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Chapter 1

Introduction

In course this course we study the electrical characteristis of the following de-
vices: junction diode, eld e ect transistor , bipolar junction transistor . For each
device we rst present the static analysis and behaviour. Wethen present the
dynamic analysis which leads the main applications of the deices. The most
important application is the power ampli cation of an elect rical signal. Ampli-
er performance will be studied in some details. This courseis pre-requisite to
courses 403, in which the devices' characteristics will beufther detailed and
the applications will be more diverse. This course follows @urse 303 in which
the basic methods for the analysis of electrical network wex presented. The fol-
lowing components have been detailed: resistor, capacitpmductor (and maybe
the operational ampli er). We will not consider the operati onal ampli er in this
course since it is not an elementary electronic device (it awsists of many tens
of transistors); the internal structure of operational ampli ers will be studied in
course 403.

The following notation will often be used. For any x;y 2 C such that
X +y 6 0 we have:

Xy

X+y

Xjjy

Hence, two resistorsR1; R, connected in parallel as in gure 1.1 have an equiv-
alent resistance ofR;jjR,. Similarly, two capacitors Ci; C, connected in series

y—NVY

Figure 1.1:
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as in gure 1.2 have an equivalent capacitance ofC1jjC,.
The following simple laws will often be used:

Ohm's law:  The relationship between voltageV and current | as shown in
gure 1.3 is given by V = Z |, where Z is the (equivalent) impedance of

the device (or component).
Voltage V, acrossZ, in the circuit of gure 1.4 is given by:

Z
Vo= Vi =22
o IZl+ZZ

Voltage divider:

Current divider: Current |, into Z, as shown in the circuit of gure 1.5 is

given by:
S
o~ Izl+22

De nition 1.0.1. A device or component into which ows a DC current and/or
across which a DC voltage is applied is said to b®C biased (also polarized).

-+

—{ =

|

Figure 1.4:



Figure 1.5:
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Chapter 2

Diodes

2.1 Generalities

De nition 2.1.1. A diode is a 2-terminal device for which the (non-linear)
|V characteristic is given by:

Vv=0 ; 8>0

=0 ; 8V <0

as shown on gure 2.1. The symbol for a diode is also shown in gre 2.2. In
concrete words, the current can ow with no resistance in one direction and
cannot ow in the opposite direction. The 2 terminals are called anode and
cathode the current can ow from the anode to the cathode.

The behaviour of a diode in an electrical network is completlyy determined
by the I V characteristic and it does not involves any derivatives ofV nor I,
similarly to a resistor. When a diode is biased in a circuit, ve say that:

it is forward biasedwhen!| > 0 andV =0,
it is reverse biasedwhenV < 0 and| =0.

The type of biasing (forward or reverse) of a diode in a circui is sometimes
referred to as its state. We may say that a diode behaves like a short-circuit

Figure 2.1:
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Figure 2.2:

input: \/,
output:

Figure 2.3:

whenever it is forward biased and it behaves like an open-aiuit whenever it is
reverse biased.

One of the problems frequently encountered is to determinette input-output
characteristic of an electrical network comprising source (voltage or current),
resistors and diodes. These problems are easily solved falling a procedure
that is illustrated in the few examples that follow.

Example 2.1.1. Sketch the input-output characteristic V, versusV; for the
circuit of gure 2.3.

Solution: We rst notice that the circuit contains n =2 diodes, each of which
may be in any of 2 states. This would give us a maximum of 4 = 2 = 22 circuits
to analyze. Some states are often impossible and by being aful during the
analysis we may avoid them.

Step 1. First assume that V; is arbitrarily large. We then intuitively see that
diode D; should be forward biased and diodé), should be reverse biased
(this assumption will have to be veried and if it is incorrect we will
notice later). Under this assumption, the equivalent circut is redrawn as
in gure 2.4. Following the basic network circuit analysis we easily obtain
the n + 1 = 3 following equations:

Vo(Vi) = \43010 20+10
Vi 10
IDl(\/i) |30
Vo,(V) = 20 Vo= 30+0 M 5

30
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Figure 2.4:

Figure 2.5:

or after simpli cation:

3V,
300p,
3\Vb,

2V, +10
V, 10
70 2V,

The equivalent circuit of gure 2.4 (and the above equation9 are however
only valid if Ip, > 0 and Vp, 0 (refer to our initial assumption),
ie. if Vi 10 (and V 35). Therefore as long asvV; 10 we have
3Vo = 2V; +10 as shown in gure 2.5. Thus, whenV, is arbitrarily large
D, is forward biased (p, > 0) and D, is reverse biased (o, < 0) and
our initial assumption is correct. We next decreaseV;. When V; reaches
the value 10 V, we havelp, =0 and Vp, < 0. As we further decreasev;,

I o, will attempt to become negative and at this point D, becomes reverse
biased. The next state of the diodes is then.D; and D, are both reverse
biased.

Step 2. D; and D, are both reverse biased (open-circuit). The equivalentD,
D>
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Figure 2.6:

circuit is shown in gure 2.6 and the n + 1 = 3 equations are:

Vo =V
Vo, = V, 10=V, 10
Vp, = 20 vo= 20 V
We then have:
Vo, O , Vi 10 _
Vo, 0, Vv 20 20 Vi 10

This portion of the input-output characteristic is sketched in gure 2.7.
Thus, as long as 20<V; < 10 then D;; D, are reverse biased\(p, < 0
and Vp, < 0). We then further decreaseV, up to -20 V. When V; becomes
equal to -20 V then Vp, = 0 and Vp, < 0 and if V; is further decreased
then Vp, attempts to become positive and it becomes forward biased.

Step 3: D; is reverse biased and, is forward biased. The equivalent circuit

is shown in gure 2.8 and then + 1 = 3 equations are:

2V, =V, 20
Vb, = Vi 40
20p, = V, 20
We then have:
Vo, 0 , Vi 40 _
b, 0., VvV 20 Y 20

This portion of the input-output characteristic is sketched in gure 2.9.
Thus, as long asV; < 20V then D is reversed biased and,, is forward
biased (\p, < 0 andIp, > 0). When V; is further decreased the state of
the diodes does not change.
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Figure 2.7:

The V, versusV; input-output characteristic of the circuit is shown in gur e
2.10. A MAPLE session showing the simpli cation of the various equations
is presented at the end of the chapter in gures 2.67 and 2.68.It is shown
that one of the 2" = 4 states of the diodes (namely bothD;; D, are forward
biased) is impossible. By following the procedure illustraed in this example,
such impossible states are most often avoided.

O
Remarks.

1. Inthe rst step we have to make an assumption on the state othe diodes.
This assumption must be veri ed. If it is found to be false then either one

Figure 2.8:
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Figure 2.9:

Figure 2.10:

of the following situation occurs.

(@) We nd an impossible state. In this case we have to start oer with
another assumption.

(b) We nd a possible state that corresponds to an interval of V; that is
di erent than the one we expected. In this case we keep the rest
and keep on extending values o¥; in the directions that will lead to
a complete solution of the input-output characteristic.

2. If the circuit does not contain dependent sources, then tk input-output
characteristic consists in linear segments that meet at brakpoints, i.e.
there are nostepsat the breakpoints and the input-output characteristic
is a monotonic function (increasing or decreasing).
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Figure 2.11:

3. It may happen, although rarely, that many inequalities (for the state of
the diodes) give the same breakpoint. In such cases, only sa@of the
corresponding diodes may change state at that breakpoint ath we must
then try all the possibilities. Most often though, all corresponding diodes
change state.

Example 2.1.2. Sketch the input-output characteristic V, versusV; for the
circuit of gure 2.11.

Solution: There aren = 2 diodes in the circuit. At each step we have to write
n + 1 = 3 equations: one for each diode (p or Vp depending on the assumed
state) and one for the output V, itself.

Step 1: First assume that V, is arbitrarily large. We then intuitively see that D;
diode D1 should be reverse biased and diodB, should be forward biased D>
(this assumption will have to be veried and if it is incorrect we will
notice). Under this assumption, the equivalent circuit is redrawn as in
gure 2.12. Following the basic network circuit analysis we easily obtain
the following equations:

2V, = V 5
_ Vi 5
lp, = 5
VD]_ = V0+3 \/l ) 2VD1:1 \/I
We then have:
Ip, O , Vi 5 _
Vb, O , VvV, 1 Vi

This portion of the input-output characteristic is sketched in gure 2.13.
Thus, as long asV; > 5 then D; is reverse biased and, is forward biased

on
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Figure 2.12:

Figure 2.13:

(Vp, < 0andlIp, > 0). We then further decreaseV; up to 5 V. When
V; becomes equal to 5 V thenlp, = 0 and Vp, < 0 and if V; is further
decreased then p, attempts to become negative andD, becomes reverse
biased.

Step 2: D; and D, are both reverse biased (open-circuit). The equivalent
circuit is shown in gure 2.14 and the n +1 = 3 equations are:

Vo = O
Vo, = 3V
Vo, = Vi 5
We then have:
Vo, O , Vi 3

Vo, 0, V 5
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Figure 2.14:

Figure 2.15:

This portion of the input-output characteristic is sketched in gure 2.15.
Thus, as long as < V; < 5then D;; D, are reverse biased\{p, < 0 and
Vp, < 0). We then further decreaseV; up to 3 V. When V; becomes equal
to 3 Vthen Vp, =0 and Vp, < 0 and if V; is further decreased thenVp,
attempts to become positive andD; becomes forward biased.

Step 3: D, is forward biased andD, is reverse biased. The equivalent circuitD;  on

is shown in gure 2.16 and then + 1 = 3 equations are: D, o
Vo = Vi 3
_ 3V
Ip, = >

Mo, = V. 7
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Figure 2.16:
Figure 2.17:
We then have:
b, O, V, 3 .
Vo, O, Vi 7 Vi3

Thus, as long asV; < 3 V then D; is forward biased andD, is reverse
biased (p, > 0 and Vp, < 0). When V; is further decreased the state of
the diodes does not change.

The V, versusV, input-output characteristic of the circuit is shown in gur e
2.17.
O

2.2 Fabrication of Junction Diodes

A device behaving similarly to a diode is obtained when two péces of semi-
conductor pieces containing some speci ¢ impurities are incontact with each
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Figure 2.18:

other. To explain intuitively how it works, consider the sketch of gure 2.18
representing the molecular structure of a semiconductor, @wch as Si or Ge. At
room temperature there is su cient energy for some of the eletrons to break
free from the covalent bond. They are calledree electronsand are available for
electrical conductivity. The holes created can alsomove when they are lled
by other covalent electrons, and as such are considered aseé positive carriers
for electrical conductivity. Semiconductors are nonetheéss bad conductors at
room temperature.

By adding impurities (molecules of another material) any of the two molec-
ular structures presented in gure 2.19 maybe obtained. Ths process is referred
to as doping. Thesedoped semiconductorscan now be good conductors at room
temperature and their conductivity can moreover be controled by the concen-
tration of impurities. A semiconductor having an excess of psitive carriers
(holes) is said to be oftype P and a semiconductor having an excess of negative
carriers (electrons) is said to be oftype N.

Figure 2.20 illustrates a single piece of semiconductor, anside of which is
doped P and the other side of which is doped N. In an e ort to Il the valence
shell in order to increase their stability, some of the negaite impurities located
near the junction absorb the free electrons present in the tpe P semiconduc-
tor. An equilibrium is eventually established with the indu ced electrical eld
that results. The resulting region near the junction contains very few carriers
(holes or free electrons); it is calleddepletion region and its conductivity is very
small. The concentration of electrical carriers in the blocof semiconductor is
represented as in gure 2.21. The charge density, electridaeld intensity and
electrostatic potential as a function of the position in the block of semiconductor
are sketched in gure 2.22. The operation of the semicondudr junction device
is brie y described below.
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(a) Doped semiconductor type N (b) Doped semiconductor type P

Figure 2.19:

Figure 2.20:

1. The bloc is biased as shown in gure 2.23(a). The voltage soce attracts
the free carriers toward the extremities of the bloc and awayfrom the
junction. As a result, the depletion region becomes wider. e larger the
source voltage is, the wider the depletion region is. It folbws that a very

small current ows and this current is near constant, i.e. independent of
the applied source voltage.

2. The bloc is biased as shown in gure 2.23(b). The voltage sace forces the
carriers away from the extremities and toward the junction. The depletion
region becomes narrower. When the voltage becomes equal Yo then the

depletion region completely disappears and the bloc suddéyn becomes a
very good conductor.

Remarks.

1. The device's behaviour resembles that of a diode, the ana@dbeing the side
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Figure 2.21:

doped with type P and the cathode being the side doped N. It is alled a
junction diode.

2. The voltmeter reading by the voltmeter in gure 2.24(a) is 0 V, even
though the junction generates a voltage ofV ; this is because the contacts
of the semiconductor with the metallic terminals also geneate a voltage
and it cancels the junction voltage.

3. For the same reason as in the previous remark, the ammeteeading is 0
A in gure 2.24(b).
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Figure 2.22:

(a) Reverse biased (b) Forward biased

Figure 2.23:

@ (b)

Figure 2.24:
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2.3 | V Characteristic of a PN Junction Diode

From now on, by \diode" we mean a \PN junction diode" and the sy mbol of
gure 2.25(a) represent the device of gure 2.25(b) which ha been described in
the previous section. Itsl V characteristic, which depends on the temperature,
is shown in gure 2.26. The temperature a ects the parameters Vzx ; Is and
V and the shape of the curve remains the same. In the interval/ > Vz¢ the
curve is described by the expression:

| = 1g(e/="r) 1)
where Vy = '% In the above we have:
Is reverse saturation current 10 °A  Ig 10 8 A,

n  empirical constant that depends on the semiconductor usedSi or
Ge)and 1l n 2 with

1 ; Ge semiconductor
2 ; Sisemiconductor

We usually haven = 2.

Vr  thermal voltage and Vy  25:2 mV at room temperature (20 C),
k=1:38 10 23 Joules/Kelvin, is the Boltzmann constant,

T temperature in Kelvin,

q=1:602 10 '° Cis the charge of an electron in Coulombs,

Vzi is the breakdown voltage and ranges from thousands of voltsat
just a few volts,

\% turn-on voltage and V. 0:7 V for Si semiconductor andV ~ 0:2
V for Ge semiconductor.

The characteristic di ers from the ideal characteristic of the ideal diode of
section 2.1. The following example illustrates the consegences of these di er-
ences.

Example 2.3.1. Expressl; V as a function of the source voltageVs for the
circuit of gure 2.27. Notice that this circuit would be very easy to solve if the
diode were ideal as in section 2.1.

() (b)

Figure 2.25:
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Figure 2.26:

Figure 2.27:

Solution: The circuit is described by the equations:

Vs = RI+V , |= V=R+Vs=R 2.1)

ls(eV=("Vr) 1) (2.2)

This is a system of two non-linear equations in two unknowns.The solution can
be found numerically or graphically, as in gure 2.28, by skeching equations
(2.1), (2.2) and nding the intersection. Indeed, if V = Vp, | = Ip, then both
equations are clearly satis ed simultaneously and the soltion is unique. O

De nition 2.3.1.  The quiescent point or Q-point (also called operation point
or biasing point) of a device that is biased is theN -tuple of which the N com-
ponents are the values of all voltages and currents in the dewe.

The diode in the circuit of example 2.3.1 is biased and its Q-pintis (Ip; Vp).

De nition 2.3.2. The dynamic resistance of a biased two-terminal device is
the multiplicative inverse of the slope of the tangent of thel V characteristic
of the device at the Q-point.
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Figure 2.28:

Example 2.3.2. For a resistor of valueR, the |V characteristic is a straight
line that goes through the origin and with a slope of ER. Hence for any Q-point,
the dynamic resistance isR.

