed” out all Bias
sources). Note that the input is applied at the base and the

output is taken at the emitter. As the collector is grounded (for

small signal), it is the common terminal of input and output.

Thus, this circuit is called the common-collector amplifier. =

As can be seen this configuration is analogous to MOS common-drain. Similarly to the MOS
case, the BJT can be biased many ways. Several “complete” circuits (i.e., including the
bias elements) will reduce to the above “small-signal” form of a common-collector amplifier.
Some examples are given below.

VCC VEE
Vo V. Vo
RE? % R, H % R,
VEE _ VCC _
RG:RlHRQ Rg—>OO, RG%OO,RSHOO,
no Pole from C1 no Pole from C1

Similar to the common-drain configuration, Ry is parallel to R; and appears as the load
for the transistor. We define R} = Rg || Rr. and the output resistance is taken to the left
of Rg in the circuit above. Proceeding with the small-signal analysis by replacing the BJT
with its small-signal model:
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Inspecting the circuit, we find that a total current of i, + g,,v, flows flow in r, || R, (from
v, to the ground) where i, = v /7,
Up = V; — U,

Ohm Law: v, = <gmwr + :f—”) (7o || RL) & gmVx (1o || RL) = gm(ro || RL)(vi — v,)

™

4 = Yo o YmTo | Ry, ImTo R},
T gmre | Ry A1 1o+ Ry gnro Ry
YT L g Ry T Y 1+ gt

where we have used ¢, = > 1 in the 2nd equation to drop v, /r, term, and g,,7, > 1
to drop R} in the denominator of the 3rd equation. Since r. = 1/g,, in typically a few tens
of Ohms, A, ~ 1 unless R} is very small (tens of 2).

This configuration is also called the Emitter Follower. as v, = v, ~ v, = v; and v, “follows”
the input voltage.

To find R; = v;/i; (note gpr, = B):

KCL: i, = ;B + iy

KVL: v =1y + (ip + gmvr) (1o || RY) = ip[rr + (1 4 gmrr) (10 || RY)]
. Vi . U U;
TRy TR et (00 | Ry
1 1 1 1

R, "o Rs ot (Lt B)r | Ry
R = Ry || [rs+ (1+ B)(ro || RY))

Since R; depends on Ry, this amplifier configuration is NOT unilateral.

Note that when emitter degeneration biasing is used, we need to have Rp < (1 + )Rg.
In this case, R; =~ Rp (similar to the common-drain amplifier in which R; = R¢) and the
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configuration becomes unilateral. If Rp is not present, the input resistance is large although
it is not infinite as is the case for the common-drain amplifier.

To find R, we need to zero out v; and compute the Thevenin Equivalent resistance seen at
the output terminals:

\" ClB+VT[ E Cz \ V. ClB+VT[ E '

i
e ngT[
| i
Ry b T s T %RL

C L

Because of the presence of the controlled source, we need to attach v, voltage source to the
circuit and compute i,. Noting that v, = —v,

Vg Vg Vg (o (%
KCL: i, = —gpva+—+ — =
o  Tx  1/gm To T

1 4, 1 1 1

_— = — = — —_ —_ R:]_ ﬂ_%l m) =
R, w, 1/gm+7“o+7“7r - o= (1/gm) I o |l 7 (1/gm) =7e

since ¢, 7. > 1 and g,,r, > 1.
If the output resistance is taken include Re, R, = R¢ || R, (similar to the source follower,
see figure in page 5-7).

In summary, the general properties of the common-collector amplifier (emitter follower)
include an open-loop voltage gain of unity, a large input resistance and a small output
resistance (similar to the common-drain amplifier). Thus, emitter follower is also used as a
buffer or to amplify the signal current (and power) and drive a load.
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5.3 Common-Source and Common-Emitter Amplifiers

Common-Source Configuration

Circuit shown is the generic “small-signal” circuit of a
common-drain amplifier (i.e., we have “zeroed” out all Bias
sources). Note that the input is applied at the gate and the

output is taken at the drain. As the source is grounded (for L

small signal), it is the common terminal of input and output. _
Thus, this circuit is called the common-source amplifier.

If source degeneration biasing is used for the common-source
configuration, a resistor Rg should be present. A “by-pass” ca-
pacitor is typically used so that small signals by-pass Rg, effec-
tively making the source grounded for small signal as is shown.

We replace the MOS with its small-signal model. In this configuration, Rp is parallel to Ry,
and appears as the load for the transistor. As such, we define R}, = Rp || Ry, and the output
resistance is taken to the left of Rp (see below).

Inspection of the circuit shows that v; = v,,. Also, a current of g,,v,s flows in r, || R}, (from
the ground to v,).

Ohm Law: V, = _gmvgs(ro | RY%)
Vo

AU—_:_mo R,
% (e, | )

vo = —GmTo —
The negative sign in the gain is indicative of a 180° phase shift in the output signal.

Inspecting the circuit, we find R; = v;/i; = Rg (unilateral amplifier).

To find R,, we set v; = 0. As vys = v; = 0, the
controlled current source becomes an open circuit R
and R, = r,. If the output resistance is taken

to include Rp (see discussion in page 5-7), R, = = Ro
Rp || Ro.

In summary, the general properties of the common-source amplifier include a large open-loop
voltage, a large input resistance (and can be made infinite with some biasing schemes) but
a medium output resistance.
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Common-Emitter Configuration

Circuit shown is the generic “small-signal” circuit of a
common-emitter amplifier (i.e., we have “zeroed” out all Bias
sources).  Note that the input is applied at the base and the
output is taken at the collector. As the emitter is grounded (for
small signal), it is the common terminal of input and output. Thus, =

this circuit is called the common-emitter amplifier. .

Similar to the common-drain configuration, if emitter degeneration
biasing is used, a resistor Rg should be present with a by-pass
capacitor. This capacitor effectively make the emitter grounded for
small signal as is shown.

We now replace the BJT with its small signal model.
In this configuration, R is parallel to Ry, and appears
as the load for the transistor (R}, = R¢ || Ry) and
the output resistance is taken to the left of Rs in the
circuit above.

Inspection of the circuit shows that v; = v,. Also, a current of g,,v, flows in r, || R}, (from
the ground to v,).

Ohm Law: Vo = —JmUr (70 || RlL)

U, r, || R

A= =gty | Ry = = LT
U; e

Avo = —GmTo = E

The negative sign in the gain is indicative of a 180° phase shift in the output signal.

From the circuit, we find R; = v;/i; = Rp || r» (a unilateral amplifier)

v % B
To find R,, we set v; = 0. As v, = v; = 0, the +
controlled current source becomes an open circuit Ry = =Vn
and R, = r,. Similarly, R, = R¢ || RoRc || 7o- -

In summary, the general properties of the common-emitter amplifier include a large open-
loop voltage, a “medium” input resistance and a medium to large output resistance.
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5.4 Common-Source and Common-Emitter Amplifiers with Degeneration

Common-Source Configuration with a Source Resistor

Circuit shown 1is the generic “small-signal” circuit of a
common-source amplifier with degeneration. Note that the
input is applied at the gate and the output is taken at the drain

similar to a common-drain amplifier but a source resistor is now
present.

We replace the MOS with its small-signal model.
Similar to the common-drain amplifier, Rp is par-
allel to Ry, and appears as the load for the transistor
(R}, = Rp || Rr and the output resistance is taken
to the left of Rp in the circuit above). Using node-

voltage method:

Node v, : — + mUas = 0
RS To g g
v Vg — U
Node v, : —‘: + =2 ® 4 ImUgs = 0
L To
Vs Vo
—+—=0
Ry T

where the last equation is found by summing the first two. Substituting for v, = v; — v, in
the first equation, computing v, and substituting in the third equation, we get:

A = E - _ To(ng/L) ~ ro(nglL)
’ i /L +7rot Rs(l + rogm) RIL + 71, + RSTOgm
gm R
AU — L AUO = —0mTo

" 1+ gnRs + R, /1o

If 7, is large compared to R} and/or if Rg and R} of the same order (i.e., R} /Rgs < gmT),
we can drop the last term to find:

gm R,
1+ ngS

v

The amplifier gain is substantially reduced with the presence of Rg but it has become much
less sensitive to change in g,,.

Inspecting the circuit we find R; = v;/i; = Rg, similar to a common-source amplifier.
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To find R,, we set v; = 0 and compute the Thevenin Equivalent resistance seen at the output
terminals. Because of the presence of the controlled source, we need to attach v, voltage
source to the circuit and compute 7,.

¥ S

o

By KCL, a current of i, — g, v4s should flow in 7, and ¢, should flow in Rg. Since v,3 = —Rgi,:

KVL: vy =1o(iz — gmVys) + Rsiz = 15(ie + g Rsiz) + Ryiz = i2(ro + gmroRs + Rs)
Uy
R, = Z_ =7,+ Rg + gmroRS ~ TO(l + ngS)

In summary, source degeneration has led to an amplifier with a lower gain which is less
sensitive to transistor parameters and several other benefits (e.g., larger band-width) which
are beyond the scope of this course.

Common-Emitter Configuration with an Emitter Resistor

Circuit shown is the generic “small-signal” circuit of a

common-emitter amplifier with degeneration (i.e., with
emitter resistor). Note that the input is applied at the base and

the output is taken at the collector similar to a common-emitter

amplifier.

We now replace the BJT with its small-signal model.
Similar to the common-drain amplifier, R¢ is parallel
to Ry, and appears as the load for the transistor (R} =
Rc || Ry) and the output resistance is taken to the
left of Ro in the circuit above. Using node-voltage
method and noting v, = v; — v.:

Ve Ve — Uy Ve — Vo

Node v, : 0= + — OmUx
RE' T'r To
v ()
Node v, : O:—7+ ° C g, =0
L To
Be | Vo Vel
RE L Tﬂ—
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The third equation is the sum of the first two. Finding v, from the third equation and
substituting in the 2nd equation, we get:

gV _ gm R, _ Ry

YUy gmRe (1R r) 1+ Rg/rr) Rp+ (14 R /ry)(Re+14)/0
A, ~— R,

v Rp+re+ (R /r,)(Rg +1y)/3
A . ngO _ TO

B 14‘}{1;/7”7T a _Te—i‘RE/ﬁ
If (R} /r,)/8 < 1 (a very good approximation), we can drop the last term to find:

gmBy Ry,
1+ ngE‘ RE + 7e

v~

which is the expression often used. Note that the amplifier gain is reduced with the presence
of Rg but it has become substantially less sensitive to any change in 3 (only through r.).

