


CONTENTS

SL. NO. NAME OF THE CHAPTER PAGE NO.

1. Field Effect Transistor 2

2. Biasing Of BJTS 28

3. Biasing Of FETS And MOSFETS 47

4. Small Signal Analysis Of BJTS 58

5. Small Signal Analysis Of FETS 79

6. High Frequency Response Of FARd BJTS 87

7. Feedback And Oscillators 94
8. Operational Amplifiers 116

9. Power Amplifiers 121



Chapter 1 FIELD EFFECT TRANSISTORS
1.1 INTRODUCTION

The field-effect transistor (FET) is a three-teralidevice used for a variety of
applications that match, to a large extent. AltHoutpere are important
differences between the two types of devices, taeralso many similarities.

The primary difference between the two types afdistors is the fact that the
BJT transistor is aurrent-controlleddevice as depicted in Fig. 1.1(a), while the
JFET transistor is @oltage-controlleddevice as shown in Fig. 1.1(b). In other
words, the curreni; in Fig. 1.1(a) is a direct function of the levellgf For the
FET the current will be a function of the voltag®/ss applied to the input
circuit as shown in Fig. 1.1(b).
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Fig. 1.1 (a) Current-controlled and (b) voltagetcolled amplifiers

In each case the current of the output circuitemdp controlled by a parameter
of the input circuit—in one case a current levetl an the other an applied
voltage. Just as there amen and pnp bipolar transistors, there arechannel
andp-channeffield-effect transistors. However, it is importaatkeep in mind
that the BJT transistor is laipolar device—the prefixbi- revealing that the
conduction level is a function of two charge cagmjeslectrons and holes. The
FET is aunipolar device depending solely on either electrotifannel) or hole
(p-channel) conduction.

The term field-effect in the chosen name desereesesexplanation. For the
FET anelectric fieldis established by the charges present that wiltrobthe
conduction path of the output circuit without theed for direct contact between
the controlling and controlled quantities.



One of the most important characteristics of theT HE its high input
iImpedanceAt a level of 1 to several hundred mega ohms itefageeds the
typical input resistance levels of the BJT tramsistonfigurations—a very
important characteristic in the design of linearaauplifier systems. On the
other hand, the BJT transistor has a much highesiteaty to changes in the
applied signal. In other words, the variation inpad current is typically a great
deal more for BJTs than FETSs for the same changgmhied voltage. For this
reason, typical ac voltage gains for BJT amplifiears a great deal more than for
FETs. In general, FETs are more temperature sthble BJTs, and FETs are
usually smaller in construction than BJTs, makingnt particularly useful in
integrated-circuit (IC)chips. The construction characteristics of some &ET
however, can make them more sensitive to handtiag BJTs.

Two types of FETs are there: thunction field-effect transistofJFET) and the

metal-oxide-semiconductor field-effect transistdlQSFET).

The MOSFET category is further broken down intoleepn and enhancement
types. The MOSFET transistor has become one ofmib& important devices
used in the design and construction of integratexlits for digital computers.

Its thermal stability and other general charactieesmake it extremely popular
in computer circuit design.

1.2 CONSTRUCTION AND CHARACTERISTICS OF JEETs

The JFET is a three-terminal device with one teaingapable of controlling the
current between the other two.

The basic construction of timechannel JFET is shown in Fig. 1.2. Note that the
major part of the structure is thetype material that forms the channel between
the embedded layers gftype material. The top of tha-type channel is
connected through an ohmic contact to a termirffaelmed to as thelrain (D),
while the lower end of the same material is corgekthrough an ohmic contact
to a terminal referred to as tlsource (S).The two p-type materials are
connected together and to thate (G)terminal. In essence, therefore, the drain
and source are connected to the ends oh#type channel and the gate to the
two layers ofp-type material. In the absence of any applied patsnithe JFET
has twop-n junctions under no-bias conditions. The result gepletion region

at each junction as shown in Fig. 1.2 that resesntile same region of a diode
under no-bias conditions. A depletion region ig tiegion void of free carriers
and therefore unable to support conduction thrainghregion. The drain and
source terminals are at opposite ends ofntlsbannel as introduced in Fig. 1.2
because the terminology is defined for electrowflo
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Fig 1.2 Junction field-effect transistor (JFET)
Ves= 0V, Vps Some Positive Value