Example 2.3.3. The diode in the circuit of example 2.3.1, is a two-terminal

device biased at the Q-point ¥ = Vp; | = Ip). Its dynamic resistance is given
by

dv

dl V=Vo

|:|D

and is calculated as follows from the characteristid = 15(eV=("V1)  1):

di s

- = evz(nVT)
dv nVr
dv nVr Vi =
—— = = —Le Vo=(Vr) 2.3
di YIP I's (2:3)
But since the Q-point (V = Vp; | = Ip) lies on the diode characteristic, I p

and Vp must satisfy the expression
lp = Is(e" ™™™ 1)

It follows that
Vos(vr) = 1 1

eVo =(nVr) B IIL +1
s

e

and substituting the latter in equation (2.3) gives

dv _ nVt nVr

I Ip +1s Ip

2.4 Piece-wise linear models of a junction diode

Example 2.3.1 illustrates that the analysis of a circuit cortaining many PN
junction diodes is much more complicated than the analysis bthe same circuit
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Figure 2.29:

with ideal diodes. The result is however almost identical (h many practical

applications) to that obtained by replacing the junction di odes with ideal diodes.
Indeed, consider the analysis of the circuit in gure 2.3. (xample 2.1.1). The
circuit is redrawn in gure 2.29 with junction diodes and we assume the values:

n = 2
Vr = 252mV
ls = 10 °mA

One easily veri es that the circuit is completely describedby the ve following
equations:

lp = lg(es=("Vr) 1) (2.4)

l, = lg(e2™™Vr) 1) (2.5)
% I (2.6)
B terv) @
"‘1O¥°+|2 = 1, (2.8)

The system of equations is non-linear and can only be solvecbaroximately with
numerical analysis methods. The result is sketched in gure2.30 and is almost
identical to that obtained at example 2.1.1. In order to avoid having to use
numerical analysis methods to solve every circuit contaimg PN junction diodes,
we will use simple diode models based on ideal diodes, the bahour of which
resembles that of real practical junction diodes. These moels contain resistors,
independent sources, and ideal diodes. They allow the appramate analysis of
circuit containing junction diodes with the procedure detailed at section 2.1.
The models and their approximatel V characteristics are presented in gure
2.31.



2.5. DIODE APPLICATIONS 23

Figure 2.30:

2.5 Diode Applications

We now present some applications in which junction diodes a encountered.
There are many other applications of diodes. The following pplications will

also serve to better explain the general methods of analysisf circuits containing

diodes. In this section we assume all diodes to be ideal.

2.5.1 Circuits Contain No Capacitor

These are the simplest circuits to analyze and we have alregdseen some of
them.

Clippers and Limiters

They are analyzed with the method presented in section 2.1. Mny examples
are implemented in laboratory No 2.

Wave Shapers

They are analyzed with the method presented in section 2.1. Mny examples
are implemented in laboratory No 2. Such circuit are used, arang other things,
to convert a triangular wave into a sine wave.

2.5.2 Circuits Contain One Capacitor

The input is a periodic signal of period T. The circuits can be divided in 3
categories according to the capacitor behaviour:



24 CHAPTER 2. DIODES

Figure 2.31:

1. T is large enough so that the capacitor can completely chargelischarge
itself. The circuit's response contains a transient respose and steady state
response. The calculation of both transient and steady stad responses is
done and this maybe more di cult than the other applications . This is
the di erentiator circuit.

2. Capacitor cannot discharge itself at all. The circuit's response contains a
transient response and steady state response. The analysid the tran-
sient response would be very di cult. We will only nd the ste ady state
response of the circuit. This should be simpler. This is thecoupling and
multiplier circuit.

3. Capacitor can partially charge/discharge itself during a period T. The
circuit's response contains a transient response and stegdstate response.
The analysis of the transient response would be very dicult. We will
only nd the steady state response of the circuit. This is the integrator
and Itered recti er circuit.

Asymmetrical Saw-Tooth

Consider the circuit of gure 2.32 in which V;(t) is a square wave of amplitude
A, period T and 0-average value (0-DC o set). The diode is assumed idedbr
simplicity. We rst observe that:

D is short-circuit , 1> 0
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Figure 2.32:

Figure 2.33:

Moreover we must have A  Vy(t) A and regardless of the state in which
diode D is we havel > 0, V; >V,, thatis

ey Vi=+A ) D is short-circuit
>0, Vilh=+A ) Vi= A ) D is open-circuit

When D is a short-circuit the time constant is ; = R;C and when D is an
open-circuit the time constant is , = (R; + Ry)C. The waveforms presented
in gure 2.33 are then observed in steady state.

Falling Edge Detector

Consider the circuit of gure 2.34 with input V;(t) as shown. The diode is
assumed ideal for simplicity. We also assume thaT is su ciently large to allow
the capacitor to fully charge or discharge within any time interval of duration
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Figure 2.34: Falling edge detector and its input

(@) (b)

Figure 2.35: Falling edge detector: two possible con guraibns

T=2. The circuit may take any of the two con gurations shown in gure 2.35. In
deriving an expression forV,(t); I ¢ (t) (and I (t) if required) on each of the two
states of V; (t), we will need to nd the initial conditions. These are obtained by
solving the circuit just before a transition of V(t) knowing that the capacitor
is then fully charged.

Casel (t = ( T=2) , i.e. initial condition for t > T=2). The equivalent
circuit is shown in gure 2.36 where |;(( T=2) ) = 0 since the capacitor is
fully charged. Clearly D  short-circuit since Vg > 0, Vo(( T=2) ) =0 and
we have:

Ve(C T=2) )=0 ( A)=A

Case 2 ( T=2 <t < 0 with initial conditon Vc(( T=2)") = A from above).
The equivalent circuit is shown in gure 2.37. Clearly D short-circuit at
t=( T=2)", Vo(( T=2)*") = 0 and this remains valid as long aslp(t) > O.
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Figure 2.36:

Figure 2.37:

27
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Figure 2.38:

Figure 2.39:

From gure 2.35(a)
Vi
lo®= g+ i

and we easily obtain:

Ii(t) = %e (t+ T=2)=(R1C)
Ry

when T=2<t< 0 as shown in gure 2.38. It follows that |5 (t) > O for every
t on the interval T=2<t< 0 and consequentlyV,(t) = 0 on the same interval.
This is sketched on gure 2.39.

Case 3 (t =0 , i.e. initial condition for t > 0). From the previous case,D
short circuitat t =0 and 1 (0 ) = O since the capacitor is completely
charged. It follows that:

Ve(@© )=0 A= A
Case 4 (0 <t < T= 2 with initial condition V¢ (0*) = A from above). The

equivalent circuit is presented in gure 2.40.
Claim: At t=0" the diode is reverse biased, i.eD  open circuit.
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Figure 2.40:

Figure 2.41.:

Proof. If D  short circuit then from gure 2.35(a) we would have V,(0*) =0,
1i(0")= 2A=R; and

VR 2A

Ipb(0")= =~ =

0(0)= & &
Ip(0") > 0 if and only if VR > 2AR,=Ry, but the initial statement of the
problem states the opposite!D is therefore not short-circuit. O

The diode remains reverse biased as long a4(t) < 0. We nd:

li(t) = VR #2A | = (Ri+R2)C)
Ri+ R

Vo(t) = VR + R21i ()

Ro(VR +24) | t=((Rs+R2)C)

=V,
R R:i+ R

Vo(t) is sketched on gure 2.41 and this curve is only valid in the nterval
0<t<t , where we de net, as the instant at which the exponential equals 0:

Re(Ve +2A) (=, Ro)c) =

V,
R R, + R,

0 (2.9)

From t = tp, Vo(t) is no longer negative and the diode becomes forward biased.
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Figure 2.42:

Case5 (t = t,, i.e. initial condition for t>t ). We have
VR
Vo(tp):(): VR + R2|i(tp)) Ii(tp): Riz

It follows that

R1VRr
R>

Ve(t,)=0 A Rili(t,) =A

Case 6 (t, <t < T=2 with initial condition Vc(t;)= A  Bx’e from above).
From the previous case we haveD  short circuit. The equivalent circuit is
shown in gure 2.42. From gure 2.35(a) we have V,(t) = 0 and this remains
valid as long aslp (t) > O:

vV,
Ip(t) = R—";Hi(t)

vV, }
Li(t) = RZRe(t tp)=(R1C)

fort>t,. Clearly Ip(t) > Ofromt =ty tot= T=2and Vy(t) = 0. This is
sketched in gure 2.43.

The process repeats by periodicity ofV;(t) and we obtain the waveform
shown in gure 2.44.

Clamper

Consider the circuit of gure 2.45(a) with input V;(t) as shown in gure 2.45(b)
and componentsR; C such that RC T where T is the period of V(t); in
other words it is assumed that the charge of capacitolC remains approximately
constant for every time t. Similarly to the multiplier circuit that follows, we
can show thattllim Ve (t) = max(Va Vg). Vo(t) is then easily obtained and

this is left as an exercise (see problem 6).
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@

(b)

Figure 2.43: Falling edge detector:t, <t<T= 2

Figure 2.44: Falling edge detector: output waveform

31
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(a) Coupling circuit

(b) Coupling circuit's input

Figure 2.45: Coupling circuit and it's input

Figure 2.46: Multiplier: 1 stage
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Figure 2.47: Multiplier: 2 stages

Figure 2.48: Multiplier: 3 stages

Multiplier

Consider the circuit of gure 2.46 with input V;(t) = Asin('t ), A> 0. We rst
notice that the charge on capacitor C cannot decrease, the diode blocking any
discharge of the capacitor. After a period of the input signa (after =(2!) to
be more accurate) we havevy:(t) = max( Vi (t)) = A and diode D then remains
open-circuited (reverse biased) for every time. We then add another stage as
shown in gure 2.47. Noticing that the total charge on both capacitors cannot
decrease, we obtain after a certain timeVy,(t) = max( Vi(t)+ A) = 2A and
the diodes remain open-circuited (reverse biased) for evertime t. We then
add another stage as shown in gure 2.48. Noticing that thetotal charge on
all three capacitors cannot decrease, we obtain after a ceatn time Vy3(t) =
max( A + Vi(t) + 2A) = 2A and the diodes remain open-circuited (reverse
biased) for every timet. We can add as many stages as we want and very large
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Figure 2.49: Multiplier: 5 stages

Figure 2.50:

voltages may be generated in this way. This is illustrated in gure 2.49 in which
a voltage of 850 V is obtained with ve diodes and ve capacitas whenV;(t) is
a 120 V RMS sinewave.

Recti er With Filter

De nition 2.5.1. A rectier is a circuit that removes or transforms all the
negative portions (or positive) of an input signal to produce a signal that is
always positive (or negative).

An approximately constant DC voltage may be obtained by properly Itering
the voltage at the output of a recti er; we obtain an AC to DC converter.

1. Half-wave recti er: Consider the circuit of gure 2.50 with input
Vi(t) = Asin(!t ). Vi(t) could represent the voltage available from an
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Figure 2.51:

Figure 2.52:

electrical outlet. First we assume that the capacitor is renoved from
the circuit (or equivalently C = 0). Clearly the diode is forward biased
when V;(t) > 0 and it is reverse biased wherV;(t) < 0. The output thus
produced is presented in gure 2.51. WhenC 6 0, the charge/discharge
of the capacitor have two di erent time constants: one corresponds to the
diode in the forward biased state and the other correspondsd the diode
in the reverse biased state.

(&) When the diode is forward biased, the capacitor is direcly connected
on the voltage source and the equivalent impedance seen by ¢hca-
pacitor is 0. The time constant is 0 and the capacitor is diretly
charged by the voltage source.

(b) When the diode is reverse biased the capacitor's dischge path goes
through the load impedanceR, the equivalent impedance seen by
the capacitor is R and the time constant isR_C.

If CissuchthatR C % the output thus produced is presented in gure
2.52. With a very large capacitor value C, the discharge of the capacitor
is very slow and theripple present in the output is very small; we obtain
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Figure 2.53:

Figure 2.54:

in this way an AC to DC converter.

. Full-wave recti er: bridge recti er An improved version of the pre-
vious half-wave recti er is presented in the gure 2.53 whele as before we
have V;(t) = Asin(!t ). On the positive portion of the input signal, the
current ows from the source to the load through diodesD;; D3: Dj; D3
are forward biased,D,; D4 are reverse biased. On the negative portion
of the input signal, the current ows from the source to the load through
diodes D,; D4: D»y; D4 are forward biased,Dq; D3 are reverse biased.
Current 1. owing through the load is positive at all time and we obtain
the voltages presented in gure 2.54. This recti er takes advantage of
both the positive and negative portions of the input signal. An AC to DC
recti er is obtained by placing a capacitor in parallel with the load at the
output of the recti er, similarly to the half-wave rectier above.
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Figure 2.55:

Figure 2.56:

2.6 Types of diodes:

2.6.1 PN junction diode:

The electrical symbol is presented in gure 2.55. This is an adinary diode,
what we have presented thus far.

2.6.2 Light Emitting Diode (LED):

The electrical symbol is presented in gure 2.56. A photon isemitted when the
carriers cross the potential barrier of the junction in the forward biased state
of the diode. The potential barrier of these diodes is usuajl larger than the
typical value of 0.7 V that we have been using in numerous exapies. A typical
value may be in the order of 1.5 V.

2.6.3 Zener diode:

The electrical symbol together with its equivalent circuit model are presented
in gure 2.57. The breakdown voltage Vzx < 0 of a Zener diode (refer to
gure 2.26) is called Zener voltageand it is known accurately. Zener diodes are
commercially available with a Zener voltage ranging from a éw volts to a few
tens of volts. Zener diodes are used to makeoltage regulatorswhich are circuits

Figure 2.57:
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Figure 2.58:

Figure 2.59:

that produce a constant DC voltage over a wide range of load impedances; this
is illustrated in the example that follows.

Example 2.6.1. Consider the circuit of gure 2.58 in which the input v;(t)
satises 35V vi(t) 45V, 8t and the Zener diode has a breakdown voltage
of 5.1 V. The Zener's equivalent circuit model is presentedri gure 2.59. We
rst notice that Zener diode D is reverse biased at all time which implies that
D, of the equivalent diode model is reverse biased and behaveikd an open
circuit at all time; it may then be removed from the diode model in this case.
The equivalent model of the circuit, including the equivalent model of the Zener
diode (without D) is presented in gure 2.60. From Ohm's law we clearly have:

Figure 2.60:
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leso(t) = 7\“(280\/0(0
@ = U

and by Kircho 's current law:

Vi(t)  Vvo(t)  Vol(t)

o= 580 Re °
for every t. We also see that:
Ip(t)>0 =) V() =51V

m

vi ()R
F\’|_+TOL > Vo(t)

This means that:

Vi (DR
whenever g s

Vo(t)=5:1 V.

> 5:1 V then D, behaves like a short-circuit and

The above inequality is equivalent toR, > %F Therefore

vi(t) =35V =) v (t)=5:1VaslongasR, > 116

vi(t) =45V =) v (t)=5:1V aslong asR, > 87

Sincev; (t) may take any value between 35 V and 45 V, we can guarantee that
Vo(t) =5:1V as long asR. > 116 ; clearly this satis es the de nition of a
voltage regulator.

Remarks.

1. For any R > 116 in the circuit of the above example we have:

vi (t 51V . .
leg0(t) = '()T is a non-constant function oft

51V . .
g, (1) = is constant 8t (Ir, (t) > 1 ss0(t) as shown in

L
the example)

Ip (t) >0 is a non-constant function oft given by the
dierence lggo(t) Igr, ()

1This expression holds as long as v;(t) > 5:1 V which is guaranteed by the assumption
that 35V v(t) 45V



40 CHAPTER 2. DIODES

Figure 2.61:

Figure 2.62:

In concrete word, this means that a voltage of 5.1 V is appliedacross any
load R, > 116 . The load draws the current that it needs (5:1 V=R, )
from lego(t) and the remainder ows through the Zener diode (p (t) =

leso(t) Ir. (1))

2. If R < 116 thendiode D, of the equivalent diode model may be reverse-
biased (behaves like an open{circuit) over some time interals and then
Vo(t) 6 5:1 V; the voltage is then no longer regulated. We can show that
the time average ofv,(t), denoted by hvy(t)i, satis es hvg(t)i  5:1 V when
RL < 116 and clearly hvy(t)i =0 when R =0.