From the circuit we find R; = v;/i; = Rp || (vi/ip). The exact formulation for v;/i, is
cumbersome. A good approximation which leads to a simple expression is 7, > Rg. In this
case, 1, can be removed from the circuit and

V; = 0Tr + (I + gmVx) Re = @7 + (1 + Bip) R = ip[r= + (1 + )R]

To find R,, we set v; = 0 and compute the Thevenin Equivalent resistance seen at the output
terminals. Because of the presence of the controlled source, we need to attach v, voltage
source to the circuit and compute ¢,. By KCL, current i, — ¢,,v, will low through r, and
current ¢, will flow through Rg || rx:

vr = —i,(Rp H Tﬁ)

KVL: Ve = (g — gmUn)To +iu(RE || 72) = i2[ro + gmTo(RE || 72)]

BRE
o — o1 m )] — To 1 5
R, =711+ gn(Rg || rz)] =7 <+T7T+RE
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In summary, emitter degeneration has led to an amplifier with a lower gain which is much
less sensitive to transistor parameters, a substantially larger input resistance and a somewhat
larger output resistance.

5.5 Common-Gate and Common-Base Amplifiers

Common-Gate Configuration

Circuit shown is the generic “small-signal” circuit of a common- R,

gate amplifier. Note that the input is applied at the source and the °
output is taken at the drain. As the gate is grounded (for small Ha
signal), it is the common terminal of input and output. Thus, this o OHC R

circuit is called the common gate amplifier. If the base has to biased =
to a DC value (for example using voltage divider circuit shown), a
by-pass capacitor is added to short the base for small signals as is
shown with Rg = Ry || Ry.

We replacing MOS with its small signal model. In this configura-
tion, Rp is parallel to Ry, and appears as the load for the transistor.
As such, we define R}, = Rp || Ry and the output resistance is taken

to the left of Rp in the circuit above. Noting that v; = —v,, and
writing the node equation at v,: -

Vo — V4

Vo
— + + —V;) = 0
1 1 1 mTo mTo
vo<—/+—> = v; X szix J
R, 7, To T

AU_ = m y o
" — (R [ 70)

7

Avo = GmTo

To find R;, it is easier to write R; = Ry || ;)—1’ (see
circuit). By KCL at node S, current i + gn,vgs

will flow in 7, and current 4; will flow in R} =

Rp || R. Thus:

V; = (21 -+ gmvgs)ro + ZlR/L

. -/
U = 10170 — GmToVi + 11 R},
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vi T+ Ry 1+ R/,
7;1 1+gmro 9m

1+ R /r,
R; = Rs || Lt Ry

m

As can be seen, the common-gate amplifier is NOT
unilateral 7.e., R; depends on the load.

To find R,, we set v; = 0. As vy, = v; = 0, the
controlled current source becomes an open circuit and

R, = r, (Note that Rg is shorted out).

In summary, the general properties of the common-gate amplifier include a large open-loop

voltage, a small input resistance and a medium output resistance (it has the same gain and

output resistance values as that of a common-source configuration but a much lower input

resistance).

Common-Base Configuration

Circuit shown is the generic “small-signal” circuit of a common-
base amplifier. Note that the input is applied at the source and the
output is taken at the drain. As the gate is grounded (for small
signal), it is the common terminal of input and output. Thus, this
circuit is called the common-gate amplifier. If the base has to biased
to a DC value (for example using voltage divider circuit shown), a
by-pass capacitor is added to short the base for small signals as is
shown with Rg = R, || R;.

We replace the BJT with its small signal model. In this configura-
tion, R¢ is parallel to Ry, and appears as the load for the transistor.
As such, we define R} = R¢ || Ry and the output resistance is taken
to the left of R¢ in the circuit above. Noting that v; = —v, and
writing the node equation at v,:

Vo Vo — V4

— + + Gz = 0
R T g
1 1 1+ mTo mTo
Uo<_’+_> = v x — I % d
R, To To

Vo

Av__:m ! )
o _ g (B | 1,

7

Avo = GmTo
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To find R;, it is easier to write R; = (Rg || 7x) || %
(see circuit). By KCL at node E, current iy 4 g, v,

will flow in r, and current ¢; will flow in R} =
Re¢ || Rr. Thus (setting v, = —v;) by KVL:

v; = (i1 + gmUr)To + 11 R}, = 1176 — gmrovi + 11 R,
T+ Rp 1+ R} /r,

i 1 + gmTo - Im

1+ R} /7,

Im
As can be seen, the common-base amplifier is NOT

unilateral i.e., R; depends on the load. R

To find R,, we set v; = 0. As v, = 0, the controlled
current source becomes an open circuit and R, = r,
(Note that Rg || v is shorted out).

v;

Ri=Rg || 7 |

In summary, the common-base configuration has a large open-loop voltage, a small input
resistance and a medium output resistance (it has the same gain and output resistance values
as that of a common-emitter configuration but a much lower input resistance).

5.6 Summary of Amplifier Configurations

e The common-source (CS) and common-emitter (CE) amplifiers have a high gain and
are the main configuration in a practical amplifier. Ignoring bias resistors Rg or Rp, the
CS configuration has an infinite input resistance while the CE amplifier has a modest
input resistance. Both CS and CE amplifier have a rather high output resistance r,
and a limited high-frequency response (you will see this in 102).

e Addition of source or emitter resistor (degenerated CS or CE) leads to several benefits:
a gain which is less sensitive to temperature, a much larger input resistance for CE
configuration, a better control of amplifier saturation, and a much improved high-
frequency response. However, these are realized at the expense of a lower gain.

e The common-gate (CG) and commons-base (CB) amplifiers have a high gain (similar
to CS and CE) but a low input resistance. As such, they are only used for specialized
applications. CG and CB amplifiers have an excellent high-frequency response. They
are typically used in combination with a CS or CE stage (such as cascode amplifiers)

e The source-follower and emitter-follower configurations have a high input resistance, a
gain close to unity, and a low output resistance. They are employed as a voltage buffer
and/or as the output stage to increase the current and power to the load.
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5.7 Low Frequency Response of Transistor Amplifiers

Up to now, we have neglected the impact of the coupling and by-pass capacitors (assumed
they were short circuit). Each of these capacitors introduce a pole in the response of the
circuit. For example, let’s consider the coupling capacitor at the input to the amplifier (Cy
in amplifier configurations that we examined before). We need to perform the analysis in the
frequency domain (voltage are represented by capital letter as they are in “phasor” form):

I:‘)Sig Ccl
Av = E = i Avo
‘/i Ro + RL Vsig
Vi R;
Vsig N RZ + Rsig + 1/(8061)
Vi _ R; « s U foy =y = 1
‘/sig Rz + Rsig S+ Wpl7 P P Ccl(Ri + Rszg)

Vo _ il x A, X >
‘/sig RZ + Rsig v S+ Wp1

Where A, is the mid-frequency gain that we have calculated for all transistor configurations
(i.e., with capacitors short). As can be seen, the coupling capacitor C,; has introduced a
low-frequency pole and the amplifier gain falls at low frequencies.

One may be tempted to compute the im-
pact of the coupling capacitor at the output
in a similar manner. Figure below is for a
common-drain amplifier (with Rp appearing

as the load, see figure in page 5-5). It is

straightforward to show (left as an exercise):

V. RZ S 1
- 2T fp2 = Wpa =

= x A, X
Viig  Ri+ Ry 5 + Wpo Cea(RL + Rp || Ro)

For unilateral amplifiers, f,2 calculated above is the pole introduced by C.,. However, if the
amplifier is NOT unilateral, R; depends on the load and the expression of R; will include
C.o as this capacitor is part of the load ( R, = Rp || (Rr + 1/sC.)). As such, we need to
compute the R;/(R; + Rs;,) term to find the pole introduced by C.,. This issue is specially
important for amplifiers with small R;, i.e., common-gate and common-base amplifiers.

We can still use the above formula, however, if we replace R, (output resistance with v; = 0)
with R, (output resistance with vy, = 0).
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Similarly, if a by-pass capacitor is present (see page 5-8), it will introduce yet another pole,

Jp3-

The following method allows one to compute the poles by “inspection.”

1. Zero out V.

2. Consider each capacitor separately (i.e., assume all other capacitors are short)

3. Compute, R, the “total” resistance between the terminals of the capacitor. The pole
introduced by that capacitor is given by

1
2rCR

fr=

With all poles associated with by-pass and

v,
|V—”S| (dB)

coupling capacitors in hand, we can find

20 dB/decade

the overall frequency response of the am-

|
|
. |
plifier as !
40 dBdecace I
| |
Vo S S S ! ! 20 log |4,
=4, X X X X o I
. 60 dB/decade
Viig S+twpr Stwp S+ Wps B E i i
L
o [ W
fn fm fr2 f(Hz)

cale)

and the lower cut-off frequency is located at 3dB below maximum value, A, (the mid-
frequency gain). If poles are sufficiently separated (such as the figure above), the lower
cut-off frequency of the amplifier is given by the highest-frequency pole. Otherwise, finding
the lower cut-off frequency would be cumbersome.

A simple approximation for hand calculations (which is surprisingly very good) is to set

Jim fpr+ foo+ fos +-

Exercise: Show that the method above gives the poles corresponding to C.; and Cgy (for
unilateral amplifier) as was calculated previously.