In Fig. 1.3, a positive voltag¥,s has been applied across the channel and the
gate has been connected directly to the sourcestablesh the condition
Ves= 0 V. The result is a gate and source termindhatsame potential and a
depletion region in the low end of eagtmaterial similar to the distribution of
the no-bias conditions of Fig. 1.2. The instantthkageVpp (= Vpg) is applied,

the electrons will be drawn to the drain termirestablishing the conventional
currentlp with the defined direction of Fig. 1.3. The pathcbhrge flow clearly
reveals that the drain and source currents arevalgai (p = Is). Under the
conditions appearing in Fig. 1.3, the flow of chearg relatively uninhibited and
limited solely by the resistance of thehannel between drain and source.
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Fig 1.3 JFET in th&ss=0 V andVps> 0V



As the voltage/psis increased from O to a few volts, the current initrease as
determined by Ohm’s law and the plotlgfversusVps will appear as shown in
Fig. 1.4. The relative straightness of the ploteads that for the region of low
values of Vps, the resistance is essentially constant. \Ag increases and
approaches a level referred to\gsn Fig. 1.4, the depletion regions of Fig. 1.3
will widen, causing a noticeable reduction in themrnel width. The reduced
path of conduction causes the resistance to ineraad the curve in the graph
of Fig. 1.4 to occur. The more horizontal the curtéee higher the resistance,
suggesting that the resistance is approachingnitefi onms in the horizontal
region.
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Fig 1.41p versusVpsfor Ves=0 V

If Vps is increased to a level where it appears that wuoe depletion regions
would “touch” as shown in Fig. 1.5, a conditionen@éd to aginch-off will
result. The level o¥/psthat establishes this condition is referred tohagpinch-
off voltageand is denoted by, as shown in Fig. 1.4. In actuality, the term
pinch-offsuggests the curreiy is pinched off and drops to 0 A. As shown in
Fig. 1.4, maintains a saturation level definedlgss In reality a very small
channel still exists, with a current of very higéngdity. The fact thdf does not
drop off at pinch-off and maintains the saturatievel indicated in Fig. 1.4 is
verified by the following fact: The absence of aidrcurrent would remove the
possibility of different potential levels througthet n-channel material to
establish the varying levels of reverse bias althegp-n junction. The result
would be a loss of the depletion region distribmitibat caused pinch-off in the
first place.



Flg 1.5 PinCh-Oﬁ:vGS: OV, Vps= Vp)

As Vpsis increased beyonds, the region of close encounter between the two
depletion regions will increase in length along @@annel, but the level df
remains essentially the same. In essence, theyefoceVps = Vrthe JFET has
the characteristics of a current source. As shawiig. 5.8, the current is fixed
at Ip = Ipss but the voltagé/ps (for levels >Vp) is determined by the applied
load.

Ipss IS the maximum drain current for a JFET and is defed by the
conditions \6s=0 V and \bs > [Vp|.

Fig 1.6 Current source equivalent gs=0 V, Vps> Vp
VGS=0V

The voltage from gate to source, denotkd, is the controlling voltage of the
JFET. Just as various curves ferversusVeg were established for different
levels oflg for the BJT transistor, curves bf versusVps for various levels of
Vss can be developed for the JFET. For thehannel device the controlling
voltageVgsis made more and more negative fromMgs = 0 V level. In other
words, the gate terminal will be set at lower anddr potential levels as
compared to the source.

In Fig. 1.7 a negative voltage of -1 V has beenliagetween the gate and
source terminals for a low level ®s. The effect of the applied negative-bias



Vgsis to establish depletion regions similar to thob&ined withVgs= 0 V but
at lower levels oVps. Therefore, the result of applying a negative hashe
gate is to reach the saturation level at a lowegllef Vps as shown in Fig. 1.8
for Vgs=-1 V.
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Fig 1.7 Application of a negative voltage to theéegaf a JFET

The resulting saturation level fég has been reduced and in fact will continue
to decrease a¢ssis made more and more negative. Note also on Fsghdw
the pinch-off voltage continues to drop in a pal@bmanner as/gs becomes
more and more negative. Eventualfss when Vgs= -Vp will be sufficiently
negative to establish a saturation level that sergally 0 mA, and for all
practical purposes the device has been “turnetl off.