2.6.4 Varactor:

Because a certain charge accumulates on either side of therjation, a reverse-
biased diode behaves like a small capacitor (few pF to a few mdreds of pF).
Moreover the width of the depletion region, as well as the eqgivalent capacitance
value, depends on the biasing voltage applied. A reverse tsad diode can then
be used as avoltage controlled capacitor A varactor is a diode that is specially
designed for this purpose. Its electrical symbol is preseed in gure 2.61. It is
used in the implementation of modulators for frequency modiation (FM) and
parametric lters.

2.6.5 Tunnel e ect diode:

The electrical symbol is presented in gure 2.62. Such a diod is specially
manufactured so that its |V characteristic has the shape of the curve shown
in gure 2.63. It exhibits a negative dynamic resistance over a certain interval of
forward biasing voltage. This is useful in the implementation of some oscillator
circuits.



2.7. PROBLEMS 41

Figure 2.63:

2.7 Problems

1.

Calculate and sketch theV, versusV,; input-output characteristic of each
of the circuits in gure 2.64.

Exercises 3.22, 3.26 at page 210 in the Fourth Edition of $ka & Smith.

Determine and sketch thel V characteristic of the circuits in gure 2.65
in which D4; D, are identical diodes with| V characteristic:

| = Is(eV=("Vr) 1)

. Repeat problem 1 above, using the diode model 1 of gure 213

. Obtain an expression fort, in the di erentiator circuit of section 2.5.2 as

a function of Vg, A and the circuit components.
Suggestion: Start with equation (2.9) on page 29 of these notes.

. Sketch the output V,(t) for the coupling circuit of section 2.5.2 with input

as shown in gure 2.45(b) assuming thatVg > 0 andRC  T. Also sketch
the output, in steady state, when the input is a sinewave of anplitude A,
frequency ET and 0 DC o set.

. Problems 3.3, 3.4 at page 207 in the Fourth Edition of Sedra& Smith.
. Problems 3.9, 3.10 at page 207 in the Fourth Edition of Sedr & Smith.
. Problem 3.65 at page 214 in the Fourth Edition of Sedra & Snth.
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(@) (b)

(e)

Figure 2.64:

(@) (b)

Figure 2.65:
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10. Consider the circuit of gure 2.66 in which D is a Zener diode with Zener
voltage Vzx = 6:8 V. Calculate the output voltage V, for each of the
following conditions.

(@ Vi=15Vand Rc =50,
(b) Vi =20V and R¢c =50 ,
(¢) Vi =15V and R¢c =100 ,
(d) Vi =20 V and R¢c =100 ,
(e) Vi=15Vand Rc =25 .

Figure 2.66:
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Example 2.1.1 in section 2.1, page 6, of the notes

Figure 2.67:
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Figure 2.68:
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Chapter 3

MOSFET

3.1 Generalities and Static Characteristic

An (enhancement-type) Metal Oxide Semiconductor Field E ect Transistor
(MOSFET) is a electronic device with three terminals identi ed by drain (D),
gate (G), source (S) such that the static characteristic is as shown in gure 33.
There are two channel types (N-channel and P-channel) and th electrical sym-
bols are presented in gure 3.1(a) and 3.1(b). We will most ofen be using the
N-channel enhancement-type and the operation of the P-chamel is very similar;
the few di erences are presented in section 3.8.

The static characteristic of an N-channel type MOSFET is meaured by
connecting it as in gure 3.2 and the characteristic is shownin gure 3.3 (gure
3.4 for a 3-dimensional representation). We distinguish far regions of operation:

1. the triode or ohmic or linear region,
2. the saturation or active or pinch{o region,
3. the cut{o region, and

4. the breakdownregion.

(a) N-channel enhancement-type MOSFET (b) P-channel enhancement-type MOSFET

Figure 3.1:

47
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Figure 3.2:

Figure 3.3:

CHAPTER 3. MOSFET
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Figure 3.4. Static Characteristic of a MOSFET (V; = 15V and K =
0:125 mA/V %)
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Figure 3.5:

The normal operation of the N-channel MOSFET is restricted to Vps 0 and
we always havelg = 0. The behaviour of the N-channel MOSFET in other
conditions is not interesting (in this course). From the static characteristic, we
de ne the two following parameters:

V;: the threshold voltage expressed in volts,
K: the MOSFET transconductance parameterin mA/V 2

Example 3.1.1. Consider the circuit of gure 3.5 for which 0 < V; < V3.
Find graphically the drain{source voltage Vps = Vpso and the drain current
Ip = Ipo using the static characteristic of the MOSFET.

Solution: Clearly Vgs = Vg >V and we notice that
VD = VA =
0 Vs Vp

Also I = 0 and consequentlylp = Is. We then obtain, from the MOSFET's
static characteristic, the relationship betweenlp and Vps when Vgs = Vg.
This is sketched in gure 3.6 together with the line

Va = Rslp + Vps

obtained by applying Kircho 's Voltage law to the circuit on the path going
from the reference (ground) to Vs through D and S. The solution is clearly
unique: Vps = Vpso and Ip = Ipg. The N-channel MOSFET is therefore
biased in the active region to the point:

(Ves = Ve lp = Ipo; Vbs = Vbso):
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Figure 3.6:

In the remainder of the chapter we assume that 0 Vps < Vg and any
N-channel type MOSFET is biased in either the ohmic region, he active region
or the cut-o region. From the static characteristic we observe that (for an
N-channel MOSFET)

1. the MOSFET is biased in the ohmic region (regior 1]in gure 3.3) if and
only if

V; <Vgs and
0 Ws Ves W
2. the MOSFET is biased in the active region (region in gure 3.3) if and
only if

Ves > V¢ and
Vps >Ves M

3. the MOSFET is biased in the cut{o region (region in gure 3.3) if
and only if
Ves M

Furthermore it can be shown that when the MOSFET is biased in the ohmic
region (region ) then Ip; Vps ; Ves are related by:

Ip(Vbs; Ves)= K 2Ves Vi Vbs Vs (3.1)

For any given Vgs, equation (3.1) describes a family of parabolasl( versus
Vps ) that are opened downward; this can be seen in the static chaxcteristic of
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Figure 3.7:

gure 3.3. When 0 Vps Ves W, equation (3.1) maybe approximated as:
lo  2K(Ves Vi)Vbs

or equivalently:

1
Vbs 2K(Mes W) Ip
| {z }

constant

The latter expression is interpreted as follows. Recallinghat the circuit is as
shown in gure 3.7, we immediately see that the MOSFET biasedsuch that
0 Vps Ves VW behaves like a resistor, the value of which is a function
of Vgs; in other words it is a voltage controlled resistor, and thisis why this
region is calledohmic.

Next, when the MOSFET is biased in the active region thenlp is a function
of Vgs only. Equation (3.1) maybe used to nd this relationship. Indeed,

I D (VGS) active = I D (VDS ; VGS) Vps =Vas Wi

= K Vas V >whenV, Vs

In other words, if Vps Ves VW and V; < Vgs then Ip is described by the
following parabola opened upward:

Ip =K Vas Vi~

This expression is sketched in gure 3.8.
Finally in the cut-o region, Ip =0 (for any value of Vps).

Example 3.1.2. Calculate the biasing point of the MOSFET in the circuit of
gure 3.9.

Solution. The MOSFET maybe biased in anyone of the three regions (sinceve
exclude the breakdown regions):

1There are three other regions obtained obtained by interchanging th e drain and the source,
but we assume in the present case that the terminals are as identied in th e gure.
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Figure 3.8:

Figure 3.9:

53
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1. MOSFET is cut-o. In this case:

Ip :0;|G:O
Ves M

2. MOSFET is active. In this case:
b =K Ves WV ;1g=0
Vit <Ves
Vbs >Ves W

3. MOSFET is in the ohmic region. In this case:

Ip =K 2Ves M Vos V&% ;lg=0
Vi <Vags
0 Vos Ves W

We rst assume that the MOSFET is biased in the cut-o region ( we start
with cut-o since it is the easiest one to analyze). Under this assumption we
easily obtain:

VD = 6V
Vo = 4V
Vs = 0V

and notice that Vgs =4 V 6 V;. Therefore the MOSFET is not biased in the
cut-o region.

We next assume that the MOSFET is biased in the active region. In this
case the equations are:

0:4 10 3 Vos 2°

Ip

Ves 4 500Ip

and by substituting the second equation into the rst equation we obtain:

4 Ves 2

=04 10 3 Vgs 2

or equivalently
VéS + Ves 16=0
It follows that: 8
< 4:531129:Vor
Ves =,
3:531129:: V
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Figure 3.10:

Figure 3.11:

The solution 4:531129 V must be eliminated because it violates the condi-
tion V; < Vgs for the active region. The only possible solution is there-
fore Vgs = 3:531129 V which in turn implies that 15 = 0:9377423 mA. It fol-
lows that (refer to the circuit) Vs = Vg Vgs =4 3:53=0:469 V and also
Vps =5:5311 V. This is clearly seen to verify the conditionVps > Vgs W
and there are no contradictions. The assumption that the MOS-ET is biased
in the active region is therefore correct and the currents ad voltages in the
MOSFET are as shown in gure 3.10. The Q-point of the MOSFET is thus:

(Vps =5:531 V;lp =0:9377 mA;Vgs = 3:531 V)
O

Example 3.1.3. Calculate the biasing point of the N-channel MOSFET in the
circuit of gure 3.11.

Solution: We rst assume that the MOSFET is biased in the cut-o region.
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We then easily obtain:

Vb = 6V,
Vo = 4V,
VS = 0 V,
and it follows that Vgs =4 V 8 V;; the MOSFET is therefore not biased in the

cut-o region.
We next assume that the MOSFET is biased in the active region. In this
case we have

0:4 10 3 Vgs 2°

Ip

Vs 4 500Ip

as in example 3.1.2. The solution of this system of (non-lingr) equations is as
before

3:531129 V
Ip 0:9377423 mA

We then obtain Vs =0:469 V,Vp =6 0:9377423 5000 = 1:3113 V. It follows
that 0:8424 V = Vps 6 Vgs VW = 1:5311 V. The MOSFET is therefore not
biased in the active region.

Finally we assume that the MOSFET is biased in the ohmic regimm and the
corresponding equations are:

Ves

Ilp = 04 10° 2Ves 2Vps Vs (3.2)
Vos = 6 5000lp 500Ip (3.3)
Ves = 4 500Ip (3.4)

Substituting equations (3.3) and (3.4) into (3.2) leads to aquadratic equation
in the unknown I . The solutions are:

(Ip =0:888 mA; Vgs =3:555V, Vps =1:111V)
(Ip =0:5454 mA Vgs =3:7272 V; Vps =3 V)
and clearly the second solution has to be eliminated because
3V=\ps 8Vgs VW =1:7272 V.

One easily veri es that inequalities V; < Vgs and Vps < Vgs V; are both
satis ed, thus con rming the assumption that the MOSFET is b iased in the
ohmic region. The Q-point of the N-channel MOSFET is:

(Ip =0:888 MA; Vgs =3:555 'V, Vps =1:111 V).
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Figure 3.12:

3.2 Fabrication of the N-Channel MOSFET

3.3 Biasing of an N-Channel MOSFET in the
Active Region

In the remainder of the chapter we are required to bias a MOSFH in the active

region. We present a few circuits that may be used. The idealiccuit should be

as simple as possible while ensuring that the Q-point be ingesitive to variations

of parametersV;, K. We recall that for a N-channel MOSFET in the active

region we have:

Vy < Vgs
Ves WM <Vps

Ip=K Ves Vi~

and as alwayslg = 0.

3.3.1 Fixed-Biasing

Consider the circuit of gure 3.12. The above equations andmequalities become:

Vi < Vs Vs

\3 Vi <Vps = Va Rplp

Ip K Vs VW
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Figure 3.13:

In order for the inequalities to be satis ed we must have:

Vg > Vi

VAo >Rplp + Vs Vi

and this can always be accomplished by an appropriate choicef V4 and Vg .
The solution of the above equations yields the Q{point of the MOSFET and

maybe represented graphically as in gure 3.13. We notice tht the biasing
point of the MOSFET will change if parameters K and V; change. This may
happen if the MOSFET is replaced, but it may also be caused by achange
in temperature. In the case of curve (2') with parameters, K° and V,°, the
drain current of the (new) MOSFET would be signi cantly di e rent than that

obtained with curve (2). This method of biasing a MOSFET is very sensitive
to variations in parameters V;; K and is usually avoided.

3.3.2 Compound-Biasing

The MOSFET is biased as in gure 3.14(a) (since it requires oily one power sup-
ply Va) and the analysis is simpli ed by the application of Treven in's theorem
as shown in gure 3.14(b) recalling that:

VaR>
Vg = ———— .
5= R, TR, (3.5)
Re = RijjR2 (3.6)

When the MOSFET is in the active region we have:

Vi <Ves = Vg  Rslp
Ve Rslp M VWos =Va (Rs+ Rp)lp

|D:KVB RS'D Vt2
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(@) (b)

Figure 3.14:

Figure 3.15:

In order for the inequalities to be satis ed we must have:

Vg > Vi
Va Vs Vi + Rp Ip

The above are represented graphically in gure 3.15. This isthe preferred
biasing technique and yields a more stable Q-point than xedbiasing.

R1; Ry can easily be calculated from given values o¥a; Vs ; Rg using the
following:

VaRe
Ry = ATG
1 Ve
R2 = Rgji( Ri)

These correspond to aninverse operation of equations (3.5), (3.6); they are
often useful in the design of the biasing circuit of a MOSFET.
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Figure 3.16:

3.4 Small Signal AC Model of the MOSFET in
the Active Region

Consider a circuit comprising a MOSFET biased in the active egion such as
in gure 3.16. We next describe the e ect on Ip and Vps of a time varying
voltage Vs (t). We restrict the analysis to the case in which the time varidions
are such that the MOSFET remains biased in the active region &aall time, i.e.
for every t we have (the consequences of this assumption will be veri ethter):

Ves (1) > Vi
Vbs (t) > Ves(t) W

We then have: )
Ip(t)= K Ves(t) W

Since Vgs (t) > 0; 8t then its DC value (or average value) must be positive
and it is denoted by Vgs. We next denote the AC component of Vgs (t) by
Vos (1), Ves(t) Vss. Ip(t) may then be expressed as:

2
Ip(t) = K Vgs +Vves(t) W
2
K Ves Vi “+2 Vas W Vas(t)+ v3s(t)

If furthermore jvgs (t)j j Wij; 8t; the latter becomes:
Ip(t) K Vas W “+2K Ves Vi Ves(t)
2
|K VG?7 Vi }+ Pm (VG?QVGS (tg (3.7)

DC component AC component

where gn, (Vs ) is de ned by:
Om(Ves), 2K Vs W

The terms of equation (3.7) are interpreted as follows:
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DC component of Ip(t): Ip = K Vgs W 2 maybe calculated with the
static characteristic of the MOSFET when the AC component of Vgs (t)
is set to O (it is removed from the input).

AC component of Ip(t): ip(t) = gm(Ves)Vas (t) is directly proportional to
Vs (t), the AC component of Vg (t). It is a function of both the AC and
DC components ofVgs (t).

It follows from the previous analysis that if the MOSFET (in t he active re-
gion at all time with jvgs(t)] | Wj) is part of a linear circuit then the AC
and DC components of the currents and voltages maybe calculad separately.
Speci cally,

(1) Calculate all DC currents and voltages with the static characteristic of the
MOSFET by ignoring (i.e. setting to 0) all AC components.

(2) Calculate all AC currents and voltages with the expresson ip(t) =
Om (Ves )Ves (1), by ignoring (i.e. setting to 0) all DC components, except
for Vgs which is used to obtain the valuegm (Ves).

(3) Add all DC and AC components to obtain the nal values of th e currents
and voltages.

The procedure bears some resemblance with the applicatiorf the superposition
theorem to the analysis of a linear circuit. It is conceptually important to
remember that the superposition theorem does not apply to tke present situation
since the circuit is non-linear. What we have shown is that the superposition
principle nonetheless applies as long as the MOSFET remaing the active
region at all time, that the AC components are relatively smal and that the
DC analysis is performed rst in order to obtain the value gn (Vss).