The next two pages include a summary of formulas for elementary transistor configurations.
These formulas are correct within approximation of g,,r, > 1 and 3 > 1 both of which are
always valid. Many of these formulas can be simplified (before plugging in numbers) as they
include resistances that are in parallel and “typically” one is much smaller (at least a factor
of ten) than the others. For example, in a common emitter amplifier, we often find that
Re < Ry and Re < 1. Then, r, | Re || Ry, &= Rc¢ and the gain formula can be simplified
to A, = —R¢/Te.
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Summary of Elementary MOS Configurations®

Common Drain (Source Follower): —

4 gm(Rs || Rp)
! 1+ gm(RS H RL)
R, = Rg
1 1
R,=— | ro~— R, = Rs || R,
9m m
1
fp2 =1/[27Cw(RL + Rs || Rout)] Ryt = g_
Common Source:
Ay = —gm(ro || Rp || Rr)
R, = Rg R,=r, R, =Rp || R,
fp? = 1/[27TCCQ(RL + RD ” Rout)] Rout =To
= 1
" 27Cy[Rs || (1/gm)]
Common Source with Source Resistance:
_ gm(Lp || RL)
° 14 gmRs+ (Rp || RL)/7o
Ri - RG
Ro = To(l + ngS) R/o = Rp || RO
fo2 = 1/[20C2(RL + Rp || Rout)] Rout = 7o(1 + gmRs)
Common Gate:
AU - gm(ro H RD H RL)
Ri = Rs || [1/gm + (Rp || RL)/GmTo)
R, =, R;:RD || R,
fp? = 1/[27TCCQ(RL + RD ” Rout)] Rout = To(l + ngS)

fpb = 1/[27TCbRg]

[ ] fl = Ejfpj and fpl = 1/[27T061(R2 -+ Rsig)]-
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Summary of Elementary BJT Configurations®

Common Collector (Emitter Follower): =

4 - 9nBelB) _ Bel| R

" 1+gw(Re || RL) Rgl| RL+re

Ri=Rp | [rr+ 1+ 8)(r || Re || Ry)]
1 1

Ro=rp || —=—=r. R,=Rg | R, -
9Im 9Im
e+ R Rsi
fo = 1/20C Ry + Re | Row))  Row=ro | ol g o
1+0 .
Common Emitter: T
ro || R R

A, = ~gulr, | Re || By) = - "o e L

Ri=Rp| x R,=r, R, = Rc¢ || R,

fp2 = 1/[27TCCQ(RL + RC H Rout)] Rout =Ty

1
- QWCb[RE ” (Te + (RB H Rszg)/ﬁ)]

fpb

Common Emitter with Emitter Resistor:
__gm(Bc || Rr) ~ Rell B

1+ ngE Ry +re

(

R, =11+ gn(Re || m2)] =10 <1 + OFs )

T,r—FRE

fp2 = 1/[27TCCQ(RL + RC’ H Rout)] Rout =T <1 +

AR )

T'r + RE + RB H Rsig

Common Base:
R
ro || Re || R R, “y,
Ay = gulro | Ro || Ry) = "ol e I R ;E :
Te C,
Ri=Rg | = || [1/gm + (Rc || RL)/(gmro)] HC R
Ro=r,  R,—Rc|R, =
BRE =
=1/27Cx(R R R,, Roi=1r,1
fo2 = 1/2mCe2(Re + Re || Rout)] t T( +Tﬂ+RE+RB"Rsig
for = 1/[27CyRe5) Rep = R || [re + (1+ B)(Rsig || RE)]
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5.8 Exercise Problems
Problem 1 to 3: Find the bias point and amplifier parameters of this circuit (Si BJT with
n =2, =200 and V4 = 150 V. Ignore the Early effect in biasing calculations).

Problem 4: If v; = V; cos(wt) in the circuit of Problem 3, what is the maximum value of V;
for this circuit to work properly?

Problem 5 to 14: Find the bias point and amplifier parameters of this circuit (Si BJT
with n =2, § = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations). Find
the maximum amplitude of v; for the circuit to work properly.

9V 9V
18k 18k oamr
v v 4 v
o— v o—f
047 F o 0.47u F OAMF o ATF 0. 47p F 100k
o
22k 1k 22 100k ? % Lok

Problem 1 Problem 2 Problem 3 Problem 5)
4 4v
V.
0.470 F i
VO
H% %mw 100k
4.3mA 4.3mA
VEE — — —
Problem 6 Problem 7 Problem 8 Problem 9
3V Vi
2.3k 47U F 1mA 47 F
v 100 nF K 100 nF

Problem 10

ECEG65 Lecture Notes (F.

Problem 11

Najmabadi), Spring 2010

v, A
2.3k % 100K 2.3k 100k
-3V -3v

Problem 12

Problem 13
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Problem 15-18. Find the bias point and amplifier parameters of this circuit (V;, =4 V,
Vip = —4 V, K¥'(W/L) = 0.4 mA/V?, Ignore the channel-width modulation effect in biasing
calculations. Find the saturation voltages for this amplifier.

Problem 19-26. Find the bias point and amplifier parameters of this circuit
(Vin =1V, V= -1V, K (W/L) = k,(W/L) = 0.8 mA/V?, X\ = 0.01 V!). Ignore
the channel-width modulation effect in biasing calculations. Find the saturation
voltages for this amplifier.

10nF 100 F 10 0am v 071m
n
1uF . 10k= 0.47u F 047 F
0. 47p v
500k

Problem 14 Problem 15 Problem 16 Problem 17

5V
H 0.47u F
071m %mm
Problem 18 Problem 21
oV 6V
100nF
lOOnF
100k %
Problem 22 Problem 23 Problem 24 Problem 25
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Problems 27 to 29: Find the bias point of each BJT, the overall gain (v,/v;), and the lower
cut-off frequency of this amplifier parameters (Si BJT with n = 2, § = 200 and V4 = 150 V.

Ignore the Early effect in biasing calculations).

25V
M
100nF
Vo o— 10nF
100nF =
/p— -
M
Problem 26
.18V
15k
VD
\/i
— Q2
47pF
2.7k 510 510
Problem 29

33

4.7uF

6.2k

T15V
2k 18k
Q1 oarur| @
VQ
500 % 22 % 1K
L
Problem 27
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500 1k
Problem 28
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5.9 Solution to Selected Exercise Problems

Problem 1. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).

Bias: oV
Set v; = 0 and capacitors open. Replace Ry and R, with their Thevenin 18k
equivalent: Y
o—| v
0474 F o
22
RB:18k’|22k:99kQ VBB:m x9=495V 22k 1k
KVL: Vg = Rplp + Vap + 10°L; Iy = —2_ — 12 =
: BB BiB BE E B= 5~ 201 »
9.9 x 103 N Rg
495 -07=Igp | ——+ 10
201 Vag
IC 1k
]E:4H1A%10, IB:EZQOHA
KVL: 9= Veg+10°I .
Ver=9-10°x4x 102 =5V
Bias summary: Igp=~Ic=4mA, Ig=20pA, Veg=5V
Small-Signal: First we calculate the small-signal parameters: \gj‘”“ F
\"
Ic 4% 1073 1
m = = =7.69 x 1072 c=—=130Q 9.9k 1k
Im = Ve T 2% 26 x 103 % = 0
5 Va+Vep  150+5 =
»=— =260k 0 = = =38.8 k
. " Ic 4% 102

Note that we could have ignored Vg compared to V4 in the above expression for r,. Pro-
ceeding with the small signal analysis, we zero bias sources (see circuit). As the input is at
the base and output is at the emitter, this is a common-collector amplifier (emitter follower).
Using formulas of page 5-21 and noting R;, — oo, Rp < r,, and Rg > r,.:
A, = Rp || B ~ L ~ 1
RE ” RL+T6 RE—i-Te
Ri~Rp | [rr-+ (1 +P)Reg|=(99k) | (203.6 k) 9.9k = Rp

R,=r.=130Q

1 1

fl fpl 27T001(RZ' + Rsig) 21 x 0.47 x 1076 x 9.9 x 103 z
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Problem 2. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).

This is the same circuit as Problem 1 with exception of C',s and R;. The bias point is exactly
the same. As Rp < Ry, the amplifier parameters are the same except f; = f,1+ fp2 = 37 Hz.

Problem 3. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).

This circuit is similar to Problem 1 expect that the transistor is biased Ay

with two voltage sources (values are chosen to give the same bias point).

047U F
Bias:
100k
Set v; = 0 and capacitors open:
BE-KVL: 0=Vpp+10°Ip —5 4v
1
Ip =4.3mA ~ I, 13_5_215 1A il
k
CEKVL: 4=Vep+10°I5—5 — Vep=9-10°x43x103=47V "
-5V
Bias summary: Ip=~Ic=43mA, Ig=215uA, Vep=47TV
Small-Signal: First we calculate the small-signal parameters: o £
— (i
Vv
m = = =8.27 x 10 :——121Q
Im = Ve T 2% 26 x 102 . %
16} Va+Veg 150+ 5 B
r=— =242k 0 = = =36.0 k
" " Ic 13 %102

Proceeding with the small signal analysis, we zero bias sources (see circuit). As the input
is at the base and output is at the emitter, this is a common-collector amplifier (emitter
follower). Using formulas of page 5-21 and noting R < Ry, Rp < 1., and Rg > r.:

Rp|R. _  Rg
RE ” RL+T6 RE+T6
Ri=Rp ||[rr+ 1+ B)Rg] =71+ (1 + B)Rg = 2.42 4 201 = 203 k
R,=r.=120Q

~

A, =

1 1 1
fl fp2 27T002(RL + Rg || ’f‘e) QWCCQ(RL + ’/‘e) 2rCo Ry, z
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Problem 4: If v; = V; cos(wt) in the circuit of Problem 3, what is the maximum value of V;
for this circuit to work properly?

For the amplifier to work properly, the BJT has to remain in the active state, i.e, igp =
Ig + i, > 0 and vep = Vog + vee > Vpg = 0.7 V. The first equation gives a minimum
value for i, (or ic > 0 gives a minimum value for i.). Combination of the 2nd equation and
CE-KVL gives a maximum value for i, (or i.). Limits on v, can be found from the two limits
for i, (e.g., in this problem v, = 10%, as Ry > Rg). v; = v,/A, then gives the range for v;:

ip=Ig+i.>0 — i.>—-Igp=-43mA — v,=10%,>—-43V
CE-KVL 4=vcp+10%r -5 — 10%r <9—vcg

vep > Vpo =07 —  10%ip =10°(Ig +i.) <83V — wv,=10% <40V
—43<wv,=Aw; <40V — —43<vy;,<40V — V,<40V

Problem 5. Find the bias point and amplifier parameters of this circuit (Si BJT
withn =2, § = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly).