In summary:

The level of \4s that results in b = 0 mA is defined by ¥s = Vp, with Vp
being a negative voltage for n-channel devices amgbositive voltage for p-
channel JFETSs.
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Fig 1.8n-Channel JFET characteristics witlis= 8 mA andvp =4V



The region to the right of the pinch-off locus o§ F1.8 is the region typically
employed in linear amplifiers (amplifiers with mmim distortion of the
applied signal) and is commonly referred to asdbrestant-current, saturation,
or linear amplification region.

Voltage-Controlled Resistor

The region to the left of the pinch-off locus ofgFil.8 is referred to as the
ohmic or voltage-controlled resistance regiom this region the JFET can
actually be employed as a variable resistor (pbsddr an automatic gain
control system) whose resistance is controlled Hey @pplied gate-to-source
voltage. Note in Fig. 1.8 that the slope of eaatvewand therefore the resistance
of the device between drain and sourceMigg= Vp is a function of the applied
voltageVss As Vgs becomes more and more negative, the slope of eagk c
becomes more and more horizontal, correspondiry avitincreasing resistance
level.

T N A A N N ———— (5.1)
wherer, is the resistance withlgs = 0 V andrq the resistance at a particular
level of Vs

P-ChannelDevices

Thep-channel JFET is constructed in exactly the sameneraas then-channel
device of Fig. 1.2, but with a reversal of fheandn- type materials as shown in
Fig. 1.9.

Fig 1.9p-Channel JFET



The defined current directions are reversed, ash@reactual polarities for the
voltagesVss andVps. For thep-channel device, the channel will be constricted
by increasing positive voltages from gate to sowand the double-subscript
notation forVps will result in negative voltages fofps on the characteristics of
Fig. 1.10, which has algssof 6 mA and a pinch-off voltage &zs= +6 V. Do

not let the minus signs f&fys confuse you. They simply indicate that the source
Is at a higher potential than the drain.
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Fig 1.10p-Channel JFET characteristics witls= 6 mA andvp = +6 V

Note at high levels oVps that the curves suddenly rise to levels that seem
unbounded. The vertical rise is an indication thr@aakdown has occurred and
the current through the channel (in the same dineets normally encountered)

is now limited solely by the external circuit. Adthgh not appearing in Fig. 1.8
for the n-channel device, they do occur for thehannel device if sufficient
voltage is applied. This region can be avoidedhdf level ofVpgnax IS Noted on
the specification sheet and the design is suchtligaactual level of/ps is less
than this value foall values ofVgs

Symbols

The graphic symbols for the-channel and-channel JFETs are provided in
Fig. 1.11. Note that the arrow is pointing in ftket-channel device of Fig.
1.11(a) to represent the direction in whighwould flow if the p-n junction
were forward-biased. For tigechannel device (Fig. 1.11(b)) the only difference
in the symbol is the direction of the arrow.
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Fig 1.11 JFET symbols: (a}channel; (bp-channel

Summary
- The maximum current is defined asyds and occurs when ¥s =0 V
and VDS |VP] as shown in Fig. 1.12(a).

For gate-to-source voltages ¢¥ less than (more negative than) the
pinch-off level, the drain current is 0 A § = 0 A) as appearing in
Fig. 1.12(b).

For all levels of \&s between 0 V and the pinch-off level, the current |
will range between dss and O A, respectively, as reviewed by
Fig. 1.12(c).

For p-channel JFETs a similar list can be developed
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(c)

Fig 1.12 (alVes=0 V, Ip = Ipss (b) cutoff (5 =0 A) Vgsless than the pinch-off
level; (c)lp exists between 0 A arldssfor Vgsless than or equal to 0 V and
greater than the pinch-off level.