Example 3.4.1. Calculate I (t); Vps (t); Ves (t) for the circuit in gure 3.17
in which v; (t) is an AC signal (0-DC or average value) such thatjv;(t)j 25V
and the MOSFET parameters areV; =25V, K =0:8 mA=V?2,

Solution:

DC component value calculations: All AC components are set to 0 and
we obtain the circuit of gure 3.18 ( xed biasing) and we easily nd:

VGS = 5V
2
0:8mA=V?2 5V 25V =5mA
20V 15k 5mMA=125V >Vgs VW =25V

Ip
Vbs

and the MOSFET is therefore biased in the active region.

AC component value calculations: All DC components are set to 0 and
using the above valueVgs =5 V we nd:

gn(Ves)=2 08mA=V2 5V 25V =4mf
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Figure 3.17:

Figure 3.18:

Figure 3.19:

CHAPTER 3. MOSFET
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Figure 3.20:

We obtain the equivalent model of gure 3.19 showing the timevarying
components that are over{imposed on the DC components that hve been
calculated above. We easily nd:

Ves(t) = vi(t)
ip(t) = 4mf ves(t)=4mf vi(t)
vp(t) = Rpip(t) = 6vi(t)
vs(t) = O
vos () = 6vi(t)
Add DC and AC values: The desired expressions of voltages and currents

are nally obtained by summing the DC and AC components:

Ip(t) = 5mA+4mf vi(t)
Vos (1) = 12:5V  6vi(t)
Ves(t) = 5V+ vi(t)

le(t) = O

Vs(t) = 0

We recall equation (3.7):

ip () = gm(Ves)ves (1)

The signi cance of this expression is that from the point of view of small AC
signals, a MOSFET that is biased in the active region maybe rpresented by
the equivalent linear circuit model of gure 3.20 in which the parametergy, is
given by:

Om(Ves) =2K Ves W

In this context, a small AC signal is such that jvgs (t)j | Wj at all time. The

model of gure 3.20 is referred to as thesmall signal AC model of the MOSFET
biased in the active regionand g is called the transconductance gainof the
MOSFET.
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Figure 3.21:

Figure 3.22:

3.5 Power Amplier

We next illustrate on an example that a MOSFET maybe used to produce an
ampli ed copy of a 0-DC signalv;(t). Consider the circuit of gure 3.21. We
separate the DC and AC analysis as detailed in the previous s#ion. From the
point of view of DC signals (in steady state) the capacitors kehave like open-
circuits and after setting the AC sources to 0 we obtain the circuit of gure
3.22. We recognize the circuit of example 3.4.1 where we fodn

Ip =5 mA

Vb =12:5V = Vps
VS:0

lc =0

VGS:VGZSV

and we recall that the MOSFET is biased in the active region. Gearly
Vo =0V  DC component of V,(t). From the point of view of AC signals we
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Figure 3.23:

assume that the capacitors are su ciently large to behave lke short-circuits 2,
the DC sources are set to 0 and as detailed in the previous séoh we may
replace the MOSFET by its small signal AC model with transconductance gain
On(Ves) = gm (5 V) =4 mf since the MOSFET is biased in the active region;
the equivalent circuit is shown in gure 3.23 and we recogniz review problem
#11 from the document ProblemesRevision.pdf . We may then directly write:

vs(t) = O
ic(t) = 0
Ves(t) = vi(t)
ip(t) = 4mf v(t)
vp (1) = vo(t) = A5k jji k)4 mf vi(t)
= 2:4v; (1)
The DC and AC components are nally added together and we nd:
Ig(t) = O
Vs(t) = O

Ves(t) = 5V+ vi(t)
Ip(t) = 5mA+4mf vi(t)
Vo (t) = 12:5V  24v(t)
Vo(t) Vo(t) = 2:4vi(t)

Vo(t) is a copy of v;(t) having over twice as much amplitude andout of phase
The power that is delivered into the load R, =1 k is:

V2(t) _ 5:76VA(t)
R. R

By contrast the power that is supplied by the voltage sourcev;(t) is:
Pin (1) = Vvi(t)ig(t) =0

Clearly the circuit is a power ampli er.

Pout (1) =

2We will elaborate on this in future electronic courses.
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Remarks.

1. No energy is generated by the circuit. The energy that is diévered by
the load, given that it is not supplied by the voltage sourcev;(t), must
be supplied by the DC voltage source of 20 V. The circuit allowg the low
power signalv;(t) to control the delivery of a larger amount of power from
the DC source in such a way that the output voltage is proportional to

v (t).

2. A transformer is not an ampli er even though it may produce voltages
that are larger at the output (secondary side) than at the input (primary
side). Amplier refers to power ampli er and this has nothing to do with
the output voltage. The voltage at the output could be smaller than
the voltage at the input and still deliver more power to a load than that
supplied by the input signal.

So far in sections 3.4 and 3.5 we have assumed that the MOSFETemains
biased in the active region and thatjvgs(t)j j V;j at all time. Recall that the
operation in the active regions is determined by the conditons

Ves (1) > Vi;
Vps (t) > Ves(t) Wi

for every t. These inequalities allow us to determine the region of vatlity of the
assumption \operation in the active region”, i.e. the region of operation of the
ampli er. In order to visualize more simply these inequalities we sketch theAC
load line of the ampli er on the static characteristic of the MOSFET.

De nition 3.5.1.  The AC load line is the locus of points (p (t); Vps (t)) under
the assumption that the MOSFET is biased in the active region

The region of operation of the ampli er is determined by the ssgment of the
AC load line which is inside the pinch-o region of the static characteristic of
the MOSFET. In order to avoid possible confusion with the synbolslp  DC
component ofIp (t) and Vps  DC component of Vps (t), we use the symbols
| p and Vps as labels ofl p and Vps in the static characteristic.

Returning to the ampli er of gure 3.21, we have obtained:

Ip(t) = 5mA+4mf vi(t)
Vps () = 125V  2:4vi(t)

The locus of points (p (t); Vbs (1)) is the line of equation (eliminate v; (t) from
the above two equations):

| p =25:833 mMA 1.6667 nf Vs

This is the AC load line of the circuit and it is sketched on top of the static
characteristic of the MOSFET in gure 3.24. We notice that th e biasing point



3.5. POWER AMPLIFIER 67

Figure 3.24:

(Io =5 mA; Vps =12:5V; Vgs =5 V) obtained in the DC analysis lies on the
AC load line; this will always be the case. As seen by extractig the segment
located inside the active region, the condition \MOSFET in the active region”
simply becomes:

47356 V. Vps(t) 155V, 8t

Equivalently, we have 7:7644V  Vy(t) = vo(t) 3 V which may also be
rewritten in terms of vj(t)as 1:25V v;(t) 3:235 V. This simple expression
determines the region of validity of the analysis, i.e. the egion of operation of
the amplier. If v;(t) exceeds these limits, the MOSFET no longer remains in
the active region and the output will likely become clipped.

Remarks.

1. The condition jvgs (t)j] j V:j does not prevent the circuit from operating
as an amplier. If this condition is not satis ed, the output becomes
distorted. The region of operation of the ampli er is not a e cted by this
condition.

2. The optimal biasing point is located in the middle of the AC load line
segment that lies inside the active region; this would guaratee the largest
output voltage swing. This illustrates the importance of biasing a MOS-
FET in the active region in such a way that the Q-point varies as little as
possible with the parametersK; V.
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In the following few sections we analyze some popular ampler con gura-
tions. The method of analysis is presented below in steps 1 t6. For the design
of an ampli er the steps are generally covered in the reverserder.

Step 1: Calculation of the circuit's DC voltages and currents and cdculation
of the biasing point of the MOSFET. This serves 2 purposes:

Verify that the MOSFET is biased in the active region.
Calculate the transconductance gaing,, of the small signal AC model
of the MOSFET.

Step 2: Sketch the AC model of the circuit, including the small signd AC
model of the MOSFET.

Step 3: Calculation of the circuit's AC voltages and currents and cdculation
of the ampli er's (AC) characteristics:

Vo (t)
vi(t)’

Current Gain: A, , 2‘:8,

Power Gain: Ap , 2l = AVA,,

Input Impedance: Zj, , impedance seen by the source,

Voltage Gain: Ay ,

Output Impedance: Z,,; , impedance seen by the load,
where the term impedance seen bys de ned below (de nition 3.5.2).

Step 4: Add the DC components (Step 1) and AC components (Step 3) of
the voltages and currents.

Step 5: Calculation of the output voltage swing and the region of opeation
of the ampli er.

Calculate and sketch the AC load line.

De nition 3.5.2. In order to calculate the impedance seen by a component
denoted by Zcomponent , the said component is replaced by a voltage source of
value V delivering a current | and the voltage sourcevgoyree (t) is set to 0. An
expression for the currentl as a function of the circuit components andV is
derived and the impedance is nally given by:

\Y,

Z component T

Remark. The small signal AC model of the MOSFET has been derived from
its static characteristic. A more realistic model would corsider the parasitic
capacitive e ects of the junctions. The complete small sigml AC model of the
MOSFET is presented in gure 3.25. This model is not used in corse EEE210.
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Figure 3.25:

Figure 3.26:

The MOSFET's output impedance R, may however be used on occasionR,,
which is ideally 1 , is in the order of a few k and is measured by:

dVps

dip (Iog ;Veso ;Vbso )

Ro

on the static characteristic of the MOSFET at the biasing point
(| DQ » VGSQ ) VDSQ ) of the MOSFET.
3.6 Common Source Ampli er

Consider the circuit of gure 3.26. The analysis is performel following the steps
detailed in section 3.5.

Step 1 { DC analysis: The MOSFET's biasing circuit is shown in gure
3.27. If the MOSFET is biased in the active region then it is described by
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Figure 3.27:

the following system of equations:

Ip = K Ves W
VaR>
V( = ——— Rgl
Gs R, + R, slp
Wws = Va (Rs+Rp)lp

The system usually admits two solutions. We assume that the iccuit
components and parameters are such that the system admits aofution,
denoted by (Ipo; Veso; Vbso), for which the following inequalities are
satis ed:

Veso > V¢

Vbso > Veso W

Then (Ipo; Veso; Vbso) is the Q-point of the MOSFET and as assumed
it is biased in the active region. Its transconductance gainis given by:

On =2K Veso W

If the circuit components and parameters are such that the MGBFET is
not biased in the active region, the circuit of gure 3.26 is not an ampli er
and steps 2 to 5 do not apply.

Step 2 { Sketch the AC model of the circuit: Refer to gure 3.28.

Step 3 { AC analysis and ampli er's AC characteristics:
AC voltages and currents calculation: Clearly we have:

vi(t)
Om Vi (t)

Ves (1)

) ip(t)
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Figure 3.28:

It follows that (refer to problem #11 from the document
ProblemesRevision.pdf ):

Vo(t) =  gm (RojjRL) Vi(t) = vps (1)
o) = GO e

. _ v (1)

= RijiR2

Calculation of the gains: The equations above readily give:

om (RpjjiRL)

Ay
Rp .
Rp + R (R1jiR2)
_ 95 (RojiRL)?*(RujiR2)
RL

A = Om

Ap Al Ay
Calculation of the impedances: We easily nd Zj, = (R3jjR2) and
Zout = Rp.

Step 4 { Add the DC and AC components: The most important cur-
rent and voltages are:

Ip ()

Vbs (1)
Ves (1)

oo+ OmVi(t)
Vbso  Om(RpjjRL)Vi(t)
Veso + Vi(t)

Step 5 { Calculation of the voltage swing and region of operat ion:
The equations obtained in step 4 are substituted in the ineqalities:

Ip(t)>0
Vbs (1) > Ves(t) W
Ves (1) > Vi
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Figure 3.29:

This leads to minimum and maximum values ofv;(t). Additionally, for
low-distortion of the output signal we need:

jves (1)) = jvi(t)] W
but this last inequality does not prevent the circuit from op erating as an
ampli er.
Characteristics of the common-source ampli er:
The output is out of phase with the input (voltage gain is negdaive).
The input impedance is very large (often desirable).
The magnitude of the voltage gain maybe larger than 1 (often @sirable).
The output impedance is large (usually undesirable).

Example 3.6.1. Perform a complete analysis (steps 1 through 5) for the circit
of gure 3.29.

Solution: The DC model is sketched in gure 3.30 and the Q-point is easyl
found:
(Ip =14:847 mA; Vgs =6:808 V; Vps =10:053 V)

and the MOSFET s clearly seen to be biased in the active regio.® The MOS-

3The other solution of the system of equations is:
(Ip =226:01 mA; Vgs = 14:308 V: Vps = 39:06 V)

and it clearly violates the assumption that the MOSFET is in the acti ve region.
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Figure 3.30:

Figure 3.31:

FET's corresponding transconductance gain is

On =2K(Mes W)
=6:8928 nf :

Next the AC model of the circuit with the small signal AC model of the
MOSFET is sketched in gure 3.31. We easily obtain:

Ves(t) = vi(t)
in(t) = (6:89 mf)vi(t)
Vo(t) = vbs (1)
= 6:89 mf (0:57 k jjL.5 k) v;(t)
= 2:85v;(t)
N B Vi (1) _oovity ‘
W0 = Gk jirok) - sesk 005 i)
io(t) = 71‘:’;(2 = 19mf vi(t)= 5;"6“)
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Figure 3.32:

The gains and impedances are easily obtained:

Ay = 285
io(t) 1:9 mf v;(t)
A = 2= = 189
: ii(t) ~ 1005 f vi(t)
Ap = Pou _ Ay A, =539
I:)in
Zn = 995k
Zowt = 570

The sum of the most important DC and AC components are shown ongure
3.32. In particular we have:
Ip(t) =14:8 mA+6:89 mf v;(t)
Vps (1) =(11:48V 1:48V) 2:85v;(t)
Vs (1) =6:808 V + vi(t)
The voltage swing is obtained by solving the inequalities
Ip(t)>0
Vbs (t) >Vags (t) V; =4:308 V + v; (t)
Vgs(t) >V{=25V
which respectively lead to:

9
vi(t) > 2148V =
vi(t) < 14922V ) 2148 V<v(t) < 114922 V
vi(t) > 4:308V
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Figure 3.33:

Figure 3.34:

Neglecting the ampli er's distortion this would correspond to an output voltage
swing of 4:28 V <vy(t) < 6:13 V. For low-distortion operation of the ampli er
we additionally needjvgs (t)j = jvi(t)] 25V, i.e. jvi(t)j/ 0:25 V.

O

3.7 Common Drain Ampli er

Consider the circuit of gure 3.33. The analysis is performel following the steps
detailed in section 3.5.

Step 1 { DC analysis: The MOSFET's biasing circuit is shown in gure
3.34. If the MOSFET is biased in the active region then it is described by
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Figure 3.35:

the following system of equations:

Ip = K Vs W
VaR>
Vi = ————— Rgl
Gs R, + R, slp
Vos = Va Rslp

The system usually admits two solutions. We assume that the iccuit
components and parameters are such that the system admits aofution,
denoted by (Ipo; Veso; Vbso), for which the following inequalities are
satis ed:

Veso > V¢
Vbso > Veso W

Then (Ipo; Veso; Vbso) is the Q-point of the MOSFET and as assumed
it is biased in the active region. Its transconductance gainis given by:

On = 2K (Meso W)

If the circuit components and parameters are such that the MGSFET is
not biased in the active region, the circuit is not an ampli er and steps 2
to 5 do not apply.

Step 2 { Sketch the AC model of the circuit: Refer to gure 3.35.