This is the PNP analog of circuit of Problem 2.

Bias summary: Ip=~Ic=4mA, Ig=20pA, Vgc=5V

Small-Signal: g, = 7.69 x 1072 1/Q, 7. = 13 Q, r, = 2.60k, and 7, = 38.8 k.
Amp response: A, =1, R, =99k, R, =13 Q, and f; = f1 + fp2 = 37 Hz.

Max signal: —4.3 <v, = A,v; <40 — —43<v;<40 — V, <40V

Problem 6. Find the bias point and amplifier parameters of this circuit (Si BJT
withn =2, § = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

This circuit is similar to the circuit of Problem 3 except that the tran- 4v
sistor is biased with a current source. Y 0.47u F
Bias: Set v; = 0 and capacitors open. Yo
1o 100k
I =43 mA ~ Ic, Ig = E = 21.5 /LA 4.3mA
VEE p—
BE-KVL: 0=Vpg+Vy — Vg=-07V )
4V
- VE
Bias summary: Ig=~Ic=43mA, Ig=215uA, Veg=47TV
4.3mA
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Small-Signal: First we calculate the small-signal parameters:

I 4, 1 -3 1 v
9m = < == 3 x 10 3 = 8.27 X 1072 Te = — = 12.1 Q D‘Ejii‘wu FV
nVyr 2x26x10- Im %ﬂ

5 Va+Ver 150 +5
L =—— =242k o = = =36.0 k
T " Io 43 %102 = L

Amplifier Response: we zero bias sources (the current source becomes an open circuit. As the

input is at the base and output is at the emitter, this is a common-collector amplifier (emitter
follower) with Rp — oo. Using formulas of page 5-21 and noting Rg || Ry, = Ry > .

W RellBRe R

" Rp||Rp+re Rp+r.

RZ:RB’|[TW+(1+6>RE]_>OO Ro:rre:12Q
1 1 1

fl fp2 27TCCQ(RL + RE‘ H 7"6) QWCCQ(RL + Te) 27TCCQRL z

BJT isin active if ic =~ 1 > 0 and vog > Vpg. The current source makes the problem slightly
complicated (i, flows through the 100 k resistor while I is fed by the current source). As
such, CE-KVL degenerates into two equations, one for small signal and one for biasing:

CE-KVL (SS) 0=, +10%, and vcg = Vog + Ve > Vo = 0.7

Vee = —10%, > 0.7 - Vo = 40V  — v, =10%, <40V
ip=1Ig+i.>0 — d.>—-Igp=-43mA — wv,=10%,>—430V
430 < v, =Av; <40V — —-430<v;,<4V — V,<40V

Note that the above limit is correct ONLY for an ideal current source (that is why the lower
limit for v; is so large). In practical applications, the current source will impose a condition
on vg (e.g., minimum voltage on the collector of a current mirror).

Problem 7. Find the bias point and amplifier parameters of this circuit (Si BJT
withn =2, § = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

This circuit is similar to the circuit of Problem 6 4v v
except that C.o is removed. Y y T Ve jil
Bias: Set v; = 0 and capacitors open. 100K
100k
4.3mA 4.3mA
BE-KVL: 0=Vge+Ve — Vg=-07V Vee = Ve =
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© 100 x 103
KCL Ig=3x102+4; ~3mA

I
Ip =3 mA ~ I, 13:5:15%

= —T7 pA

i1

CE-KVL: 4=Vep+Vg — Veg=47V

Bias summary: Ig =~ Ic =43 mA, Ig=21.5pA, Veg = 4.7V which is the exactly
the same as of that of Problem 6.

The small-signal, amplifier parameters, and maximum v, and v; are exactly the same as
those of Problem 6 expect f; = 0 (i.e., this amplifier can amplify DC signals).

Problem 8. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

Bias:
Set v; = 0 and capacitors open.
Replace Ry and R, with their Thevenin equivalent:

Rp=59k|34k=50k,
5.9

Vap = ———
BB 59134

x15=222V

I I
BE-KVL: Vgp = Rplg + Vap + 51015 I E B
5.0 x 103

T 1+3 201
34K
222 -07=Igp| —— 1
0.7 E< 201 +5 O)

Ic
IE:?)IHA%]CH IB:—:15,LLA

I} 59k= 51

CE-KVL:  Vge =10001c + Vog + 5101

Vep =15—1,510x3x 1073 =105V

15V
1k
Bias summary: Igp=~Ic=3mA, Ig=15puA, Vep=105V rosy %

Small-Signal: First we calculate the small-signal parameters: 5.0k
510
Io 3x 1073 ) 1
m = = =5.77x 10" e =—=1730Q =
Im = Ve T 2% 26 x 103 8 " o
Va+ Ve 150 + 10.5
rﬁzﬂ:3‘47k = vat Vo 1O+ — 535k
9m [C 3 X 1073
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Proceeding with the small signal analysis, we zero bias sources (see
circuit). As the input is at the base and output is at the collector,
this is a common-emitter amplifier (with NO emitter resistor). Us-
ing formulas of page 5-21 and noting Rc < Ry, Re < 1o, Rg > 1,
and Ry, = 0:

o || R R R
AU:_M%__C:_E'@ T

Te Te

Ri=Rp| rs =50 347 =205k
Rouwt = Ry =7, =535k

1 1

= = — 165 H
fn 21C (R; + Ryy) 27 x 4.7 x 1076 x 2.05 x 103 ’

1 1 1

- ~ ~ —159H

fp? QWCCQ(RL + RC ” Rout) QWCCQ(RL + RC) QWCCQRL z
1 1

Job = 202 Hz

~ 27Cy[Re || (re + (Rg || Rui)/B)]  27Cy[Ry || 17.3]
fi=for+ foo+ fop = 16.5+15.9 + 202 = 235 Hz

To find the maximum amplitude for v;, we note that v, = i.Rc = 10%. (as Ry > R¢):
CE-KVL 15 = 10°(I¢ + ic) + vor + 5101

As i, does not flow in the Rg = 510 € resistor because of the 47 uF by-pass capacitor,
CE-KVL wep = 15— 1,510l — 10%, = 10.5 — 10%i,
vep > Vpo =07 — i,<98mA — v,=10%.<98V

ic=Ic+i.>0 — i.>—-Ic=-3mA — v,=10%.> -3V

—3<v,=-58;<98V — —-017<v;<0.052V

Problem 9. Find the bias point and amplifier parameters of this circuit (Si BJT
withn =2, § = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

This is the PNP analog of circuit of Problem 8.
Bias summary: Igp=~Io=3mA, Ig=15pA, V=105V

Small-Signal: ¢, = 5.77 x 1072 1/Q, r. = 17.3 Q. r, = 3.47k, and r, = 53.5 k.
Amp response: A, = =58, R; =2.05k, R, =535k, and f; = fp1 + fp2 + fop» = 113 Hz.
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Problem 10. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

Bias:

Set v; = 0 and capacitors open. The bias circuit is exactly that
of Problem 8 with Rg = 5.0 k.

Bias summary: Ig~Ic=3mA, Ig=15puA, Veg=105YV.

Small-Signal: The small-signal parameters are also the same as
those of Problem 8 g, = 5.77 x 1072 1/Q, r, = 17.3 Q.
rr. = 3.47k, and r, = 53.5 k. =

Proceeding with the small signal analysis, we zero bias sources (see cir- By
cuit). As the input is at the base and output is at the collector, this is a 34k
degenerated common-emitter amplifier (i.e, with a emitter resistor). Using
formulas of page 5-21 and noting Rc < Ry, Re < 1., and Rg > r.:
A= BellB _Fe g, e
R B+ Te RE + e

Ry = 1o[1+ gm(Re || rx)] = 7o[1 +5.77 x 107%(510 || 3,470)]
=535x10°%x26.7=14M

BRE
Rowt =10 [ 1+ = 26.6r, = 1.4 M
‘ ( rﬂ+RE+RB H Rsig
1 1
fpl 27TCc1(Ri + Rsig) 21 X 4.7 x 1076 x 5.0 x 103 z
1 1 1
Jp2 =15.9 Hz

" 21Cw(Rr + Re || Row)  27Cw(Rr + R.)  2nCwRy
fi=fm+ fro=68+159 =23 Hz

To find the maximum amplitude for v;, we need to find i, as v, = i.Rc = 10%. (as Ry, > R¢).
Then, (note compared to Problem 8, i, now flows in the Rg = 510  resistor:)

CE-KVL 15 =10°(I¢ +ic) + vop + 510(1g + i)
vep = 15 — 1,5101c — 1,510i, = 10.5 — 1, 5104,
vep > Vpo =07 — i,<65mA — wv,=10%.<65V
ic=1Ic+i,>0 — i,>—-Ic=-3mA — v,=10%.>-3V

—3<v,=—19; <65V — —-342<v;<158V
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Problem 11. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

Bias:

Set v; = 0 and capacitors open. Because the 47 uF capacitor 34k
across the 240 € resistor becomes an open circuit, the total Rg v

for bias is 270 4240 = 510 2 and the bias circuit is exactly that Oﬁu}—':‘

of Problem 8 with Rg = 5.0 k. 5_9k% 270

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

Small-Signal: The small-signal parameters are also the same as
those of Problem 8: ¢, = 5.77 x 1072 1/Q, r. = 17.3 Q. =
rr = 3.47k, and r, = 53.5 k. 15V

Proceeding with the small signal analysis, we zero bias sources (see cir- 34k= 1k
cuit). In this case, the 47 uF capacitor across the 240 € resistor becomes
a short circuit and the total Rg for small-signal is 270 2. As the input is 1

at the base and output is at the collector, this is a degenerated common- 59k% )
emitter amplifier (i.e, with a emitter resistor). Using formulas of page
5-21 and noting R < Ry, Rc < 1., and Rg > r.: ”
Re || R R =
A, =— cll Re ¢ — _348

RE+T6 N_RE—FT@

Ry = 71o[1 + gm(RE || 72)] = 7o[1 + 5.77 x 107%(270 || 3,470)]

34k

— 53.5 x 103 x 15.5 = 830 k “adnF
BREg 5.9k% 270

Ry =1, | 1+ = 15.4r, = 826 k

t " ( TW—FRE—FRB || Rsig "

1 1

= - —6.8H

fpl 27TCc1(Ri + Rsig) 21 X 4.7 x 1076 x 5.0 x 103 z -
1 1 1

Ip2 = 15.9 Hz

" 27Cw(Ry, + Ro || Row)  27Cw(Rr + R.)  27CuwRy,

We need to find the pole introduced by the 47 pF by-pass capacitor, f,,. Although this
configuration was not included in the formulas for BJT elementary configuration of page
5-21, we can extend those formulas to cover this case.
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The pole introduced by the by-pass capacitor in the common emitter case is (see figure)

fpb

Per our discussion of page 5-19 on how to find poles introduced by
each capacitor, Rg || (re + (Rp || Rsig)/0)] is the total resistance
seen across the terminal of (. As can be seen from the circuit, the
resistance across (), terminals consists of two resistors in parallel,
Rp and R., the resistance seen through the emitter of the BJT:
R. =71+ (Rp || Rsig)/ ) from the formula above.