1.3 TRANSFER CHARACTERISTICS

For the BJT transistor the output currénénd input controlling curreng were
related by beta, which was considered constarthioanalysis to be performed.
In equation form,

|C=f(||3)= IB ----------------- (12)
In EQ. (1.2) a linear relationship exists betwéeandlg. Double the level ofg
andl¢ will increase by a factor of two also.
Unfortunately, this linear relationship does notseXetween the output and
input quantities of a JFET. The relationship betwkeand Vgsis defined by
Shockley’s equation:

Io = lpsg(1- Vag/Vp)? ----m------ (1.3)
The squared term of the equation will result inoalmear relationship between
Ip and Vgs producing a curve that grows exponentially withciasing
magnitudes o¥/¢s
The graphical approach, however, will require a pibEq. (1.3) to represent
the device and a plot of the network equation irjathe same variables. The
solution is defined by the point of intersectiontleé two curves. It is important
to keep in mind when applying the graphical appnodbat the device
characteristics will beunaffectedby the network in which the device is
employed. The network equation may change alondy \hie intersection
between the two curves, but the transfer curvenddfiby Eqg. (1.3) is
unaffected.

In general, therefore:
The transfer characteristics defined by Shocklegguation are unaffected by
the network in which the device is employed.



The transfer curve can be obtained using Shockkytgtion or from the output
characteristics of Fig. 1.8. In Fig. 1.13 two grapdre provided, with the
vertical scaling in milli amperes for each grapmeQs a plot ol versusVps,
while the other idp versusVgs Using the drain characteristics on the right of
the “y” axis, a horizontal line can be drawn frohe tsaturation region of the
curve denoted/gs = 0 V to thelp axis. The resulting current level for both
graphs islpss The point of intersection on tHg versusVgs curve will be as
shown since the vertical axis is definedvgg= 0 V.
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Fig 1.13 Obtaining the transfer curve from the micharacteristics

In review:
When VGS: 0 V, ID = IDSS-

WhenVgs =Vp = -4V, the drain current is zero milli amperesiining another
point on the transfer curve. That is:
When Ves= Vp, Ip =0 mA.

The drain characteristics relate one output (omglrguantity to another output
(or drain) quantity—both axes are defined by vdeslin the same region of the
device characteristics. The transfer charactesisti® a plot of an output (or
drain) current versus an input-controlling quantityhere is therefore a direct
“transfer” from input to output variables when emphg the curve to the left of
Fig. 1.13. If the relationship were linear, thetpbl versusVgswould result in
a straight line betweelpyss and Vp. However, a parabolic curve will result
because the vertical spacing between stepgobn the drain characteristics of
Fig. 1.13 decreases noticeablyMas becomes more and more negative.
Compare the spacing betwedgs= 0 V andVgs= -1 V to that between

Ves = -3 V and pinch-off. The change Wss is the same, but the resulting
change inp is quite different.



Applying Shockley’'s Equation

The transfer curve of Fig. 1.13 can also be obthiheectly from Shockley’'s
equation (1.3) given simply the valueslgésandVp. The levels olpssandVp
define the limits of the curve on both axes andideanly the necessity of
finding a few intermediate plot points.

SubstitutingVgs= 0 V in equation 1.3 gives,

Ip = lpsdves = oy ======-==---- (1.4)
SubstitutingVgs = Vp yields,
Ip = 0V|ves = vp-------=------ (1.5)
For the drain characteristics of Fig. 1.13, if wb&tituteVgs=-1V,
Ip = 4.5mA

as shown in Fig. 1.13. Note the care taken withntbgative signs fo¥ss and
Vp in the calculations above. The loss of one sign levaasult in a totally
erroneous result.
It should be obvious from the above that givggzandVp (as is normally
provided on specification sheets) the levelpodan be found for any level of
Vs Conversely, an equation for the resulting leveVgsfor a given level ofp

VGS = Vp (1 - —) ---------------------- (16)

Shorthand Method

Ip = Ipsslves = vpjp==================== (1.7)

Vs = 0.3Vh|ip = ipss/p----------------- (1.8)

TABLE 5|1 Vs versus I, Using

Shockley’s Equation
1.-1:35 ID
0.3 'rfp fgg_g'f
0.5 Vp Ipss'4




1.4 IMPORTANT RELATIONSHIPS
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Fig 1.14 (a) JFET versus (b) BJT
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A clear understanding of the impact of each ofdtyeations above is sufficient
background to approach the most complex of dc ganditions. Recall thafge
= 0.7 V was often the key to initiating an analysisa BJT configuration.
Similarly, the conditiorig = O A is often the starting point for the analysisa
JFET configuration.