Step 3 { AC analysis and ampli er's AC characteristics:

AC voltages and currents calculation: Clearly we have (refer to
problems #12 and #13 from the document ProblemesRevision.pdf ):

Vi(t)  Vo(t)
io (D(RsjjRL)
OmVes (1)(RsjiRL)

Ves (1)
Vo(t)
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Figure 3.36:
and it follows that:
o = TR = vos ()
ip(t) = #FI\’(S?]RL)
Ves(t) = ﬁgl”m
e =1y gmg(;gsijL) RSFj'SRL S

Calculation of the gains: The equations above readily give:

Om (RsjiRL)

A = ——

Y 1+ gn(RsjiRL)

A = gm (RsjjRL) RijiR2

1+ gm(RsjjRL) RL
gm(RsjjRL) 2 RijjR2

A = A/Ay = -

i YT T4 gn(RsfiRL)  RC

Calculation of the impedances: We easily nd Zj; = (R1jjR2). On

the other hand, Zyt = ¥ in the circuit of gure 3.36 (refer to de nition
3.5.2). We have:

Vv
I = Rs Om Vas (1)
Ves(t) = \4
Vv 1 1
= —+ = — 4+
VLT RTEVEY RS T am,

and consequentlyZ oy = stjgim.
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Step 4 { Add the DC and AC components: The most important cur-
rent and voltages are:
Om Vi (t)
Ip(t) = Ilpot ——————
o (1) P07 1+ gn(RsjiRL)
In (RsjjRvL)
Vos () = W ———V;i(t
bs (1) 550 T4 g (RegR) "
vi (t)
Ves(t) = Vesot ——m————
os (1) %7 1+ gn(RsjiR0L)
Step 5 { Calculation of the voltage swing and region of operat ion:
The equations obtained in step 4 are substituted in the ineqalities:
Ip(t)>0
Vbs (t) > Ves(t) W
Vs (t) > Vi

This leads to minimum and maximum values ofv;(t). Additionally, for
low-distortion of the output signal we need:

Ves(Di Vi)l vi(hj 1+ gm(RsjiRL) W

Characteristics of the common-drain ampli er:
The output is in phase with the input (voltage gain is positive).
The input impedance is very large (often desirable).
The voltage gain is smaller than 1.

The output impedance is small (desirable) since Zg, is in the order of a
few hundred ohms.

Example 3.7.1. Perform a complete analysis (steps 1 through 5) for the circit
of gure 3.37.

Solution: The DC model is sketched in gure 3.38. One easily veries tha
the MOSFET is biased in the active region at the point (Vgs =1:645V, Ip =
7:139 mA; Vps = 6:645 V). Its transconductance gain is found to beg, =

16:90 mf .
Next the AC model of the circuit with the small signal AC model of the

MOSFET is sketched in gure 3.39. We easily obtain (refer to problem #12 in
the document ProblemesRevision.pdf ):

Vi(t)  vo(t)
(16:9 mf )(0:47 k jj5 k) Ves (1)

Vs (1)
Vo(t)
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Figure 3.37:

Figure 3.38:

Figure 3.39:

79
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Figure 3.40:
from which:
Vo(t) = 0:87%(t)
Vas(t) = 0:121vi(t)
ip(t) = (16:9 mf )vgs(t)
= (2:05 mf)v(t)
Vps(t) = Vo(t)= 0:87%(t)
. _ vi(ty _
ii(t) = 165 Kk =(6:06 f)vi(t)
. A Vi)
io(t) = 0:176 nT vi(t) = 569 Kk
The gains and the input impedance follow immediately:
_ o Vo(t) _ .
Ay = (D =0:879
_o(t) L AvZin _ 0176 T vi(t) ..
A= ()~ RL 606 f v(t) =29:0
Ap = T ALA =25:5>1
Pin
) this is an ampli er even though Ay < 1
Zin = 165k

For the output impedance we haveZy, = Y— in the circuit of gure 3.40. We
nd (refer to problem #13 in the document ProblemesRevision.pdf ):

G7g— T8 mi)V =V (213 mf +16:9 mf )

and consequentlyY- = Zyy =52:6 .
The sum of the most important DC and AC components are shown ongure
3.41. In particular we have:
Ves (1) 1:64 V+0:121v(t)
Vps (t) 6:64V 0:879v(t)
Ip(t) = 7:14 mA+2:05mf vi(t)
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Figure 3.41:

The voltage swing is obtained by solving the inequalities

Ip (t) >0
Vbs (t) >Vgs (t) 08V
Vs (t) > 0:8 V

which respectively lead to:

9
vi(t) > 31483V =
vi(t) < 58V ) 3483V<yv(t)< 58V
vi(t) > 6:942 V °

For low-distortion operation of the ampli er we additional ly need jvgs (t)]
0:8V)j vi(t)] 6:61V,ie.jv(t))/ 0:66V.

3.8 P Channel MOSFET

The operation and fabrication of the P-channel MOSFET is sinilar to that of
the N-channel MOSFET. It su ces to interchange the types of d oping as shown
in gure 3.42. Its static characteristic is obtained by connecting it as in gure
3.43. The static characteristic of a P-channel MOSFET is sk&ched in gure
3.44. 1t is very similar to that of an N-channel MOSFET; the di erences are
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Figure 3.42:
Figure 3.43:
N-Channel MOSFET | P-Channel MOSFET
Vps positive Vsp positive
Vss positive Vs positive
Ip goes into the MOSFET through D | Ip goes out of the MOSFET through D
V; positive Vi = jV;j positive

Table 3.1:
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Figure 3.44:

83
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Figure 3.45:

listed in table 3.1. The equations and inequalities correspnding to each of
the regions of operations are then easily derived from thosef the N-channel
MOSFET.

MOSFET is in the cut-o region: if and only if Vsg | V;j and then
Ip =1g =0:
MOSFET is in the active region: if and only if Vsg > jV;j and Vgp >
Vse ] W and then:
IG =0
Ip = K Vsg thjz
=K Vsg+ V °
MOSFET is in the ohmic region: ifand only if Vsg > jV;jand 0  Vsp

Vs | Wj and then:
IG =0
Ip =K 2Vsg ] ij Vsp  Vép

K 2Vsg+ W Vsp V&

The (DC) biasing circuits are solved in exactly the same maner as those of
the N-channel MOSFET with the above equations and inequalites. The small
signal AC model of the P-channel MOSFET biased in the active egion is shown
in gure 3.45, where

dlp
V. = =2K (Vsg + V,
gm (Vsc) dVea (Vs + W)
Vsg DC value of Vsg (t)
Vs (1) AC component of Vsg (t)
Clearly we may rewrite vsg(t) = vgs(t) and changing the polarity of the

voltages and the direction of the current source, the model b gure 3.45 is seen
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Figure 3.46:

to be equivalent to the model of gure 3.46. In other words, the small signhal AC
model of the P-channel MOSFET is exactly the same as the smalsignal AC
model of the N-channel MOSFET. The only di erences are in theDC analysis
of the circuit and the formula for the calculation of the tran sconductance gain.

3.9 Problems

1. Starting from the equation
Ip = K 2(Ves Vi)Vbs Vs

which describes the static characteristic of the N-channelenhancement
type MOSFET in the ohmic region, show that

Ip = K(Ves W)?
when the MOSFET is operating in the active region.

2. Show that the relationship betweenlp and Vps on the boundary be-
tween regions (ohmic region) and (active region) of an N-channel
MOSFET is given by:

Ip = KVgs

3. Show that
dip

dVes MOSFET in active

Om(Ves) =

Notice that Ip = K Vgs W % when the MOSFET is biased in the active
region.

4. Consider the circuit of gure 3.47 in which we assume that @pacitor C
is very large andv;(t) is a 0-DC AC signal (i.e. its average value is 0).
Use the superposition theorem to show thatV (t) = vi(t) Vg in steady
state.
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Figure 3.47:

5. Assuming that all JFETs are biased in the active region, sktch the sim-

plied AC model of the circuits in gure 3.48 including the sm all signal
AC model of the JFETS.

Note: The small signal AC model of the JFET is the same as the small
signal AC model of the MOSFET.

. Show that A, = Ay Zb

Rioad *

. Consider the circuit of gure 3.49 in which we assume that he JFET is

biased in the active region and we lety,, denote its transconductance gain.
Obtain expressions for the voltage and current gains and theénput and

output impedances as functions of the circuit components ad g,,. Show
that:

A, = gm (RpjjRc)
v = Im{RplJrc)
1+ gnRs1
A = R1jjR2 gm(RpjjRc)
Rc 1+ dgmRs:
Zin = RiyjiR2
Zow = Rp

Note: The small signal AC model of the JFET is the same as the small
signal AC model of the MOSFET.

. Consider the circuit of gure 3.50 in which we assume that he capaci-
tors are very large. The parameters of the N-channel enhanceent type
MOSFET are

V; = 15V
K 0:125 mA=V?
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(@) (b)

© (d)

(e) ®)

Figure 3.48:
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Figure 3.49:

Figure 3.50:

Calculate the bias point of the MOSFET and show that it is biased in the
active region (notice that with this type of biasing the MOSFET cannot
be biased in the ohmic region). Calculate the AC characterigcs of the
ampli er (gains and impedances). What con guration of amplier is it
(common-source, common-drain, ...)? Sketch the AC load lie (I p ver-
sus Vps ) and estimate the output voltage swing and the range of input
voltage v; (t) over which the MOSFET operates in the active region.



Chapter 4

Bipolar Junction
Transistors

4.1 Generalities and Static Characteristic

A bipolar junction transistor (BJT) is a three-terminal electronic device with
the terminals identi ed as emitter (E), base (B) and collector (C) the static
characteristic of which is as shown in gure 4.3 or 4.43. Thee are two types:
NPN or PNP and their respective electrical symbols are shownin gure 4.1.
We most often use the NPN transistor as itperforms better.! The principles of
operation of the PNP transistor are similar to those of the NPN transistor and
the di erences between the two types will be highlighted in ®ction 4.9.

The static characteristic of an NPN transistor is obtained by connecting it
as shown in gure 4.2, and we obtain the family of curves showngure 4.3
where 0< 13 <1, <13 <1y4. Ilg can not be negative. Thelg versus Vgg
characteristic is presented in gure 4.4 and we notice that he latter is identical

lthe mobility of the negative carriers (electrons) is larger than that of the positive carriers
(holes).

(a) NPN BJT (b) PNP BJT

Figure 4.1: Bipolar Junction Transistors

89
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Figure 4.2:

Figure 4.3:

Figure 4.4:
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to that of a PN junction diode:
lg = Is gVee =(nV1) 1
kT
q

where in generaln = 1 and we recall that the thermal voltage Vy 252 mV at
20 C. The four regions are called:
: cut-0 region,
. active or linear region,
. saturation region,
. breakdownregion.
We limit the analysisto 0 Vceg  Vr and the transistor may consequently
operate in regions| 1], [2] or [3] only. The unitless parameter , called static
current gain, completely speci es the static characteristic of the transistor.
We may approximate the static characteristic of a transistar (1 ¢ versusVce
and |l g versusVgg ) by
From the static characteristic of a transistor (I¢c versusVcg and lg versus
Vge ) we make the approximate observations:

VT =

1. the transistor is cut-o (region in gure 4.3) if and only if
Vge < 0:7V

2. the transistor is in the active region (region in gure 4.3) if and only if

lg > O
Vece > 02V
3. the transistor is in the saturation region (region in gure 4.3) if and
only if
lg >0
0 lc [
Furthermore,

1. in the cut-o region we have lg = Ic = Ig =0 and the transistor may be
modelled as in gure 4.5,

2. in the active region we have

|c = |B

le = ( +1)ls
+1
IE = |c

VBE 07V,
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Figure 4.5:

Figure 4.6:

3. in the saturation region we have
Ve o7V
Vce 02V
and the transistor may be modelled as in gure 4.6.

The model of gure 4.7 is a more accurate model of the NPN bipdr junc-
tion transistor. Although not required for most analysis, it is needed in some
circumstances and is frequently found in the literature; it is referred to as the
Ebers-Moll model of the transistor and we will not use it in the course.

Figure 4.7:
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Figure 4.8:

Figure 4.9:

Example 4.1.1. The static current gain of the transistor in the circuit of g ure
4.8 is =100. Calculate its bias point.

Solution:

1. We rst assume that the transistor is in the cut-o region. The equivalent
circuit (under this assumption) is shown in gure 4.9 and we immediately
obtain Vcg = 15V, Vge = 5 V. This contradicts the inequality Vgg <
0.7 V required under the assumption that the transistor is in the cut-o
region. The transistor is thereforenot in the cut-o region.

2. Next we assume that the transistor is biased in the active egion. The
equivalent circuit (under this assumption) is shown in gure 4.10. The
equation that yields g is:

1k 10U +0:7V = 5V

4.3

>
|

426 A

We then nd

4:26 mA
4:3 mA

m O
| |
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Figure 4.10:
Figure 4.11:
and
Ve = 15V .
Ve = 43V ) Veg =10:7V

Since bothlg > 0 and Vcg > 0:2 V the assumtion that the transistor
is in the active region is con rmed. The bias point of the transistor is
therefore:

(g =42:6 A ;lc =4:26 mA ;Vce =10:7 V)

O

Example 4.1.2. The static current gain of the transistor in the circuit of g ure
4.11is =100. Calculate its bias point.

Solution:

1. We rst assume that the transistor is in the cut-o region. The equivalent
circuit (under this assumption) is shown in gure 4.12 and weimmediately
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Figure 4.12:

Figure 4.13:

obtain Vcg = 15V, Vge = 5 V. This contradicts the inequality Vgg <
0.7 V required under the assumption that the transistor is in the cut-o
region. The transistor is thereforenot in the cut-o region.

2. Next we assume that the transistor is biased in the active egion. The
equivalent circuit (under this assumption) is shown in gure 4.13. The
equation that yields g is:

1k 101 +0:7V = 5V

4:3
) |B - m mA - 426 A
We then nd
lc = 4:26 mA
le = 4:3mA
and
Ve (15 3 426)V

) Vece = 208V

Ve 4:3V
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Figure 4.14:

This contradicts the inequality Vcg > 0.2 V required under the assump-
tion that the transistor is in the active region. The transistor is therefore
not in the active region.

3. Next we assume that the transistor is biased in the saturaibn region. The
equivalent circuit (under this assumption) is shown in gur e 4.14. We then

have:
Vg = 5V
VE = 43V ) lg=4:3mA
Ve = 45V ) Ic=35mA
Ig = lg Ic=0:8mA
and since bothlg > 0,0 ¢ | g then the transistor is indeed in the

saturation region. Its bias point is:

(Ilg =0:8mMA ;Ic =35mA;Vcg 0:2V)

4.2 Fabrication of the NPN BJT

An NPN bipolar junction transistor is constructed by doping a block of semi-
conductor as shown in gure 4.15. There are two junctions. Tle base is of
smaller physical dimension than the other two terminals. The B-C and the B-E
connections each form a PN junction diode. In order to expla its principle
of operation, this block of semi-conductor is connected asni gure 4.16. |If
Ve = 0 then the B-E connection is a diode in open-circuit. The negtive
carriers of the collector are pulled toward the metallic cotact by the polarity of
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Figure 4.15:

Figure 4.16:

Vce resulting in a region depleted of carriers around both junctons. We then
have lg = I¢ = 0; this is the cut-o region of the transistor.

When Vgeg > 0:7 V the depletion region at junction disapears and the
carriers may ow from B to E resulting in a current Ig > 0. Since the base
is made physically small, many of the owing carriers are foced near junction
. There is nonetheless a small depletion region around junin and the
carriers are not free to cross the junction. With a small voltage of approximately
0.2 V supplied by Vcg the collector is pushed into breakdown and theminority
carriers can then jump the potential barrier across junction | 2 | thus generating
a current |¢ > 0. This current may however not increase inde nitely becaug
it is limited by the density of free carriers in the base that are forced near
junction . I ¢ is much larger than I g which is limited by the small dimension
of the base. It is found that I¢c / Ig whenVceg > 0:2V. The proportionality
constant is the static current gain  which is function of the concentration of
the dopings as well as the physical dimensions of the base, éter, collector.
is also function of the temperature.