For the circuit here (defined Rg; = 240 Q and Rgy = 270 ), the
resistance across (, is made of two resistances in parallel: Rg; and
the combination of Rgs and R., the resistance seen through the
emitter of BJT in series. Thus:

fpb

fpb

1

T 27Cy[RE || (re + (R5 || Reig)/B)]

1

- 21Cy[Rp1 || (Rp2 + 1 + (R || Rsig)/ )] =

1 1
= 25.8 Hz

T 2rCy240 || (270 + 17] 27 x 47 x 1076 x 131

fi= [+ fre=68+15.9+ 258 = 48.5 Hz

To find the maximum amplitude for v;, we need to find i. as v, = i.Rc = 10%.. (as Ry > R¢).

Then, (note i, now flows in 270 Q resistor while I flows in a 510 2 resistor):

CE-KVL

15 = 10°(I¢ +i¢) + vep + 51015 + 2704,

vep = 15 — 1,5101c — 1,270i, = 10.5 — 1,270i,

vep > Vpo =07 — 0. <77mA — v,=10%.<77V
ic=Ic+i.>0 — i.>—-Ic=-3mA — wv,=10%.>-3V

—3<v,==-35; <77V — =22<uv;<08V
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Problem 12. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).

Find the maximum amplitude of v; for the circuit to work properly.

Bias: Set v; = 0 and capacitors open.

BE-KVL:  3=23Ip+ Vgp

Ik
Ip=1mA~ I, Ig= =5 uA
FE m Cy4iB 1+6 %

CE-KVL: 3=23x10%Ig+ Vgc +2.3 x 1031 — 3
Ve =6—46x10°x1x102=14V

Bias summary: Igp=~Io=1mA, Ig=50puA, Vep=14V

Small-Signal: First we calculate the small-signal parameters:

Ie 1x 1073 ) 1
= = =1.92x 10~ L= — =520
Im = Ve T 2% 26 x 102 . e
=04k po— YatVop 150+ 14 00
T Om ' ° I 1x10-3

3V

2.3k 47U F

Proceeding with the small signal analysis, we zero bias sources. As the input is at the base

and output is at the collector, this is a common-emitter amplifier.

It does not have an

emitter resistor as 47 uF capacitor shorts out Rg for small signals. Using formulas of page

5-21 and noting R¢c < Ry, Rc < 1o, and Rg > r.:

~rollBe || By . Re

A, = — 442
Te Te

R;=Rgp||rr=104k

Ry =R,=r,=151k
fpl =0
¥ ! ! 15.9 H

frd ~ = . 7
P27 91Cus(Ry, + Re || Rowt)  27Cua(Ry + R.)
1 1

fpb

= 27Cy[Re || (re + (Rg || Ruyg)/B)] _ 27Cy[Rg || 52]
fi= [+ foo+ [ =0+15.9+66.6 = 82.5 Hz
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To find the maximum amplitude for v;, we need to find i. as v, = i.Rc = 2.7 x 10%,. (as
Ry, > Rc¢). Then, (note only Ig flows in R = 2.3 k resistor):

CE-KVL  3=23x10°(Ic +i¢c) +vop + 2.3 x 10°15 — 3
vep =6 — 4.6 x 10315 — 2.3 x 10%, = 1.4 — 2.3 x 10%,
vep > Vpo =07 — i, <03mA — wv,=23x10%,<07V
ic=Ic+i.>0 — i.>—-Ic=—-1mA — v,=23x10%.>-23V
—23 <, =—-4420; <07V — —0.016 <wv; <0.052V

Problem 13. Find the bias point and amplifier parameters of this circuit (Si BJT
with n =2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

Y%
This is the same circuit as that of Problem 13 expect that the =
. . . . 1mA 47p F
transistor is biased with a current source
Bias: Set v; = 0 and capacitors open. From the circuit /g = 1 mA " 100 nE
\'
I
Ip =1mA = I, IB:—C:5,UA 2.3k 100k
s “av

BE-KVL: Vgp=Vgp=07V =
CEKVL: Vp=Vep+23x10*Ic —3="Veg —0.7
Vop =14V

Bias summary: Igp~Ic=1mA, Ig=50puA, Veg=14V.

Small-Signal: As the bias point is exactly the same as that of
problem 12, we have: g, = 1.92 x 1072 1/Q, r. = 52 Q,
rr = 10.4k, and r, = 151 k.

Amplifier response: The only difference with problem 12 is that Ry — oo in this circuit:
A, =—-442 R, =104k, R, =151k, and f; =0+ 15.9 + 66.6 = 82.5 Hz.

Maximum amplitude for v;: note only Ig flows in the current source while i, flows through

the by-pass capacitor. As such, the results are similar to those of problem 12: —2.3 < v, =
—44.2v; < 0.7 V or —0.016 < v; < 0.052 V.
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Problem 14. Find the bias point and amplifier parameters of this circuit (Si BJT
with n = 2, 8 = 200 and V4 = 150 V. Ignore the Early effect in biasing calculations).
Find the maximum amplitude of v; for the circuit to work properly.

Bias: Set v; = 0 and capacitors open. 25V
10nF 13k
R =12k | 13k =6.24k, v, o L00nE
12 1uF —
Vep = ——— x25=12V v o =
12413 400 = 12k
Ig Ik
BE-KVL: Veg = Rpl V; 5101 Is = = ——
BB plp+ Ve + E B 1+5 201 g

6.24 x 103
201

1.2—0.7:IE< +400>

I
Iy =116 mA ~ I, Ip= ?C = 5.8 uA

CE-KVL: 2.5 =1000I¢ + Vep + 4001
Vep =2.5—1,400 x 1.16 x 1073 =0.88 V

Bias summary: Igp=~ I =116 mA, Ig=>58 uA, Vep=0.838V

Small-Signal: First we calculate the small-signal parameters:

Ie 1.16 x 1073

1
=223x107%2 r.=—=4480Q

Im = Ve T 2% 26 x 10-3 P

5 Va+Vep 1504 0.88
=2 _g97k = - — 129 k
. " I, 1.16 x 10-3

Proceeding with the small signal analysis, we zero bias sources. As the input is at the emitter
and output is at the collector, this is a common-base amplifier. Using formulas of page 5-21
and noting R; — oo, and Ro < 7:

Ay = gm(ro || Re || Rr) = gmPBRe = 22.3

Ri = R || vz || [1/gm + (B || RL)/(gmro)] = Re || 72 || (1/gm)

R; =400 || 8,970 || 44.8 & 400 || 44.8 = 40.3 Q R, =71,=129k
BREg
Rou =7, (1+
¢ ! < TW—FRE—FRB || Rsig

Rour = 1o[1 + 200 x 400/(8,970 + 400)] = 9.54r, = 1.2 M
for = 1/[20Ce1(R; + Ryig)] = 3.95 kHz
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fp2

1
=0

- 27TCCQ(RL + RC || Rout)

Ros = Ry || [rs + (1+ B)(Ray || R)] = 6.24 k || 8.97 k ~ 3.68 k

fpb

- QWObRCB

=432 Hz

fi=Ffor + for+ fop = 3,950 + 0 + 432 = 4.38 kHz

Note the small input resistance of this amplifier and corresponding large f,:.

To find the maximum amplitude for v;, we need to find i, as v, = i.Rc = 10%. (as Ry, > R¢):

CE-KVL

2.5 =10°(I¢ +ic) + vop + 400(1g + i.)

vep = 2.5 — 1,400I¢ — 1,400i, = 0.88 — 1, 4004,

vep > Vpo =07 — i.<013mA — v,=10%,<0.18V
ic=Ic+i.>0 — i.>—-Ic=-116mA — v,=10%.>—-1.16V
116 <v,=2230; <018V — =52<vy; <8mV
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Problem 15. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k (W/L) =04 mA/V? X\=0.01 V7'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

18V
Replacing R/ Rs voltage divider with its Thevenin equivalent, we get:
13M= 10k= g 47u F
0.5 ¥ .
Re = 1.3 M || 500 k = 361 k, Vog=——" x18=5V  ‘oah
1.3+0.5
500k 100
Assume PMOS is in the active state,
Ip = 0.5k, (W/L)(Vsq — |Vip|)? = 0.5 x 0.4 x 1073 (Vg — 4)* 18V
SG-KVL: 18 =10"Ip + Vsg + 5 10k
5y 361k
Substituting for Ip in SG-KVL, we get:

13 =Vsa + Z(VSG - 4)2 — QVSgG —15Vse +19=0

Two roots: —5.9 and —1.6. Since Vsg = 1.6 < |V;,| = 4 V required for NMOS to be ON,
this root is unphysical. So, Vsg = 5.9 V.

SG-KVL: 13=Vse+10Ip =59+10"I, — Ip=0.71mA

SD-KVL:  18=Vsp+10*1p — Vep=18—-10*%0.71x102=109V
Since Vgp = 10.9 > Vgg — |Vip| = 5.9 —4 = 1.9 V, our assumption of PMOS in active is
justified.
Bias summary: Vsg =59V, Vop =109 V, and Ip = 0.71 mA.