For the BJT configuratiorig is normally the first parameter to be determined.
For the JFET, it is normallygs



1.5 DEPLETION-TYPE MOSFET

There are two types of FETs: JFETs and MOSFETs. MEJIS are further
broken down intadepletion typeand enhancement typdhe termsdepletion
and enhancementdefine their basic mode of operation, while theelab
MOSFET stands formetal-oxide-semiconductoffield-effect transistor. the
depletion-type MOSFET, which happens to have charatcs similar to those
of a JFET between cut-off and saturationgtbut then has the added feature
of characteristics that extend into the regionggdasite polarity foNgs

Basic Construction

The basic construction of threchannel depletion-type MOSFET is provided in
Fig. 1.15. A slab op-type material is formed from a silicon base ancgkferred

to as thesubstrate.It is the foundation upon which the device will be
constructed. In some cases the substrate is ifliec@nected to the source
terminal. However, many discrete devices provide aaditional terminal
labelled SS resulting in a four-terminal device, such as tiapearing in Fig.
1.15. The source and drain terminals are conndbtedgh metallic contacts to
n-doped regions linked by anchannel as shown in the figure. The gate is also
connected to a metal contact surface but remasdated from then-channel
by a very thin silicon dioxide (Siplayer. SiQ is a particular type of insulator
referred to as alielectric that sets up opposing electric fields within the
dielectric when exposed to an externally appliettfi
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Fig 1.15n-Channel depletion-type MOSFET

The fact that the SiQayer is an insulating layer reveals the followfagt:
There is no direct electrical connection betweer thate terminal and the
channel of a MOSFET.



In addition:

It is the insulating layer of Si@in the MOSFET construction that accounts
for the very desirable high input impedance of tdevice.

In fact, the input resistance of a MOSFET is ofteat of the typical JFET, even
though the input impedance of most JFETs is seffity high for most
applications. The very high input impedance cor@sto fully support the fact
that the gate currentld) is essentially zero amperes for dc-biased
configurations. The reason for the label metal-exsémiconductor FET is now
fairly obvious: metalfor the drain, source, and gate connections tgotheer
surface—in particular, the gate terminal and thetrod to be offered by the
surface area of the contact, tradefor the silicon dioxide insulating layer, and
the semiconductofor the basic structure on which theandp-type regions are
diffused. The insulating layer between the gate endnnel has resulted in
another name for the devidesulated gate FEDr IGFET, although this label
Is used less and less in current literature.

Basic Operation and Characteristics

In Fig. 1.16 the gate-to-source voltage is set ¢pozvolts by the direct

connection from one terminal to the other, and lage Vps is applied across

the drain-to-source terminals. The result is amaetibn for the positive

potential at the drain by tHeee electrons of the-channel and a current similar
to that established through the channel of the JHETact, the resulting current
with VGS =0 V continues to be labelldgss as shown in Fig. 1.17.

‘.

Fig 1.16n-ChannéI depletion-type MOSFET wMGS= 0 V
and an applied voltage



A I, (mA) Al
] e Vie=t+1V
Depletion 10.9 GS
mode Enhancement
mode
______ Ipe —— Vg=0V
Vg =—1V
——————— Tpss _—
2 Vos=-2V
_______ IDSS 1@5=ﬂ’=—1 v
+ —4AV
s T | ” = L
RE =" N 0 Vi
"p Yoo o3y, Vog=Vo=—6V
.

Fig 1.17 Drain and transfer characteristics fonamannel depletion-type
MOSFET

The region of positive gate voltages on the draittansfer characteristics

is often referred to as trenhancement regionvith the region between cut-off
and the saturation level dfssreferred to as thdepletion regionShockley’s
equation is applicable for the depletion-type MO$FREharacteristics in both
the depletion and enhancement regions. For botbrregit is simply necessary
that the proper sign be included witlys in the equation and the sign be
carefully monitored in the mathematical operations.

p-Channel Depletion-Type MOSFET

The construction of @-channel depletion-type MOSFET is exactly the rexers
of that appearing in Fig. 1.15. There ismatype substrate andmtype channel,
as shown in Fig. 1.18(a). The terminals remairdastified, but all the voltage
polarities and the current directions are reverssdshown in the same figure.
The drain characteristics would appear exactlyragig. 1.16 but withVps
having negative valudg having positive values as indicated (since theneaeffi
direction is now reversed), ants having the opposite polarities as shown in
Fig. 1.18(c). The reversal Mgswill result in a mirror image (about thg axis)
for the transfer characteristics as shown in Fig8(). In other words, the
drain current will increase from cut-off ¥igs = Vp in the positiveVgs region to
Ipss and then continue to increase for increasingly tnegavalues ofVgs
Shockley’s equation is still applicable and regsiisemply placing the correct
sign for bothVgsandVe in the equation.