4.3 Small Signal AC Model of the BJT

Consider as NPN transistor biased in the active region (g > 0 and Vcg > 0:2
V) as shown in gure 4.17. We focus on the behaviour of the trasistor when
Ig is a function of time denoted asl g (t). All of Vgg ; I¢c; lg; Vce also become
functions of time. In the remainder of this section we assumehat the transistor
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Figure 4.17:

remains in the active region at all time:

lg(t) > O; 8t
Vee(t) > 02V, 8t

The conditions under which the assumption is veri ed will be detailed later. We
may then write:

lg(t)= Is gvee ()=(nVr) 1 .
Sincelg (t) > 0; 8t then its average value (DC value) is positive and we denote
it by 1g. We then write the AC componentasig (t) = lg(t) |g. Similarly we

write Vge (t) = Vee + vge (t) where Vae ; vge (t) are respectively the DC and
AC components of Ve (t). We notice that:

Is (1)

Vee (t) = nVrin | +1
S
| ig(t
= avrin Bag 4 O (4.1)
|s |S
| Vr i
nvrin 2 +1 + ln LLI0) (4.2)
s Il+1 I's
| {z oz}
DC component AC component
nVt .
=V, + — t
BE |B+|SIB()

In the above (4.2) follows from (4.1) by taking a Taylor series expansion around
ig (t) = 0 and keeping the rst two terms, assuming that ig (t) is small compared
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to Ig (jig(t)j 1g).2 Finally, since in generalls |g, we obtain:

Ve (t) = Vee + vee (1)
|
VBE nVt In |£ +1
S
nVr .
vee (1) I—BT i (t) (4.3)

I ¢ (t) may therefore be written as:

lc(t) I B (1)

= lg+ ig(t)

I8
= |lg+ —V t
Ay se (1)

whenjvge (t)j nVr (,j ig(t)] Ig). In this expression we easily identify

g = Ic DC component oflc(t)

I—BVBE (t) = ic(t) AC component of I¢(t)
nVt
We will write
vge (1) = hieig(t)
. _ vge (t)
where hje is a parameter that depends on the bias current:
hie = %

I's
We therefore have:

The DC component of | ¢ (t) is calculated by rst ignoring the AC com-
ponent of Vge (t) (or equivalently the DC component of Ig(t)). This
calculation is based exclusively on the static characterigc of the transis-
tor in the active region: Ic = | g. All AC sources are set to 0 in this
analysis.

The AC component of | ¢ (t) is directly proportional to vgg (t) (or equiv-
alently the AC component of ig (t)). It is however also a function of the
DC component of | g (t) through the parameter hie:

Vv ge (t)
hie (I8)

It is calculated by setting all DC sources to 0 (after the DC bias current
g has been obtained).

ic(t) =

2Easy to verify with  MAPLE .
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Figure 4.18:

Figure 4.19:

As was the case for the FET biased in pinch-o , the DC and AC andysis are
performed separately. The resulting overall voltages and arrents in the circuits
are obtained by summing the corresponding DC and AC componds.

Remark. The DC analysis must be performed rst because the DC bias bas
current lg is required to calculate the parameterh;e used in the AC analysis.

Example 4.3.1. The transistor in the circuit of gure 4.18 is at room temper-
ature (20 C), its static current gain is = 100, the empirical parametern =1
and the capacitors are considered to be su ciently large so hat they appear as
short-circuits to AC components and open-circuits to DC conponents. We also
assume thatv; (t) is an AC signal, small enough so thatjvge (t)j nV7 at all
time. Calculate all currents and voltages in the circuit as unctions of v; (t).

Solution: If the transistor is in the active region then (as explained dove) the
DC and AC analysis may be performed separately. The DC biasig circuit is
redrawn in gure 4.19, and we have seen (refer to problem 1) tht it biases the
transistor in the active region at the point:

(lg =48:4 A, Ic =4:84 mA, Vcg =6:67 V)
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Figure 4.20:

The DC circuit (with capacitors replaced by open-circuits) is shown in gure
4.20 and the following DC voltages and DC currents are easilypbtained:

Vi = 0 Ii = 0
Vo = 0 lo, = 0
Vg = 1:78V Ve = 1:.08V Ve = 775V
lc = 4:84mA lg = 484 A le = 4:89mA

We then obtain hie  222MY =521 and we may start the AC analysis.

By setting all DC sources to 0 and replacing the capacitors byshort-circuits
we obtain the circuit of gure 4.21 in which ig (t) = vge (t)=521 and ic(t) =
100 (t). We easily nd:

VE(t)=0) vge ()= vi(t)) ie(t)= 5\2(10
It follows that:
Vo(t) = vel(t)
_ 1004k jiL5K) . _ |
B 521 vi(t) = 209v;(t)
ve(t) = vi(t)
) = atwn= o)
I(t) = Vi (t) _ Vi (t)
| (521 jj100 k jj200 k) ~ 517
io(t) = %vi(t): 1£;fi1(t)
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Figure 4.21:

Finally by adding the DC and the AC components we obtain:
vi (t)

HONERE R0
_ . vi (t)
ls(t) = 48:4 A+ o0
le(t) = 4:89 mA+ 5‘:"1%)
lc(t) = 4:84mA+ 5\:/i2(lt)
_ Vi(t)_.
o) = g = 1o®
Vi(t) = wvi(t)
Ve (t) = 1:78V+ v(t)
VE(t) = 1:08V =V
Ve(t) = 7:75V 209 (t)
Vo(t) = 209vi(t) = Vvo(t)

which are the important voltages and currents in the circuit of gure 4.18.
O

We then notice that the equations:

ig(t) = 7VB§(I)
ic(t) = is(t)

obtained above for the AC analysis lead directly to the modelof gure 4.22
which is called small signal AC model of the NPN BJT biased in the active



4.3. SMALL SIGNAL AC MODEL OF THE BJT 103

Figure 4.22:

Figure 4.23:

region and wherehie (Ig) = nVr=lg.
In summary

1. If a transistor is biased in the active region with jvge (t)] nVy then

the DC components of the currents and voltages in the circuitmay
be calculated by ignoring all AC components and sources,

the AC components of the currents and voltages in the circuitmay
be calculated by ignoring all DC sources.

2. For the DC components, the transistor (in the active regian) behaves as
shown in gure 4.23 with

IC = IB

le = ( +Dls
IC = T]_IE

lg lg eee (V1) 1 - \fge 07V

3. For the AC components, the transistor (biased in the active region with
Ve (t)j  nVt) behaves as shown in gure 4.24 with
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Figure 4.24.
ic(t)y = ig(t)
ie(t) = ( +1is(t)
ic(t) = m'E(t)
- _ Vvee (V)
nVv-
he = IiT
B
Ig DC component of I g (t)
4.4 Power Amplier
Power Amplifer: Example 4.3.1 of the previous section illustrates that the
transistor may be used to amplify an electrical signal. Inded we have found:
. Vi (t
HO= i) = o
) Pin(t)=1:93mf vA(t)
and
. v (t
lo(t) = io(t) = 19:'1()
Vo(t) = Vo(t) = 209(t)
) Pou(t) = 10:9f VvA(t)

This gives approximately Poy: (t) 5650, (t), thus con rming that the circuit
is a power ampli er (as was the case for the FET ampli ers, the power delivered
to the load is supplied by the 15 V DC voltage source).

AC Load Line: In the examples of section 4.3 and the beginning of section
4.4 it has been assumed that the transistor remains in the adte region at all
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time and that jvge (t)j]  nVy; 8t. We recall that the active region is determined
by the conditions:

0:2V < Vce(t); 8t

These inequalities are now used to determine the region of lidity of the anal-

ysis and the range of input voltagesv; (t) over which the circuit operates as a
power ampli er. Similarly to what we have done with the FET am pli ers we

sketch the AC load line de ned as the locus of points Vcg (t); Ic(t) assuming
that the transistor is in the active region. By sketching the line on the static

characteristic of the transistor we may extract the segmentof the line that lies

inside the active region of the transistor. This segment de¢rmines the region
of validity of the analysis and the region of operation of theampli er.

Example 4.4.1. In example 4.3.1 we have found

lc(t) = 4:84 mA+0:192f v;(t)
Vee (t) 6:67V  209v(t)

The set of all points Vce (t); 1c(t) is the AC load line of equation:

| ¢ =11:0 mA 0:919 nf Vce

The AC load line is sketched on top of the static characterisic of the transistor
in gure 4.25. We observe that the transistor's Q-point

Vce =667V, Ic =4:84 mA; Ig =48:4 A

obtained from the DC analysis lies on the AC load line and thisalways happens.
The condition \the transistor is in the active region at all t ime" maybe simply
restated as

0:2V <Vce(t) <120V, 8t

Equivalently we have:
255 mV <v(t) < 30 mV

or
6:47 V < V,(t) < 5:33 V

This very simple expression determines the region of validy of the analysis and
the region of operation of the ampli er. If we attempt to exceed these limits,
the transistor moves out of the active region and the output will then likely
become clipped.

Remarks.

1. The condition jvge (t)] nVr does not a ect the region of operation of
the amplier. If the condition is not veried the output then becomes
distorted. The region of validity of the analysis is not a ected by this.
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Figure 4.25:

2. The optimal biasing point is located in the center of the segment of the
AC load line that is inside the active region.

In the following section we present biasing circuit that give a stable Q-point,
i.e. one that is almost insensitive to changes in the transi®r parameters. In
the next sections we then analyze some speci ¢ ampli er congurations. The
method of analysis is as follows (for the design of an ampli e the steps are
usually followed in reverse order).

Step 1: Calculation of the circuit's DC voltages and currents and cdculation
of the biasing point of the transistor. This serves 2 purposs:

Verify that the transistor is biased in the active region.
Calculate the parameterh;e = nVy=Ig (n =1 most of the time).

Step 2: Sketch the AC model of the circuit, including the small signd AC
model of the transistor.

Step 3: Calculation of the circuit's AC voltages and currents and cdculation
of the ampli er's (AC) characteristics:

Voltage Gain: Ay , U

Current Gain: A, , "I’ﬁ

Power Gain: Ap , il = AyA,
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Figure 4.26:

Figure 4.27:

Input Impedance: Zj, , impedance seen by the source,
Output Impedance: Z,,; , impedance seen by the load.

Step 4: Add the DC components (Step 1) and AC components (Step 3) of
the voltages and currents.

Step 5: Calculation of the output voltage swing and the region of opeation
of the ampli er.

Calculate and sketch the AC load line.

Remark. The small signal AC model of the transistor has been derivedrbm
its static characteristic. A more rigorous derivation takes into consideration
certain parasitic capacitive e ects that result from the accumulation of charges
in the junctions. The complete small signal AC model of the transistor is pre-
sented in gure 4.26. At medium frequencies, the very small prasitic capacitors
Csc ; Cge behave like open-circuits and maybe removed. This leads tohe h-
parameters small signal AC model of the BJTin the active region shown in
gure 4.27. The parameters are de ned as:

hie input impedance of the transistor expressed in [] (practically a few
k),

hte unitless (dynamic) current gain (practically about 10 to 10%),



108 CHAPTER 4. BIPOLAR JUNCTION TRANSISTORS

Figure 4.28:

hre output conductance of the transistor expressed inf ] (practically in the
order of 10 °f),

Noe unitless feedback voltage gain (practically in the order ofLl0 ° to 10 4).

We recognize that the model that has been derived in section.8 is a simpli ed
version of the h-parameter AC model since in practice we have

hre hoe O
hre ;o hie nVr=lg

In course EEE210 we use this simpli ed version of the h-pararmater model, but
we may in occasion the parametehge. hoe Mmay be estimated on the transistor's
static characteristic by:

di
hoe = <

dVce Q=(ls=1lpg ;lc=lcq :Vce =Vceq )

4.5 Biasing in the Active Region

We present a few circuits that may be used to bias a transistorin the active
region. The ideal circuit should be as simple as possible wiei ensuring that the
Q-point is insensitive to variations of the parameters of the transistor.

Biasing with two voltage sources: The circuit is shown in gure 4.28
and, assuming for now that the transistor is in the active redon, lg is given by:

RE( +1)|B +0:7V+ Rglg = Vs
) 1= Ve 0TV
" Re+( +1)Re
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Figure 4.29:

It follows that
Vece =Va Rcleg Re( +1)lg

The components must then be chosen in such a way thatg > 0 and Vcg >
0:2 V so that the initial assumption is valid. Vcg may then be written as:
| |

Ve 07V Vg 07V

Vee =VA Rei DR 14 _Re (4.4)
R C ( +1) RE
If moreover 1 and the components are chosen such thaRg R e

then Vcg becomes almost independent of . This is desirable because then a
change in the value of , by replacement of the transistor or by a change in
the temperature, has only a small in uence on the biasing pait. Under these
conditions (Ig > 0, Vcg > 0:2 V, 1 and Rg R g), equation 4.4 maybe
approximated as:

Vo  Vce (VB 0.7 V) 1+ RﬁC

Re

This last expression is very useful for the design of biasingircuits. In order to
keep the Q-point insensitive to variations of the parametes of the transistors
we also choosé/s 0:7 V. In practice Vg ' 2 Vis sucient and Vg is often
chosen to be in the range of values fronva =4 to Vo =3 (as long asVa=3  0:7 V).

Biasing with a single voltage source: Consider the circuit of gure 4.29.
By applying Thevenin's equivalent theorem to the circuit o n the left (and con-
nected on) the base of the transistor we obtain the circuit of gure 4.30, where

Re = (RujiR2) R, = %Re
Ve = Vagik; = Va SR Rz = Rgjj( Ry

and we recognize the biasing circuit of the previous paragmeh. In practice we
use the biasing circuit of gure 4.29 because it uses a singlgower supply. On
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Figure 4.30:

the other hand, the analysis is more easily done with the equwalent circuit of
gure 4.30.
4.6 Common Emitter Ampli er

Consider the circuit of gure 4.31. The analysis is performal by following the
steps detailed at section 4.4.

DC analysis:  The DC biasing circuit is presented in gure 4.32. Assuming
that the transistor is in the active region we have:

VaR2 .
_ | +1)Reg +(R1jIR +0:7V
R.+ R, B ( )Re + (R1jjR2)
IC = IB
+1
Vce = Va Ic Rc+ Re

The transistor is then in the active region if the componentsare chosen in
such a way that the above equations givdg > 0 andVcg > 0:2 V. In the
following we assume that this is the case. One would then edgicalculate:

Vg DC component of Vg (t) Vo, DC component of V,(t)
Ve DC component of V¢ (1) lo DC component of I 4(t)
Ve DC component of Vg (t) i DC component of I (t)

Ic DC component of | ¢ (t)
and nally the parameter hie = nVr=Ig that is required in the next steps.

AC model of the circuit: By setting the DC sources to 0 and replacing the
capacitors by short-circuits we obtain the circuit of gure 4.33. Next,
replacing the transistor by its small signal AC model in the drcuit of
gure 4.33 we obtain the circuit of gure 4.34.
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Figure 4.31:

Figure 4.32:

Figure 4.33:
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Figure 4.34:

AC analysis: We easily nd (refer to problem #16 from the document
ProblemesRevision.pdf ):

Vo(1) 5 (O(ReiRL)
(ReiiRL) y, o

Pie

which implies that Ay = (RcjjRL)=hie. Also we clearly have (refer to
problem #17 from the document ProblemesRevision.pdf ):

Zi = (RujiRzjjhie)
ZO = Rc
_ AvZ
A = 7RL
Sum the DC and AC components: It follows from the previous steps
that:
Ve(t) = Vs +Vi(t)
RcjiR
ve® = Ve v FeIR)
e
VE(t) = Ve
RcjiR
V() = o= wi(t) IR
e
. Vi (t
o = =2
lo(t) = io(t) = Ayii(t)
le(t) = |C+Vi(t)h_
e

AC load line and output voltage swing: The AC load line is easily ob-
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Figure 4.35:
tained from
lc(t) = lc+vi(t) —
e
RcjiR
Vee(t) = Vee Vvi(t) %
e

whereVceg = V¢ Vg DC component of Vce (t) and I DC compo-
nent of I (t). As before we denote byVce ; | ¢ the axes of of the static
characteristic of the transistor. With this notation, the A C load line is
given by the expression:

Vce Vce
RcjjRL RcjjRL

lc= lIc+

and it is sketched in gure 4.35. The voltage swing could theneasily be
found by extracting the segment of the AC load line which is irside the
active region.