Small-Signal: First we calculate the small-signal parameters (V4 = 1/A =100 V):

21, 2 % 0.71 x 10-3 )
= - — 747 x 10"
Im = Vg — Vil 50_4
Va4 Vep 100+ 10.9
o — = = 1 k
" I 0Tl x 103 0

Proceeding with the small signal analysis, we zero bias sources. As the input is at the
gate and output is at the source, this is a common-drain amplifier (source follower). Using
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formulas of page 5-22 and noting Rs < Ry, and Rg < 7,:

A — (Bl Re)  guRs 747
" 14 gm(Rs | R) 1+ gmRs 847
R, = R =361 k

= (.88

1
Ryt = R,~ — =134k
Im

for = 1/[20C 1 (R; + Ryg)] = 0.94 Hz
fp2 = 1/[27TCCQ(RL + RS H Rout)] ~ 1/[27TCCQRL] = 3.39 Hz
fi= [+ fro=433 Hz

PMOS remains in saturation as long as ip = ig > 0, vsg > V|, and vsp > vsg — |Vl
Similar to the BJT case, ig = Is + s > 0 gives the minimum value for iy (or iy) and one
limit for v, and v;. For this problem that v, = —(Rg || Rr)is = —(10% || 10%)i, = 9.1 x 103,
(You can ignore Ry, in the above as Rg < R, and write v, ~ 10*R;,. 1T have kept Ry, to show
its impact on saturation limits.)

is=1Ig+is>0 — i3>—-I¢=—-071mA — wv,=-91x10%,<645V

Finding the second limit is more complicated than the comparable BJT case because the
limit on vgp depends on vsg and v;! We need to combine vsp > vgg — |Vip| with DS-KVL
and GS-KVL to find a limit on v;. Noting that the voltage at the gate of the transistor is
the sum of v; and the 5-V bias:

DS-KVL 18 = Rsls + (Rs || Rr)is + vsp
GS-KVL 18 = Rgls + (RS H RL)iS +vsg +v; +5

USD:USG+Ui+5>USG_H/tp‘ - Ui>_5_“/tp‘:_gv

where the 3rd equation is found by summing DS-KVL and GS-KVL. Combining the two
limits:

v, =Av; <645V — 0, <733V
V=0, /Ay, > -9V  — oy, >-T7.92V

Therefore, the limits for this amplifiers are —9 < v; < 7.33 V and —7.92 < v, < 6.45 V. The
amplifier will saturate when v, exceeds these values.
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Problem 16. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k (W/L) =04 mA/V? X\=0.01 V7'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

13v
10k= 0.47u F
A 13V 10k= 0.47u F
Vi ° V. Vo
o— I
100 10k 100
~5v v
- - -5V )
Bias Small-signal

This circuit is similar to that of problem 15 expect it is biased with two voltage sources.
Note:

SG-KVL: 13 =10%*p + Vs

which is the same as that of Problem 16. Thus, we should get the Bias point and the same
small-signal parameters:

Bias summary: Vsg =59V, Vop =109V, and Ip = 0.71 mA.

Small-Signal: g, = 7.47 x 107* 1/Q and r, = 156 k.

For the amplifier response (see small-signal circuit above) Rg — oo and C, is not present
(fu =0). Thus:

A — gm(Rs || Rr) . gmBs _ 7.47
" 14 gn(Rs | R)  1+gmRy 847
Ri = RG — OO

= 0.88

1
Ryt =R,~— =134k
9m
fpl =0
fr2 = 1/20C.(Ry, + Rs || Row)] = 1/[27CaRy] = 3.39 H
fi = for+ fy = 3.39 Hz

Saturation voltages are the same as those of problem 15 (Same bias, same A,)
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Problem 17. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k (W/L) =04 mA/V? X\=0.01 V7'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

5V T
0. 71 m v
0.47u F ss 0.47u F
0.71m v ‘}_¢ v
o—
v A H 100
-13V

_5V -
Bias Small-signal

This circuit is also similar to that of problem 15 expect that it is biased with a current
source:

SD-KVL:  18=Vsp+10*p — Vep=18—10*%0.71x102=109V
0.71 x 107%Ip = 0.5k, (W/L)(Vsq — |Vip|)? = 0.5 x 0.4 x 1072 (Vg — 4)?

The second equation two roots for Vsg. Negative root is unphysical. So, Vsg = 5.9 V.
Bias summary: Vsg =59V, Vop =109 V, and Ip = 0.71 mA.

Since Bias values are the same as that of Problem 15, we should get the same small-signal
parameters:

Small-Signal: ¢, = 7.47 x 107* 1/Q and r, = 156 k.

For the amplifier response (see small-signal circuit above) Rg — oo, Ry — oo and C,; is not
present (fi = 0). Thus:

gm(RS ” RL) _ ngL
1+ gm(RS H RL) 1+ ngL
R, = Rg — o©

A, = — 0.999

1
Row = Ry~ — =134 k

Im
fpl =0
fpg = 1/[27T002(RL + RS || Rout)] = 1/[27T002RL] =3.39 Hz
Ji=fp + fp2 = 3.39 Hz
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PMOS remains in saturation as long as ip = ig > 0, vsg > V|, and vsp > vsg — |Vl
Since v, = —(Rg || Rp)is = —10%:

ig=Ig+is >0 — ig>—-Ig=—-071mA — wv,=-10%,<71V
Finding the second limit:

DS-KVL Vs = VUsp — 5}
GS-KVL Vg = Usg + U;
vsp + 5 =vgg +v; — vsp = Vsa +v; + 5

vsp > vse — [Vip] — v > —=5—|V,|=-9V

where the 3rd equation is found by summing DS-KVL and GS-KVL. Combining the two
limits:

Vo=A;, <71V — v,<71V

V=0, /Ay, > -9V — oy, >-T7.92V
Therefore, the limits for this amplifiers are —9 < v; < 71 V and —7.92 < v, < 71 V. The

amplifier will saturate when v, exceeds these values. The above values, of course, are for an
IDEAL current source.

Problem 18. Find the bias point and amplifier parameters of this circuit (V}, =
3V, k. (W/L)=04 mA/V? \=0.01 V'!). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

This is the NMOS version of problem 17. You should get the Vi

5V
0.47u F
same answers: v,
Bias summary: Vg = 5.9V, Vop =10.9 V, and Ip = 0.71 mA. 0.71m % 100k
Small-Signal: g, = 7.47 x 107* 1/Q and r, = 156 k. Vo L

Amp Response: A, =0.999, R; — oo, R, = 1.34 k, and f; = 3.39 Hz.

Saturation voltages: —9<wv; <71 Vand —7.92<wv, <71 V.
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Problem 19. Find the bias point and amplifier parameters of this circuit (V}, =
1V, K, (W/L)=08 mA/V? \=0.01 V). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

015V
15V

gv r20k

1.2M 10K

Bias Bias Small-signal

Bias: (v; = 0 and capacitors open) Replacing R;/Rs voltage divider with its Thevenin
equivalent:

1.2
Re—=12M] 1.8 M =720 k Veg = —— % x15=6V
G | ’ T 124118

Assume NMOS is in the active state,

Ip = 0.5k, (W/L)(Vas — Vin)? = 0.5 x 0.8 x 1073 (Vgg — 1)?
GS-KVL:  6=Vgs+10"p =Vos +4(Vas —1)> — 4AVig—TVes—2=0

Two roots: +2 and —0.25. As the negative root is unphysical, Vgs = 2.

GS-KVL: 6=2+10"p — Ip=0.4mA

DS-KVL:  15=10*1p 4+ Vps +10*Ip — Vpsg=15-2x10*x04x103=7V
Since Vpg =7 > Vgg — Vi, = 2 —1 = 12 V, our assumption of NMOS in active state is
justified.
Bias summary: Vg =2V, Vps =7V, and Ip = 0.4 mA

Small-Signal: First we calculate the small-signal parameters (V4 = 1/A =100 V):

21 2x%x0.4x1073
Gm = D = X X = 08 X 10_3
Vas — Vin 2—-1
Vi + Vps 100 + 7
o = = = 208 k
" I 0.4 x 10-3

ECE65 Lecture Notes (F. Najmabadi), Spring 2010 5-43



Proceeding with the small signal analysis, we zero bias sources (see circuit). As the input is
at the gate and output is at the collector, this is a common-source amplifier. There is no Rg
because of the by-pass capacitor. Using formulas of page 5-22 and noting Rp < Ry, and
Rp < ry:

Ay = =gm(ro | Bp || Br) & —gmRp = —8

R;=Rs; =720k Ry = R, =7, =268 k

for = 1/[27C(R; + Ryi,)] = 2.21 Hz

fo =1/27Ce2(R1 + Rp || Rouwt)] = 1/[27Ce2(R + Rp)] = 14.5 Hz

1 1 1
fow = 21Cy[Rs || (1/gm)]  27Cy[10% || 1.25 x 103]  27Cy x 1.11 x 103]

fi=for+ foo+ fop =221 +14.5 + 143 = 160 Hz

= 143 Hz

NMOS remains in saturation as long as ip = 15 > 0, vgs > Vi, and vps > vgs — Vi, For
this problem that v, = +(Rp || Rr)iq = (10* || 10%)ig = 9.1 x 10%:

ip=1Ip+ig>0 — ig>—-Ip=-04mA — v,=91x10%;>-3.64V
Since the voltage at the gate of the transistor is the sum of v; and the 6-V bias:

DS-KVL 15 = Rplp+ (Rp || Ry)ig + vps + Rslg

GS-KVL 6+ v, =vgs + Rsls
9—wv;=Rplp +v,+vps —vgs — Ups—vVes=9—4—v;—1,
Ups —Ves > V=1 — v +v,=v,(14+1/A4,) <6
(1-1/8)v,<6 — v,<686V

where the 3rd equation is found by subtracting GS-KVL from GS-KVL. Therefore, the limits
for this amplifiers are —3.64 < v, < 6.86 V and —0.86 < v; = —v,/8 < 0.46 V. The amplifier
will saturate when v, exceeds the above values.
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Problem 20. Find the bias point and amplifier parameters of this circuit (V}, =
1V, K, (W/L)=08 mA/V? \=0.01 V). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

This is the same circuit as that of Problem 20 except
that R, = 10 k (instead of 100 k). As Ry, in this circuit
does not affect the bias points, we can use results from
Problem 20:

Bias summary: Vg =2V, Vps =7V, and Ip = 0.4 mA

Small-Signal parameters: g,, = 0.8 x 1072 and r, = 268 k.