(a) (1)

& Ip(mA)

(c)

Fig 1.18p-Channel depletion-type MOSFET wikthss= 6 mA andVp = -6 V

Symbols

The graphic symbols for an- and p-channel depletion-type MOSFET are
provided in Fig. 1.19. The lack of a direct conrect(due to the gate
insulation) between the gate and channel is repteddy a space between the
gate and the other terminals of the symbol. Theicarline representing the
channel is connected between the drain and soungtasa“‘supported” by the
substrate. Two symbols are provided for each typshannel to reflect the fact
that in some cases the substrate is externallyadaiwhile in others it is not.
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Fig 1.19 Graph-ic symbols for (ajchannel depletion-type MOSFETS
and (b)channel depletion-type MOSFETs

1.6 ENHANCEMENT-TYPE MOSFET

Although there are some similarities in construttend mode of operation
between depletion-type and enhancement-type MOSRE& sharacteristics of
the enhancement-type MOSFET are quite differemhfamything obtained thus
far. The transfer curve is not defined by Shocldegtuation, and the drain
current is now cut off until the gate-to-source tage reaches a specific
maghnitude. In particular, current control in @channel device is now effected
by a positive gate-to-source voltage rather tharéimge of negative voltages
encountered fon-channel JFETs amilchannel depletion-type MOSFETS.

Basic Construction

The basic construction of the-channel enhancement-type MOSFET is
provided in Fig. 1.20. A slab qd-type material is formed from a silicon base
and is again referred to as the substrate. As theghdepletion-type MOSFET,
the substrate is sometimes internally connectadésource terminal, while in
other cases a fourth lead is made available fagreat control of its potential
level. The source and drain terminals are agaimected through metallic
contacts ton-doped regions, but note in Fig. 1.20 the absenca ohannel
between the twam-doped regions. This is the primary difference betwéhe
construction of depletion-type and enhancement-i@&SFETs—the absence
of a channel as a constructed component of theceleVine SiQ layer is still
present to isolate the gate metallic platform fritva region between the drain
and source, but now it is simply separated froractien of thep-type material.



In summary, therefore, theonstruction of an enhancement-type MOSFET is
quite similar to that of the depletion-type MOSFEXcept for the absence
of a channel between the drain and source terminals
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Fig 1.20n-Channel enhancement-type MOSFET

Basic Operation and Characteristics

If Vgsis set at 0 V and a voltage applied between thandnad source of the
device of Fig. 1.20, the absence ofranhannel (with its generous number of
free carriers) will result in a current of effealy zero amperes—quite different
from the depletion-type MOSFET and JFET whiye Ipss It is not sufficient

to have a large accumulation of carriers (elechranshe drain and source (due
to then-doped regions) if a path fails to exist betweentthe With Vps some
positive voltage\Vgsat 0 V, and terminabSdirectly connected to the source,
there are in fact two reverse-biagea junctions between the-doped regions
and thep-substrate to oppose any significant flow betweemndand source.

In Fig. 1.21 bothVps and Vgs have been set at some positive voltage greater
than 0 V, establishing the drain and gate at atigespotential with respect to
the source. The positive potential at the gate pvidlssure the holes (since like
charges repel) in thp-substrate along the edge of the Sli&yer to leave the
area and enter deeper regions of phaubstrate, as shown in the figure. The
result is a depletion region near the Sif@sulating layer void of holes.
However, the electrons in tipesubstrate (the minority carriers of the material)
will be attracted to the positive gate and accumeula the region near the
surface of the SiQlayer. The SiQlayer and its insulating qualities will prevent
the negative carriers from being absorbed at the tgaminal. AsVgsincreases

In magnitude, the concentration of electrons near $iQ surface increases
until eventually the inducech-type region can support a measurable flow
between drain and source. The level \Gfs that results in the significant



increase in drain current is called tiheeshold voltageind is given the symbol
V. On specification sheets it is referred to \asgm,), althoughVr is less
unwieldy and will be used in the analysis to follo®ince the channel is
nonexistent withVgs = 0 V and “enhanced” by the application of a pwositi
gate-to-source voltage, this type of MOSFET is ethlanenhancement-type
MOSFET. Both depletion- and enhancement-type MOSFETs have
enhancement-type regions, but the label was appdigde latter since it is its
only mode of operation.