Characteristics:
Very large voltage gain (in absolute value): useful.

Large output impedance: undesirable.

Medium large input impedance.

4.7 Common Collector Ampli er

It is also referred to as theemitter follower ampli er . Consider the circuit of
gure 4.36. The analysis is performed by following the stepgetailed at section
4.4,
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Figure 4.36:

DC analysis:  Assuming that the transistor is in the active region we have:

VaR2 N
— = | +1)Reg +(R4jJR +0:7V
R.+ R, B ( )Re + (R1jjR2)
IC = IB
+1
Vece = Va ¢ Re

The transistor is then in the active region if the componentsare chosen in
such a way that the above equations givdg > 0 andVceg > 0:2 V. In the
following we assume that this is the case. One would then edgicalculate:

Vs DC component of Vg (t) Vo, DC component of V(t)
Ve DC component of V¢ (t) lo DC component of | 4(t)
Ve DC component of Vg (t) I; DC component of I (t)

Ic DC component of | ¢ (t)
and nally the parameter hje = nVr=lg that is required in the next steps.

AC model of the circuit: By setting the DC sources to 0 and replacing the
capacitors by short-circuits we obtain the circuit of gure 4.37. Next,
replacing the transistor by its small signal AC model in the drcuit of
gure 4.37 we obtain the circuit of gure 4.38.

AC analysis: We easily nd (refer to problem #18 from the document
ProblemesRevision.pdf ):

Vo() = ( +1)is(D(RejjRL)
is (1) = M
which implies that
Vo) = ( +1)(RejiRL)

AVZ V0 T he+( +D(RejRL)
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Figure 4.37:

Figure 4.38:
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Figure 4.39:

For the input impedance we have:

vi) | vit) Vit vo(t)
R1 R2 hie

i (t) =
Recognizing that in the circuit we have vy (t) = Ay v;(t), we may write

v, u) , wOa Av)

(®) = Ry R2 hie

and since
hie

1 Ay = =
V7 hie +( +1)(RejiRy)

we obtain:
Zin = RyjjRojj(hie +( +1)(RejjRL))

For the output impedance, we consider the circuit of gure 439. Clearly
(refer to problem #19 from the document ProblemesRevision.pdf ):

Vv \% \%

| = — + — + —
Re hie + (R1jjR2jj Rsource) hie + ( R1jjR2JjRsource)

and consequently,

hie + ( lej RijRsource)
+1

Zout = RE

Finally, A = AvZih=R_..

Sum the DC and AC components: It follows from the previous steps
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Figure 4.40:
that:
Ve (t) = Vs + vi(t)
Ve(t) = Ve
VE() = Ve + Ay vi(t)
Vo(t) = Vo(t) = Ay Vvi(t)
_ _aa i)
i = im= 5
lo(t) = io(t) = Ayii(t)
(1 Av) vi(t)
Ic(t) = lIc+vi(t) ——————==1lc+ —
c(® c*tul® hie " he +( +1)(RejiRL)
AC load line and output voltage swing: The AC load line is easily ob-
tained from
vi(t)
lc(t) = Ic+ ~
c(® 7 hie +( +1)(RejiRL)
Vee (t) = Vee  Avvi(t)

As before we denote byVce ; | ¢ the axes of the static characteristic of
the transistor. With this notation, the AC load line is writt en as

N Ve Vce
( +D(RejjRL) ( +D(RejjRL)

|c= IC

and it is sketched in gure 4.40.
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Figure 4.41:

Characteristics:
Small output impedance: desirable.
Large input impedance: desirable.

Small (positive) voltage gain (less than 1): undesirable.

4.8 Common Base Amplier

Consider the circuit of gure 4.41. If the transistor is biased in the active region,
the parameters/characteristics of the ampli er are (refer to problems #20 and
#21 from the document ProblemesRevision.pdf ):

Av. = —(ReiiRu)
e
h.
Zn = Re — 7
Zow = Rc

The details of the analysis are left as an exercise (problem)4

Characteristics:
Very large voltage gain (positive): useful.
Large output impedance: undesirable.

very small input impedance (undesirable).
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Figure 4.42:

Figure 4.43:

4.9 PNP Bipolar Junction Transistor

The PNP bipolar junction transistor operates under the sameprinciples as the
NPN transistor. When connected as in gure 4.42, the static haracteristic of
gure 4.43 is obtained. The lg versusVgg chracteristic is shown in gure 4.44.
The characteristics are very similar to those of the NPN trarsistor. By simply
reversing the current directions and interchanging the sulscripts in the voltages,
all equations and inequalities remain the same as those of ¢@NPN transistor.
The simpli ed small signal AC model of the PNP transistor in t he active
region is shown in gure 4.45 and is equivalent to the AC modelof the NPN
transistor reproduced in gure 4.46. As for the NPN transistor we have:

nVr

Ie

hie
hfe
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Figure 4.44:

Figure 4.45:

Figure 4.46:
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(a) Circuit

(b) AC model

Figure 4.47: Common Emitter Ampli er

where | g is the DC component of the base current.

4.10 Ampli er Con gurations Summary

The three main con gurations of NPN transistor ampliers an d their small
signal AC models are sketched below:

common emitter in gure 4.47(a),
common collector (aka emitter-follower) in gure 4.48(a),

common base in gure 4.49(a).
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(a) Circuit

(b) AC model

Figure 4.48: Common Collector Ampli er (Emitter Follower)
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(a) Circuit

(b) AC model

Figure 4.49: Common Base Ampli er
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4.11 Problems

1.

The static current gain of the transistors in the circuits of gure 4.50 is
=100. Calculate their biasing point.

Suggestion: Replace the circuit to the left of the base of the transistor

by its Trevenin equivalent.

. Obtain an expression for parametem,, in the model of gure 4.51, so that

it is equivalent to the simpli ed h-parameter AC model of gure 4.52.

. We are required to bias an NPN transistor with collector-emitter voltage

Vce =9 Vin order to build an ampli er. The manufacturer speci es that
the typical current gain value is = 100 but that it varies considerably
with temperature. In order to achieve the desired voltage gan the collector
resistor Rc must be Rc = 2 k. The available power supply is 20 V.

Design a single supply bias circuit using four resistors andspecify the
resistor values.

. Perform a complete analysis of the common-base ampli er fosection 4.8.

. Consider the circuit of gure 4.53 in which the capacitors are assumed

to be very large. The static current gain of the PNP transistor is =
100 and the empirical parametern = 2. Calculate the DC biasing point
of the transistor and show that it is biased in the active regon. What
con guration of ampli er is this (common emitter, common co llector, ...)?
Calculate the characteristics of the amplier (Av; Zi,; :::). Sketch the
AC load line and calculate the region of operation of the ampler and its
output voltage swing.
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Figure 4.50:

Figure 4.51.:

Figure 4.52;

(b)
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Figure 4.53:



Chapter 5

Digital (Logic) Circuits

In this chapter we briey analyze three families of logic circuits: RTL and
CMOS. The main parameters characterizing them are de ned. Een though
these parameters apply to all logic families, each one is inbduced within the
study of the logic family best suited to explain it.

5.1 RTL Logic Family

Consider the circuit of gure 5.1. We next calculate its input-output character-
istic when V; > 0. Three cases are distinguished:

Transistor is cut-0: In this case we have the equivalent circuit of gure 5.2
where as indicatedV, = VA and the transistor is in cut-o if and only if
Vee = Vi< 07 V,ie.ifandonlyif0 V; 07 V.

Transistor is active: In this case we have the equivalent circuit of gure 5.3
and clearly

Figure 5.1:

127
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Figure 5.2:

Figure 5.3:

Vv, 07V
Rs
I = —V, 07V
C RB i
Rc

Ve = Vo= Va —C v 07V
Rs

The transistor is in the active region ifand only if Ig > 0 andVceg > 0:2 V
and using the above equations, these inequalities are cldgrequivalent to

vV, > 07V
Rc
Rs
The transistor is therefore in the active region if and only if
Rs
C

02V < Vce =Vo=Va Vi 07V

07V<V;< Va 02V +0:7V

Transistor is saturated: In this case we have the equivalent circuit of gure
5.4 and clearly



5.1. RTL LOGIC FAMILY 129

Figure 5.4:
| I YA
B = 7RB
. = Va 02V
c - RC

The transistor is in the saturation region if and only if Ig > 0 andl¢ <
I g and using the above equations, these inequalities are cldgrequivalent
to

Vo 02V +0:7V

Rc
The transistor is therefore in the active region if and only if

Rs
c

Vi > Va 02V +0:7V

The three cases above are summarized by the (static) inputatput characteristic
shown in gure 5.5. The set of positive voltagesR* is partitioned in two logic
levels as follows:

1 $ fx2R":x>1Vg
0 $ fx2R":x< 07Vg

The preceding circuit (with Rg Rc) consequently performs the Boolean
function:

Vi=0 7! V=1
Vi=1l 7' V,=0

and we recognize thdogical inversion.
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Figure 5.5:

De nition 5.1.1.
1. The fan-in is the number of inputs of a logic gate.

2. The fan-out is the maximum number of gates that may be connected at
the output of a given logic gate without a ecting its normal b ehaviour.

Example 5.1.1. Calculate the fan-in and fan-out of the RTL inverter of gure
5.1.

Solution: Obviously the fan-in is 1. For the fan-out we consider the cass where
Vi=land V, =0

Casel (WhenV, = 1). The equivalent circuit is shown in gure 5.6 and we see
that V, will always remain at 0.2 V (i.e. a logical O as it should) no mater how
many inverters are connected at the output. ThereforeN; ! 1

Case 2 (When V, = 0). The equivalent circuit is shown in gure 5.7 and we see
that, in the normal behaviour (V, = 1), the transistors of the gates connected
on V, will all saturate. The current drawn by the gates and owing t hrough R¢
however is given by:

Va 07V

Rc + Rg=N

and the voltage at V, is therefore

Va 07V
=~ " Rpg+0:
Vo NRc+RBRB 0:7V
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Figure 5.6:

If N becomes too large therV, drops below 1 V and is no longer perceived as a
logical 1. The largest numberNg of gates that may be connected at the output

of the inverter when V; = 0 is given by:

Vo 07V
—— — Rp+0:7V=1V
NoRc + Rg  ©
and this gives:
Rg(Va 1V)
No= —- 2 — 72
0:3V Rc
The fan-out of the inverter is therefore:
Rg Vo 1V

m|n(N0,N1)= NO: Q W

O

De nition 5.1.2.  The propagation delayis the time interval between a change
of state at the input of a logic gate and the corresponding chage of state at
the output of the logic gate.

A typical RTL inverter would produce the waveforms shown in gure 5.8.
Manufacturers use the symbolstp 4 ; tpn. to denote the delays in transitions
from low to high or high to low. Speci cally,

to,n IS the transition time of the output from digital O to one half of
digital 1 (low to high).

tpnL is the transition time of the output from digital 1 to one half of
digital 0 (high to low).
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Figure 5.7:

Those values can be found in thedata sheetssupplied by the manufacturer
of logic gates. The delays are caused by the accumulation oharges at the
junctions of the transistors. The accumulation of charges lehave like parasitic
capacitances and introduce some time constants. The inputtage of an RTL
inverter may be modelled by the equivalent circuit shown in gure 5.9. We
notice that the delays can be made smaller by decreasing theesistor Rg but
this, on the other hand, causes an increase in the power consytion of the
circuit when the input is a logic 1 and it reduces the fan-out.

The fundamental logic gate of the RTL family is the NOR gate shown in
gure 5.10. Typical values of the components are

Vo = 3V
Rg = 450
RC = 640
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Figure 5.8:

Figure 5.9:
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Figure 5.10:
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5.2 CMOS Logic Family

CMOS stands for Complementary Metal Oxide Semiconductorand is so called
because each gates is made of N and P channels enhancementeyld OSFETSs
connected in a complementary fashion.

Each CMOS logic gate contains multiple MOSFETs. We rst start with an
intuitive analysis of the simpler N-channel MOSFET inverter (NMOS inverter)
and the P-channel MOSFET inverter (PMOS) which contain a single MOSFET.

NMOS inverter:  Consider the following circuit:

Clearly

Ves = Vi
Vos =Vo=Va Rplp

The region of operation of the MOSFET depends ofVgs; Vps and is
intuitively summarized in the table below:

Vgs small Vss large
Vobs small | Vps large
cuto [ ohmic | active (pinch o)

In terms of Vi; V, this becomes:

Vi small V; large
Vo small | V, large
cuto | ohmic | active (pinch o)

where the values big and small refer to the following:

V, small ! Vi <V,
V; large ! Vi > Vi
V, small ! Vo= Vps <Vgs VL=V, VW

V, large ! Vo>V VW
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These inequalities partition the rst quadrant of the plane (Vi; V,) as
follows:

As V; increases, we notice that

1. whenV, <V; the MOSFET is in cuto and V, = Va,

2. whenV; ' V; the MOSFET is active (pinch o), Ip = K V, VW 2
increases andV, = Vo Rplp decreases,

3. asV; further increasesV, drops below the lineV, = V; V; and the
MOSFET is in the ohmic region. Ip = K 2V, V; V, V02 keeps
increasing andV, becomes increasingly smaller.

The V, versusV, characteristic has the form shown below

and the circuit is clearly a logic inverter gate.

PMOS inverter:  Consider the following circuit:
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Clearly

Vs = Va M
VSD = VA Vo = VA RD ID

The region of operation of the MOSFET depends ofVsg; Vsp and is
intuitively summarized in the table below:

Vsg small Vs large
Vsp small | Vsp large
cuto [ ohmic | active (pinch o)

where the values big and small refer to the following:

Vsc small ! Vsg = Va V, < Jth
, Vi>Va | V4jie. V large
Vsp large ! Vsp =Va Vo>Vse | Uj=Va Vi | Vi

. Vo <Vi+jVjie. V, small

In terms of V;; V, the above table becomes:

V; large V, small
Vo large | V, small
cuto | ohmic | active (pinch o)
where

V; small ! Vi <Va | Vi
Vi large ! Vi>Va | Vi
Vo small ! Vo < Vi + j\4j
V, large ! Vo > Vi + jV4j

These inequalities partition the rst quadrant of the plane (Vi; V,) as
follows:
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As V; decreases, we notice that

1. whenV, >V, j Vj the MOSFET is in cuto and V, =0,

2. whenV; / Va | V;j the MOSFET is active (pincho ), Ip = K Vja
Vi | Vi % increases andV, = Rplp increases,

3. asV; further decreasesV, increases above the lind/, = V; + jV;j and
the MOSFET is in the ohmic region. Ip = K 2Va Vi j V4j (Va

Vo) (Va Vo)? keeps increasing and/, becomes increasingly larger.

The V, versusV, characteristic has the form shown below

and the circuit is clearly a logic inverter gate.

CMOS inverter: Consider the following circuit which combines the NMOS
and PMOS inverters:
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Its analysis relies on nding the region of operation of the FETs for given val-
ues ofV; and this follows directly from the analysis of the NMOS and PMOS
inverters. We rst intuitively show that the V, versusV, characteristic has the
form shown below

and the circuit is clearly a logic inverter gate. When'V; is su ciently large or
su ciently small one of the FETs is cuto and the other one is o hmic. This
results on much lower power consumption than that of the PMOSor NMOS
inverters. The circuit contains FETs only (no resistors) and this simpli es its
fabrication.

The input-output transfer characteristic of the circuit is obtained by rst
noticing that:

Ves1 =V
Vsg2 = Va Vi

and thus:

Vi <Vy ) Qiiscuto
Vi>Va Vi ) Q> is cut-0
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Given that Va > 2V, we then have:

Vi <V¢) Qiscut-o
) Vsg2=Va Vi>2V: Vi>2V: V;=V;) Qisnotcuto

Vi >Va Vi) Q:iscuto
) Ves1=Vi>Va V% >2V Vi =V,) Qiisnotcut-o

Hence
is cut-o0
Vi <Vi) 8; is not cut-o ) Vo = Va
Vi>Va W) Q1 is not cut-o ) Vo=0

Q> is cut-0

If Vi <Vi<Va V;then both MOSFETS operate in the ohmic or active region
and the exact calculation of the output voltage will be detailed later.