Amp. Response: A, = —4, R; = 720 k, Rout = R, = 268 k, f,1 = 2.21 Hz, f,2 = 7.25 Hz,
fpp = 143 Hz, and f; = 152.5 Hz. (Only A, and f,» depend on Ry)

Saturation voltage: limits on v, does not on Ry (understand why). Thus, —3.64 < v, <
6.86 V and —1.72 < v; = —v,/4 < 0.92 V.

Problem 21. Find the bias point and amplifier parameters of this circuit (1}, =
—1V, k,(W/L) =08 mA/V? X\=0.01 V™'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

This is the PMOS version of Problem 19.

Problem 22. Find the bias point and amplifier parameters of this circuit (V}, =
1V, k(W/L)=08 mA/V? X\ =0.01 V7). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

oV
This is the same circuit as that of Problem 19 except that is 10K
biased with two voltage sources (and Rg — 00). v 100nF
|
o—| %
Bias summary: Vgs =2V, Vps =7V, and Ip = 0.4 mA 100k
Small-Signal parameters: g,, = 0.8 x 1073 and r, = 268 k. 10K W=
-6V

Amp. Response: A, = —8 R, — oo, R,y = R, = 268 k,
fm = 0Hz, f =14.5Hz, f,, = 143 Hz, and f; = 158 Hz. (only
R; and f,; change

Saturation voltage: —3.64 < v, < 6.86 V and —0.86 < v; = —v,/8 < 0.46 V.
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Problem 23. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k (W/L) =04 mA/V? X\=0.01 V7'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

15V © 15V
15v
1.2M 10
10k
9V 720k
VO
1.8M 10k 10K
Bias Bias

Bias: (v; = 0 and capacitors open) Replacing R;/Rs voltage divider with its Thevenin
equivalent:

1.8

_ % L 15-9V
12+118 °

Re=12M| 1.8 M =720k, Voo
Assume PMOS is in the active state,

Ip = 0.5k, (W/L)(Vsa — |Vip|)? = 0.5 x 0.8 x 1073 (Vgg — 1)?
SG-KVL: 6 =Vsg+10"p =Vsg+4(Vsg —1)> — 4Vie—TVec—2=0

Two roots: +2 and —0.25. As the negative root is unphysical, Vsg = 2.

SG-KVL: 6=2+10"Ip — Ip=04mA

SD-KVL: 15 =10Ip+ Vsp +10*Ip — Vep=15-2x10*x04x10% =7V
Since Vsp =7 > Vsg — |Vip| = 2 —1 = 12 V, our assumption of PMOS in active state is
justified.
Bias summary: Vsg =2V, Vop =7V, and Ip = 0.4 mA

Small-Signal: First we calculate the small-signal parameters (V4 = 1/A =100 V):

21p 2 x0.4x1073 5
Im = Vg — Vil 91
Va+Vsp 10047
= - — 268 k
" I 0.4 x 10-3
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Proceeding with the small signal analysis, we zero bias sources (see circuit). As the input is at
the gate and output is at the collector and there is a Rg, this is degenerated common-source
amplifier. Using formulas of page 5-22 and noting Rp < Ry, and Rp < r,:

9m(Bp || Rr) — gmBp
1+ gmBs + (Rp H RL)/TO 1+ gmPBs
R, =Rs;="720k

Rout = Ro =71o(1 4+ gnRs) =24 M

for = 1/[20C (R; + Ryy,)] = 2.21 Hz

for = 1/[27Cea(Rp, + Rp || Row)] =~ 1/[27Cea(Ry, + Rp) = 1/[2rCe2Ry] = 0.16 Hz
fi=fa+ frz=24Hz

Ay = — — —0.89

Note one needs to choose Rp to be several times Rg for this amplifier to have a gain larger
than unity.

NMOS remains in saturation as long as ip = ig > 0, vgs > Vi, and vpg > vgs — Vi For
this problem that Vo = +(RD H RL)id =~ RDid = 104idi
ip=Ip+i;4>0 — ig>—Ip=—-04mA — vO:105id>—4V

Since the voltage at the gate of the transistor is the sum of v; and the 6-V bias:

DS-KVL 15 = RS[D -+ Rs'id +vgp + RD[D -+ RDid
GS-KVL 15 = Rglp + Rgig + vsg + 9 + v;
Vsp — Vs =540 — U, > Vi =1 —  v,—v;=0v,(1-1/A4,) <6

(1+1/0.89)v, <6 — v,<283V

where the 3rd equation is found by subtracting GS-KVL from GS-KVL. Therefore, limits
for this amplifiers are —4 < v, < 2.83 V and —3.18 < v; = —v,/8 < 4.49 V. The amplifier
will saturate when v, exceeds the above values.

Problem 24. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k(W/L) = 0.4 mA/V? X\=0.01 V'), Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

This is the PMOS version of Problem 23.
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Problem 25. Find the bias point and amplifier parameters of this circuit (V}, =
4V, K (W/L)=04 mA/V? X\ =0.01 V1), Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

This circuit is similar to that of Problem 23 except that the NMOS is biased with two voltage
sources and Rz — oo and no pole from C.;. Answers are the same as those of problem 23
except R; — oo and f; = 0.16 Hz.

Problem 26. Find the bias point and amplifier parameters of this circuit (1}, =
—4 V, k(W/L) = 0.4 mA/V? X\=0.01 V7'). Ignore the channel-width modulation
effect in biasing calculations. Find the saturation voltages for this amplifier.

925V 015V =
M 1.8M By

: 1.8M
v 100nF 10K 100nF

o o— 10nF (e 10nE
100nF 720k v 100nF

M 1.2M 10k 1.2M

Bias Bias Small-signal

Bias: (v; = 0 and capacitors open) Replacing R;/Rs voltage divider with its Thevenin
equivalent:

1.2

_ 12 e
121118 <P=0V

Re=12M| 1.8 M =720k, Voo
Assume NMOS is in the active state,

Ip = 0.5k, (W/L)(Vas — Vin)?> = 0.5 x 0.8 x 1073 (Vigg — 1)
GS-KVL: 6 =Vgs+10*Ip =Vgs +4(Vas — 1)? — 4AVig—TVgs—2=0

Two roots: +2 and —0.25. As the negative root is unphysical, Vgg = 2.

GS-KVL: 6=2+10*7p, — 1Ip=0.4mA
DS-KVL: 15=10Tp + Vps +10*Tp — Vps=15-2x10"x04x 103 =7V

Since Vps =7 > Vgs — Vi = 2 — 1 = 12 V, our assumption of NMOS in active state is
justified.
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Bias summary: Vgs =2V, Vps =7V, and Ip = 0.4 mA

Small-Signal: First we calculate the small-signal parameters (V4 = 1/A =100 V):

2p 2% 0.4 %1073
m = = =0.8x 1073
I Vas — Vin 2-1 8
Vit Vps 10047
o = = = 2 k
" I 0dx10 2%

Proceeding with the small signal analysis, we zero bias sources (see circuit). As the input is
at the source and output is at the collector, this is a common-gate amplifier. Using formulas
of page 5-22 and noting R; — oo and Rp < 7,:

Ay = gm(ro || Bp || Rr) = gnBlp =8

R; = Rs || [1/gm + (Bp || Rr)/gm7o] = Rs || [(1/9m)(1 + Rp/r0)] = Rs || 1/gm
Ry =10 (125 x 10°) = 1.1 k

R,=r, =268 k Ryt =1o(1+ gnRs) =24 M

for = 1/[27C.1(R; + Ryiy)] = 1.45 kHz

for = 1/[27Ce(Ry, + Rp || Row)] =0

fop =1/[27CyR¢] = 22 Hz

fi = fo1 + fp2 + fpp = 1.47 kHz
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Problem 27. Find the bias point of each BJT, the overall gain (v,/v;), and the
lower cut-off frequency of this amplifier parameters (Si BJT with n =2, § = 200

and V4 = 150 V. Ignore the Early effect in biasing calculations).

15V

This is a two-stage amplifier. The first stage (Q1)
is a common emitter amplifier and the second

stage (Q2) is an emitter follower. The two stages 33k 2
are coupled by a coupling capacitor (0.47 uF). v Ql
Bias: When we replace the coupling capacitors 4.7uF

with open circuits, we see the that bias circuits 6.2k 500

for the two transistors are independent of each

other. Each bias circuit can be solved separately.

For Q1, we replace the bias resistors (6.2k and 33k) with their Thevenin equivalent and

proceed with DC analysis:

6.2
Rpi =62k | 33k =15.22 k2 d V =
B1 I an BBl = o133
BE—KVL VBBl == RBljBl + VBEl + 500[E1 IBl
5.22 x 10°
2371—-07=1 _
37— 0.7 E1< 501 —1—500)
Icq
IE1:3.17IHA%101, 131:7:16MA
CE-KVL: Voo =2 x 10310y + Vegy + 5001,
Vepr=15—25x10°x3.17x 1073 =71V
Following similar procedure for Q2, we get:
R 18k[|22k 9.9 kO d V 22 15=825V
B2 11 BB?2 18 + 22
BE-KVL: Vggs = Rpalps + Vigs + 10315, Ips

9.9 x 103
25—-0.7=1 s 4108
825 —-0.7 E2 ( 201 + 10 )

I
Ipo =72 mA ~ Ipo,  Ipy= % = 36 pA
CE-KVL: Voo = Vegs + 103159

Vegs =15 —103x7.2x 1073 =78V
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Bias summary for Ql: Ig; = I =3.1TmA, Ig; =16 pA, Vg, =7.1 V.

Bias summary for Q2: Igy = Igo = 7.2mA, Igs = 36 pA, Vops = 7.8 V.