Electrons attracted to positive gate
(induced n-channel)
. Region depleted of p-type
carriers (holes)

bl o o 2 0 @& o o

N
Insulating layer  Holes repelled
by positive gate

Fig 1.21 Channel formation in tlmechannel enhancement-type MOSFET

As Vgsis increased beyond the threshold level, the dep$ifree carriers in the
induced channel will increase, resulting in an @ased level of drain current.
However, if we hold/gsconstant and increase the leveMgg, the drain current
will eventually reach a saturation level as ocalifieer the JFET and depletion-
type MOSFET. The levelling off df is due to a pinching-off process depicted
by the narrower channel at the drain end of theiged channel as shown in
Fig. 1.22. Applying Kirchhoff's voltage law to theerminal voltages of the
MOSFET of Fig. 1.23, we find that



Fig 1.22 Change in channel and depletion regioh mitreasing level o¥ps for
a fixed value &fgg

If Vgsis held fixed at some value such as 8 V ¥péglis increased from 2 to 5
V, the voltageVps [by Eqg. (1.9)] will drop from -6 to -3 V and the tgawill
become less and less positive with respect to the.dThis reduction in gate-
to-drain voltage will in turn reduce the attractiverces for free carriers
(electrons) in this region of the induced chanmalising a reduction in the
effective channel width. Eventually, the channdl & reduced to the point of
pinch-off and a saturation condition will be esistibd as described earlier for
the JFET and depletion-type MOSFET.
In other words, any further increase\fgs at the fixed value oWVgs will not
affect the saturation level & until breakdown conditions are encountered.
The drain characteristics of Fig. 1.23 reveal thathe device of Fig. 1.22 with
Vss = 8 V, saturation occurred at a level\s = 6 V. In fact, the saturation
level forVpsis related to the level of applidésby

Vpssat= Vs - Vy--=-=-==-=-=-m-mmmmmo- (1.10)

Therefore, for a fixed value &fr, then the higher the level b the more the
saturation level folps, as shown in Fig. 1.22 by the locus of saturalewels.
For the characteristics of Fig. 1.22 the leveVefs 2 V, as revealed by the fact
that the drain current has dropped to 0 mA.

In general, therefore:
For values of \4s less than the threshold level, the drain currenf an
enhancement-type MOSFET is 0 mA.



Fig 1.23 clearly reveals that as the leveMgt increased fromV/; to 8 V, the
resulting saturation level fdg also increased from a level of O to 10 mA. In
addition, it is quite noticeable that the spacingiween the levels o¥gs
increased as the magnitude Ws increased, resulting in ever-increasing
increments in drain current.
For levels ofVgs> Vi, the drain current is related to the applied gatsetorce
voltage by the following nonlinear relationship:

P 7 S —— (1.11)

Again, it is the squared term that results in tbalmear (curved) relationship
betweenlp and Vgs The k term is a constant that is a function of the
construction of the device. The valuekafan be determined from the following
equation [derived from Eq. (1.11)] wheigon) andVsgon) are the values for
each at a particular point on the characteristickedevice.
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Fig 1.23 Drain characteristics of archannel enhancement-type MOSFET with
Vr =2V andk = 0.278x18 A/V?
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Fig 1.24 Transfer characteristics forrmachannel enhancement-type MOSFET
from the drain characteristics

p-Channel Enhancement-Type MOSFETSs

The construction of g-channel enhancement-type MOSFET is exactly the
reverse of that appearing in Fig. 1.20, as showfign1.25(a). There is now an
n-type substrate anp-doped regions under the drain and source connaction
The terminals remain as identified, but all thetagé polarities and the current
directions are reversed. The drain characterisiitisappear as shown in Fig.
1.25(c), with increasing levels of current resutimom increasingly negative
values ofVgs The transfer characteristics will be the mirmmage (about thi,
axis) of the transfer curve of Fig. 1.24, with increasing with increasingly
negative values of/ss beyondVs, as shown in Fig. 1.25(b). Equations (1.9)
through (1.12) are equally applicablegtghannel devices.