Typical values areV; =1V and V5, =5V and as such the range of values
of Vi over which the output goes fromV, to 0 has a width of about 3 V. In the
special case wher&/p = 2V, the transition is very sharp.

Characteristics of the CMOS family:

The input current is almost 0 (I 0).

The power dissipation is very small since in general there ialways one of
the two transistors in cut-o.

More complex gates can easily be designed. In the following

input denoted as 0 means voltage< V;

input denoted as 1 means voltagee Vo
output denoted as 0 means voltage 0
output denoted as 1 means voltage Va

A NAND gate is made by connecting four MOSFETs as shown in gure 5.11.
V1, Vo are the inputs and vq is the output of the circuit. The truth table can
easily be obtained by rst noticing that

vi=1 , Qi1 onandQz o
vo=1 , Q> on and Qg4 o]

There is consequently always a path fronV, to voy unlessvs; v, are both high.
The truth table is then

9
:
?

NAND: Vout = V1 Vo
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Figure 5.11:

Figure 5.12:
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Figure 5.13:

Similarly, one easily veri es that the circuit of gure 5.12 is a logic NOR gate.
Indeed we have

vi=1 , Qp oand Q3 on
v, =1 , Q oand Qs on

and this immediately leads to the truth table of a digital NOR gate.

De nition 5.2.1. In some specic applications, a gate connected on a bi-
directional bus for example, it may be required to make the gée's output oat
at some instants and the gate is not operational then as if it lad been removed
from the circuit. This output state is called tri-state.

An additional input is required to control the tri-state out put and a tri-
state gate may easily be accomplished in the CMOS family by ttning o both
transistor at the output of the gate. This is illustrated for a tri-state bu er
shown in gure 5.13. We notice that

Ve1=1 ) Qiiscuto

Tri state=0) Ve2=0 ) Qiscuto

V, is then undetermined; the behaviour is as though the gate's wtput had been
disconnected from the circuit. On the other hand we also have

m:1) Vg1 = viandVGZ: VI
It follows that (still with Tri  state = 1):

Vi=0
Vi=1l

Q1 o0,Q2 on) V=0

)
) Q1 on,Q o0 ) V=1
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Figure 5.14:

The truth-table of the circuit is then:

Tri  state | v || o

0 0] X
0 1]X
1 0 O
1 1] 1

where an output X denotes a oating (or high impedance) output. The circuit
contains 12 transistors.

5.3 \Voltage Transfer Characteristic of the
CMOS Inverter

Consider the circuit of gure 5.14. In the following we derive the input{output
transfer characteristic V, versus Vi. We recall the equations describing the
behaviour of each transistor:

For Q1:
8 .
% 0 ; ifVes1 <Vu
Ki(Ves1 Vi1)? ; if Ves1 > Vi
Ip1= .andVD81>V681 Vi1
E K1 2(Ves1 Mi1)Vbs1 Vgs:  if Ves1 >V
' and Vps1 <Vgs1 M1
For Qa:
8 .
% 0 ;o ifVsg2a < W2
K2(Vsg2 + Vi2)? ; IfVsg2> Vi
Ip2 = _andV502>VS(32+Vt2
E K2 2(Vsg2 + i2)Vsp2  V&y, 5 if Vsg2> Wiz

and Vsp2 <Vsg2 + Vi2
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Figure 5.15:

From the circuit of gure 5.14 we immediately obtain:

Ves1 =V, Vsg2=Va V,
Vps1= Vo Vsp2=Va Vo
Ip =Ip1=Ip2

Substituting into the MOSFET equations and inequalities we obtain (we also
assume that the N -channel and P-channel MOSFETs are matched, i.e.K; =
K, = K and Vi1 = Vi = Vt):

For Qi:
8
% 0 ;o if V<V (1)
KV W)? ;if Vi >V,
Ip = andV, >V, V; (2
8 K 2V V)Ve V2 ; ifVi>V,
’ andV, <V, V (3
For Qa:
E 0 ;o ifVa Vi <V
KVa Vi W)? ; IfVa Vi >V
Ip = andVa Vo>V
K 2Va Vi V)(Va Vo) (Va Vo2 5 ifVa V>V

andVa Vo <Va

The formulas for Q, simplify to

3 0 D fVi>Va Vi (4

K(Va Vi W) L fVi<Va W

Ip = andV, >V, V; (5
3K (Va Vo)(Va 2V 2Wi+Vo) ; ifVi<Va Vi

andV, <V, V; (6)

By equating any of formulas ( 1); ( 2); ( 3) for Q1 with ( 4); ( 5); ( 6) we
obtain a set of 9 equations and inequalities relatingV, to V;. We proceed to
analyze each of the 9 equations whelW, > 2V; (gure 5.15):

(1) with ( 4) requires that V; < V{ and V, >V, V; which is clearly
impossible.

Vi

Vi
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( 3) with ( 6) requires thatV, Vi< V,andV, V, >V, which is also
clearly impossible.

( 1) with ( 5) requires that V; <V and V, < V; + V;. The equation is
then
0=K(Ma Vi W)?) Vi=Va V;

and this contradicts the requirementV; < V; this case is again impossible.
( 2) with ( 4) leads to a contradiction in the same way as (1) with ( 5).
( 3) with ( 4) requires that V; >V V. The equation is:
0=K 2V Vo)Vo V2
=KVo 2(Vi V) Vo

and the solutions areVy1 =0 and Vg =2(Vi V).
In addition to the requirement V; >V V;, ( 3) also has the inequality
Vi >V, + V. With solution V,; we have:

|Vi>V01+Vt: \/{7and\/i >V VI

Vi>Va Vi
With solution Vg, we have:

Vi>Ve+ V=2V 2Vi + Vi, V, <V and
V, >V Vt

This is clearly impossible andV,; is the only possible solution. Therefore
( 3) with ( 4) givesV, =0when V; >V, V.

( 1) with ( 6) requires that V; < V. The equation is:
0=K(Ma Vo)(Va 2Vi 2Vi+ V)

and the solutions areVo; = Va and Voo = Vi +2V, +2V;.

In addition to the requirement V; < V¢, ( 6) also has the inequality V; <
Vo V;. With solution V,; we have:

lVi <Vo W= Vﬁ V; and V, <V}

Vi<V ¢
With solution Vy, we have

Vi<Voz V= Va+2Vi+Vi, Vi>Va V;and
Vi <V

This is clearly impossible andV,; is the only possible solution. Therefore
( 1) with ( 6) givesV, = Vao whenV, < V;.
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( 2) with ( 5) requires that \V; <V; <V V. The equation is
VM V)?P=(Va Vi W)?
Which can be rearranged as

0=(V V)? (Va Vi W)?
=Vi i (Va Vi V) (VM Vi+Va Vi V)
=2V VA)$VA {zﬂ;

> 0)6 =0

and the (only) solution is V; = Va=2.

In addition to the requirement V; < V; < Vao VW, ( 2) and ( 5) also
require Vi <V, + Vy and V; >V, V4, or equivalently

Va=2 VWV <Vy<Va=22+V;

Therefore ( 2) with ( 5) gives a segment of line/; = Va=2 forVa=2 V; <
Vo <Va=2+ V.

( 3) with ( 5) requires that V; <V; <Va V. The equation is
20V ViVo V&=(Va Vi W)

and the solutions of the quadratic equatiort are:

Voz (Vi W) @V Va(Va W) (5.2)

In order for the solutions of (5.1) to be real, the term insidethe square
root must be positive. Given that Va 2V, > 0 we must have 3, Va > 0,
or in other words V; > VA =2. This implies that the range of V; for ( 3)
with ( 5) is reduced to

Va=2<Vi<Va W
The terms of (5.1) are sketched on gure 5.16. In addition to the require-

ment Vo=2<V; <Va V;, ( 3) with ( 5) also requiresV, <V; V; this
corresponds to the \-"sign in (5.1):

Vo= (Vi W) p(2Vi Va)(Va  2V)

Therefore ( 3) with ( 5) gives the segment of parabola betwee@ and
in gure 5.16 when Vo=2<V; <V W.

Lusing

p——
b b2 4ac
2a
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Figure 5.16:
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Figure 5.17:

( 2) with ( 6) requires that V; <V; <Va V. The equation is
KM V)?=K(MVa Vo) (Va 2V 2V + Vo)

and the solutions of the quadratic equatiorf are:

p
Vo= Vi + Vi (Va  2Vi)(Va 2W) (5.2)

In order for the solutions of (5.2) to be real, the term insidethe square
root must be positive. Given that Va 2V, > 0 we must haveV, 2V, > 0,
or in other words V; < V,=2. The last inequality implies that the range
of V; for ( 2) with ( 6) is reduced to

Vi <Vi<Va=2

The terms of (5.2) may be sketched similarly to those of (5.1)on gure
5.16.

In addition to the requirement V; <V; <Va=2, ( 2) with ( 6) also requires
Vo > Vi + V4; this corresponds to the \+"sign in (5.2):

p
Vo=Vi+Vi+t (Va 2Vi)(Va 2V)

Therefore ( 2) with ( 6) gives the segment of parabola betwee@ and
in gure 5.17 when V; <V; <V,=2.

The above nine cases (only ve of which are possible) give thdescription of
gure 5.18 for the transfer characteristic of the CMOS inverter when V > 2V;.

p——
b b2 4ac

2using >
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Figure 5.18:
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5.4 Noise Margin of the CMOS Inverter

De nition 5.4.1.  The noise margin represents the amount of noise that is ad-
missible at the output of a logic gate without a ecting the lo gic gates connected
at its output. It is also referred to as noise immunity. It is measured for each
of the two output states (logical 0 (low) and logical 1 (high)). We then have:

output 0O : NM_=Vi Vo
output 1 : NMy = Voy Vin

where the symbolsNM | ; NMy are illustrated in gure 5.19 for the cascade of
two inverter gates. Vi ; Viy ; VoL ; Von are shown in gure 5.20 on the transfer
characteristic of the CMOS inverter.

Viy maybe found from the transfer characteristic

Vo= (Vi V) @V Va)(Va 2

We easily obtain:

dvo _, 1. 2(Va 2W)
R, 27 Vi Va)(Va 2%)

Given that the derivative is 1 atV; = Viy we have:
r

VA 2Vt VA 2Vt
1 = 1, 4= ———
Vv Va 2V Va
., Ny Va = w
Vi + Va  2Vi
, Vin = A%
5Va 2V,
, Vin = A8 .
5Va VM
Vig = —  —
’ iH 8 4
The corresponding value ofV, is:
S
5V Y/ 5V, Y/
Vo = ?A Zt Vt TA % VA (VA 2Vt)
Va 2V

:T:V()L

Vi. may similarly be obtained from

p
Vo= Vi+Vi+ (Va 2V)(Va 2V)
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Figure 5.19:

Figure 5.20:
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and setting the derivative to 1 we obtain:

3Va V%

Vi = —+ —
- 8 4
TNa + 2V,

VOH = %

It follows that

NMy = Vou  Vin

NML =V Vo
Wa, Vi Va 2% _Va, Vi

8 4 8 4 2

If Vi = 20% VA (such as with Vo =5V and V; = 1V) we obtain NMy =
NM_ = 0:35Va. The two noise marginsNMy; NM | are equal because we
assume that MOSFETs Q; and Q, are perfectly matched K1 = K, = K and
Vit = Vi = V).

5.5 Propagation delays

Consider the following circuit:

in which capacitor C models the capacitive input impedance of logic gates con-
nected at the output of the inverter. As in the previous section, we assume that
Q: and Q, are matched, i.e. K; = K, = K and ;1 = Vi = V. It follows
that the propagation delayst,y. andty y are equal. In the following we obtain
an expression fortpy :
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Figure 5.21:

The trajectory of the point V,(t); Vo(t) is shown on the voltage transfer char-
acteristic of gure 5.21. BecauseQ); is cut-o, the circuit maybe redrawn as:

with initial condition V,(0") = Vo(0 )= Va. As shown in gure 5.21, Q is in
the active region at time t =0* because

Ves1 = Vi = Va >V, and

Wbs1=Vo=Va>Vgs: Vi=Va W
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Figure 5.22:

As V,(t) decreases, there is a time instant, at which
Vo(tp) =Va M

and Q; becomes biased in the ohmic region, and remains in the ohmicegion
until time tpy (and as long asVe(t) <Va V;). As shown in gure 5.22, the
calculation of tyy. is divided into two time intervals.

(1) From t =0" to t = tp, Qs is active and

lb(t)= K Vi(t) V% °
=K(MVa W)?

Then
2
Vo(t)= — Ip(t)dt
C
2
=< K(Va V)2dt
K(Va V)2

= ——————t+constant
C

The constant is evaluated with the initial condition V,(0*) = Va:

K (V, Vi)?
Vo(07) = %t + constant = Va
| {z =3
constant
and we obtain ,
K (V, V
Vo= va < W

C
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(straight line segment) when 0<t <t . t, is found by solving V,(tp) =

Va Vi:
K(Va W), _ _ CVi
Voo T hEVa W) b= KVe w2

From t = t, to t = tpuL , Q1 is in the ohmic region:

@)
Io(t)= K 2Vi(t) W Vo(t) VZ(1)

=K 2(Va  V)Vo(t) VA1)

C Ml ' we obtain

Combining with 1p (t) = d

MO = Kaw vovey V2
This di erential equation is solved as follows:
CdV,(t)
KOVE(M)  2(Va  Vi)Vo(t)
c dVo(t) .
Ko V@) 2(Va  Vi)Vo(t)

The left hand side of the equality is of the form

Z .
1 1 2ax+ b P ? 4ac

dXx = p—— p———— +constant
P 4ac 2ax+ b+ P2 4ac

ax2+ bx+ c

when? 4ac > 0 with
9

a=1 =
b= 2(Va V) ) B dac= 2(Va V) > 0>0
c=0 '
We obtain
C No(t) 4(Va W)
I + tant =t
K o) n No() constan
The constant is evaluated with the initial condition Vo(tp) = Va W, re-
calling that:
- CV;
PTK(Va W)?
We obtain:
C Va Vi 2(Va W) CV;
| +constant= —————
KVa W), Va, Ve T KV W

Inj 1j=0
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from which
CV;

constant= ———*'
K(Va W)?

We nally have for tp <t<t py. :

C In Vo(t) 2(Va W) N CV;
2K (Va V) Vo(t) K(MVa W)?

and we would obtain (don't need)

=t (5.3)

2(Va W)

Vo(t) =
O Trew Zvn W )

— Cv
wherety = vz -

tpur is found by solving Vo (tpHe ) = Va=2 in equation (5.3):

C VA =2 Z(VA Vt) CVt
tpH L = In — + 5
2K (Va W) Va=2 K(Va W)
C Ve 1, 4 3Va

= + —| - =
KA V0 Va Vi@ 2 n Vi torn  (by symmetry)

In many practical situations V; 0:2Va. The above formula becomes:
0:8C
KVa

The propagation delays are proportional to the load capaciance C as might

have been expected. This means that the connection of a largaumber of
gates at the output of a CMOS gate will increase its propagatbn delays. The
propagation delays can be made smaller by increasing the sply voltage Va.

This however increases the power dissipatiof’p of the gate. Indeed, when the
output of a gate connected on a capacitive loadC switches states at a frequency
f, the power dissipated by the gate satis es

Pp/ fCV/

tpHL = tpLm

A larger V5 improves the noise margin and the propagation delays, but inreases
the power dissipation.

5.6 Problems
1. Sketch the input-output characteristic of an RTL inverte r for which
= 100
VA = 3V
Rg = 450
Rc = 640

and calculate its fan-out.
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Figure 5.23:

2. Sketch the schematics of a two-input CMOS AND gate using 6 N\DSFETS.
List the state of the MOSFETSs for each of the four possible logc inputs.

3. Sketch the schematics of a three-input CMOS NAND gate.

4. What operation does the circuit of gure 5.23 perform? Nofice that the
circuit is not CMOS even though it consists entirely of MOSFETS.