Small Signal: First we calculate the small-signal parameters:

Iey  3.17x 1073 L 1
Iml = oV T 2% 26 x 10-3 % T
= 308k py = 1At Vem  I0HTL g6y
g1 Iy 3.17 x 1073
I 2x1073 1
Gmg = —2 = (22X W s5107 Feo = — =T7.22Q
nVr 2x26x103 Im2
1 .
rm D lad kg — At Vom  I0ATS ) g
G2 Ics 7.2x 1073

We should always start from the last stage as the input resistance of that stage appears as
the load for the previous stage, etc. Second stage (Q2) is a emitter follower as its input is
as the base and output is at the emitter. Using is in the emitter follower circuit (Q2) as
the input resistance of this circuit will appear as the load for the common emitter amplifier
(Q1). Using formulas of page 5-21 and noting Rpo — oo and Rp > r.:

Rg||R, 1,000
Rg | RL+7re 1,000+164

RZ‘Q = RB || [’I“7r + (1 +ﬁ)(7“o H RE || RL)] ~ RBQ =99 kQ

AU2 -

The first stage (Q1) is a common emitter amplifier with Rg. The load for this stage is
R11 = R;s. Using formulas of page 5-21:

Rg + e 500k '
Ay =2 = Ay x Ap = —3.33

Vi

Avl -

The input resistance of the two-stage amplifier is the input resistance of the first-stage (Q1),
R; = 5.2 kQ2.

frequency Response: The 4.7 uF capacitor is C,; for the first stage. Thus:

for = 1/[20C(R; + Ryy)] = 1/[2m x 4.7 x 107° x 5.22 x 10°] = 6.5 Hz
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The 0.47 puF capacitor can be viewed is Co for the first stage which is common-emitter with
Rp: Then:

fr2 =1/[20Co(RL + Re || Rout)] = 1/[20C2(Riz + Ren || Routn)]
fo2 = 1/[27Cea(Ri2 + Re] = 28.5 Hz
Note that we could have taken the 0.47 uF capacitor to be the C\; for the second stage with

Ry = Ren || Rout1, arriving at the same value for fo.

Then, fl = fpl + fp2 = 35 Hz.

Problem 28. Find the bias point of each BJT, the overall gain (v,/v;), and the
lower cut-off frequency of this amplifier parameters (Si BJT with n =2, § = 200
and V4 = 150 V. Ignore the Early effect in biasing calculations).

This is a two-stage amplifier. The first stage (Q1) is
a common emitter amplifier and the second stage (Q2)
is an emitter follower. The circuit is similar to the two-
stage amplifier of Problem 27. The only difference is that
Q2 is directly biased from Q1 and there is no coupling
capacitor between the two stages. This approach has its
own advantages and disadvantages that are discussed at

the end of this problem.

Bias: Since the base current in BJTs is typically much smaller that the collector current, we
start by assuming I, > Ipy. In this case, I} = Io1 + Ips = Io1 = I (the bias current Iy
has no effect on bias parameters of Q1). This assumption simplifies the analysis considerably
and we will check the validity of this assumption later.

For Q1, we replace the bias resistors (6.2k and 33k) with their Thevenin equivalent:

6.2
Rp =62k | 33 k=05.22k2 d V; =——15=237V
B1 I an BBL™ 62+ 33
Ip: I
BE-KVL: = I 1037 In — Y
VL: Vg1 = Rpilp1 + Ve + 10°1g; BT 135 201
5.22 x 103
237—-0.7=1 —— + 500
=l ( 201 )
IE1—3.17H1A%101, 131—7—16,UA

CE-KVL: Voo =2 x 103101 + Vegy + 50015
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Vepr=15—25x10°%x3.17x 103 =71V

To find the bias point of Q2, we note:

Vi = Vep +500 x Iy = 7.1 +500 x 3.17 x 1072 = 8.68 V
BE-KVL: Vg = Vg + 10315,
8.68 — 0.7 = 101

I
Ipy =80 mA ~ Ioo,  Ips = -2 =40 uA

B
KVL: Voo = Vegs + 10315

Vops =15 —10°x8.0x 1073 =70V

We now check our assumption of Iy > Igs. We find Iy = 3.17 mA>> I, = 41 pA. 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 Iy (= Ig;) and Vogy is stable to variation
of Q1 3. Since Vs = Vo1 + Re1 X Ig1, Vo will also be stable to variation in transistor 3.
Finally, Vo = Vpga + Rgalgs. Thus, Ioo (= Igs) will also be stable (and Vige because of
CE-KVL).

Bias summary for Ql: Ig; = Ig1 =3.17mA, Ig; =16 pA, and Ve = 7.1 V

Bias summary for Q2: Ips = Ico = 8.0 mA, Igy =40 pA, and Vg, = 7.0 V.

Small Signal: First we calculate the small-signal parameters:

Gt = i‘c/; = 23;;611(1)0: —6.10 x 1072 rop = g—; —16.4 Q
ro = % _328k  ry = A chm — 311570:17013 — 49.6 k
Gz = i{C/QT =5 igg i01_033 — 154 % 107" re = g—; — 6.50 ©
- % =1.30 k Top = Va LZCE? = ;52 J{OTS = 19.6 k

As in problem 27, we start with the emitter follower circuit (Q2) as the input resistance of
this circuit will appear as the load for the common emitter amplifier (Q1). Using formulas
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of page 5-21 and noting Rrs — 00, Rg > 7., and Rp; — oo:

Rg||R, 1,000
Ry | Ry +r. 1,000+16.4

Riy = Rp || [r= + (1 +0)(ro [| R || By)]
Rip =rr+ (14 0)(ro || Rg) = 3.28 x 10° 4 201 x 10° = 204 kO

AU2 -

Note that because of the absence of the bias resistors, the input resistance of the second
stage is now quite large.

The first stage (Q1) is a common emitter amplifier with Rg. The load for this stage is
Rr1 = R;» = 204 k. Using formulas of page 5-21, and noting Rc < Rp:

W RellBu | Re_
RE—FTG RE

RilzRBl = 5.22 kQ

AU:&:AU1XA’U2:_4

7

The input resistance of the two-stage amplifier is the input resistance of the first-stage (Q1),

frequency Response: The 4.7 uF capacitor is C,; for the first stage. Thus:

fi=fo = 1/[27Ca(R; + Ryy,)] = 1/[2m x 4.7 x 107% x 5.22 x 10°] = 6.5 Hz

This two-stage amplifier has many advantages over that of problem 27. 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 this circuit is that the bias circuit is more complicated
and, as such, it is harder to design.
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Problem 29. Find the bias point of each BJT, the overall gain (v,/v;), and the
lower cut-off frequency of this amplifier parameters (Si BJT with n =2, § = 200
and V4 = 150 V. Ignore the Early effect in biasing calculations).

Bias: We start with replacing 2.7 k and 15 k€2 voltage
divider with its Thevenin equivalent

Ry = 2.7 15 = 2.29 kQ v
-—
2.7k
=t 18 =2 47uF
Ves = 5 s <18 =20V

Writing a KVL through BE terminals of Q1 and assuming that
Q1 is in the active state (Ig1 = g = Blp1), we get: —

1
VBB = RB[Bl -+ VBEl + 510[E1 = 2.29 x 103% + 0.7+ 510[01
]Cl %]E1:385 mA — ]Blzlcq/ﬁ:]/l.g /LA
CE1-KVL: 18 =3.6 x 10°I; + Vopy + 51015 L =11+ Ips

We assume Igy, < Io1. Then, from KCL above, I} & I = 3.85 mA. Substituting for I; and
Iz in CE1-KVL, we find Vog, = 2.18 V. Since Vg1 > Vpg = 0.7 V, our assumption of Q1
being in the active state is justified.

To find the bias point of Q2, we first calculate the voltage at the collector of Q1:
Vo1 = Vg = Vop1 + 5101 = 2.18+1.96 =4.14 V
We assume that Q2 is in the active state. We can calculate Ioo =~ Igs from a KVL:

I
Ips~Ieo =6.75mA  —  Ipgy=-22=338puA

&

Since Igs = 33.8 pA < Iy = 3.85 mA, our assumption of Igs < I is justified. Lastly, we
can find Vopgo from a KVL through CE terminals of Q2:

18 = 1.5 X 10%I g + Ve + 510155 — Veogs = 4.43V

And since Vogs = 4.43 V > Vpg = 0.7 V, our assumption of Q2 being in the active state is
justified.
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Bias summary for Q1l: Ig; = I = 3.85mA, Ig; = 14.3 puA, Vep = 2.18 V.

Bias summary for Q2: gy = [go = 6.75mA, Igy = 33.8 puA, Vops = 4.43 V.

Small Signal: First we calculate the small-signal parameters:

Iey 385 %1073 » 1
Iml = oV T 2% 26 x 10-3 % T
Va+V, 150 + 2.2
=L —oq0k gy = LatVom 10422 400
G I 3.85 x 103
I 6.75 x 1073 1
g = 222 = . —1.30 x 107" rep=— =770 Q
nVr 2x26x103 Im2
3 Vit Voms 150 +4.43
T T2 Tos 6.75 x 103

We start with the second stage (Q2). As the input is at the base and the put is at collector,
this is common-emitter amplifier with Rg. Using formulas of page 5-21 and noting Ry, — 00,
and Rg > r,.:

R
_Be| Ry ~ R _ 9204

RE + 7. RE

Riy = Ry || [rx + (L + ) (ro || Re || Re)]
Rip =1z + (14 B)(r || Re) = 2.70 x 10% + 201 x 510 = 106 k2

AU2 -

The first stage (Q1) is also a common emitter amplifier with Rg. The load for this stage is
Rr1 = R;» = 103 k. Using formulas of page 5-21, and noting Rc < Rp:

Rol Ry Re
RE + 7, RE
Ri1 =~ Rp1 = 2.29 kQ

Rio =712+ (14 B)(r, || Rg) = 1.54 x 10° + 201 x 510 = 105 k2

Ay =22 = Ay % Ay = (—T7.06)(—2.94) = 20.8

7

Ay = — = —7.06

The input resistance of the two-stage amplifier is the input resistance of the first-stage (Q1),
R; = 5.2 kQQ.

frequency Response: The 4.7 uF capacitor is C,; for the first stage. Thus:

fi = for = 1/[27Ca(R; + Ra,)] = 1/[27 x 4.7 x 107% x 2.29 x 10%] = 14.8 Hz
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