(a)
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Fig 1.25p-Channel enhancement-type MOSFET
with Vr =2 V andk = 0.5x16 A/V?

Symbols

The graphic symbols for the andp-channel enhancement-type MOSFETSs are
provided as Fig. 1.26. Again note how the symbojstd reflect the actual
construction of the device. The dashed line betwaen and source was
chosen to reflect the fact that a channel doesrist between the two under
no-bias conditions. It is, in fact, the only dié&ice between the symbols for the
depletion-type and enhancement-type MOSFETSs.

m=Cchaarree | e Charurecl
E=JN -] 0=
—! —J
= I-—-— =L o l._-__ = 5
= — =

Fig 1.26 Symbols for (a)-channel enhancement-type MOSFETs
(mchannel enhancement-type MOSFETs



1.7 CMOS

A very effective logic circuit can be establishgddonstructing g@-channel and

an n-channel MOSFET on the same substrate as showrginlA7. Note the
inducedp-channel on the left and the induce@hannel on the right for the

and n-channel devices, respectively. The configurationraterred to as a
complementary MOSFEdrrangement (CMOS) that has extensive applications
in computer logic design. The relatively high inpofpedance, fast switching
speeds, and lower operating power levels of the SMgOnfiguration have
resulted in a whole new discipline referred taC&40S logic design.

!
5y & T &y .
5
S0,
N N N e

n+ i p ot ol 7 At pt

When "on" When "on"

- J \ AP
¥ v
p-channel MOSFET n-channel MOSFET
n-type substrate
Fig 1.27 CMOS

One very effective use of the complementary arrarege is as an inverter, as
shown in Fig. 1.28. As introduced for switchingisestors, an inverter is a logic
element that “inverts” the applied signal. Thatfighe logic levels of operation
are 0 V (O-state) and 5 V (1-state), an input lefd V will result in an output
level of 5 V, and vice versa. Note in Fig. 1.28tthath gates are connected to
the applied signal and both drain to the outdutThe source of thp-channel
MOSFET Q) is connected directly to the applied voltagg while the source
of the n-channel MOSFET @,) is connected to ground. For the logic levels
defined above, the application of 5 V at the inglubuld result in approximately
0 V at the output. With 5 V &, (with respect to ground\sg - Vi andQ; is
“on,” resulting in a relatively low resistance be®wn drain and source as shown
in Fig. 1.29. SinceV; andVssare at 5 V,Vge - 0 V, which is less than the
requiredVr for the device, resulting in an “off” state. Thesuting resistance
level between drain and source is quite highQeras shown in Fig. 1.29. A
simple application of the voltage-divider rule wilveal that/, is very close to

0 V or the O-state, establishing the desired ingarprocess. For an applied
voltageV; of 0 V (O-state),Vgg - 0 V andQ, will be off with Vs = -5V,
turning on thep-channel MOSFET. The result is th@t will present a small



resistance level); a high resistance, andd = Vss= 5 V (the 1-state). Since the
drain current that flows for either case is limiteg the “off” transistor to the
leakage value, the power dissipated by the dewiegther state is very low.

Vg~ 99
Via —§ Ve 5V
+
) H P BT T * f]eal-:age
] o
H g (hoff R, (lugh)
Py y ol _ e s _
+ ] =
Rl + R}
I_: } hnanni] Ql 0l .-"'.i-_ [ 1.."".‘-."
M s

Fig 1.28 CMOS inverter Fig 1.29 Relatresistance levels forf, =5 V



Chapter 2 BIASING OF BJTS
2.1 INTRODUCTION

The analysis or design of a transistor amplifigurees knowledge of both the
dc and ac response of the system. Too often gsgraed that the transistor is a
magical device that can raise the level of the iadphc input without the
assistance of an external energy source. In agtuétie improved output ac
power level is the result of a transfer of enenpnf the applied dc supplies.
The analysis or design of any electronic amplifigrerefore has two
components: the dc portion and the ac portion.upaitely, the superposition
theorem is applicable and the investigation ofdoeconditions can be totally
separated from the ac response. However, one raaptik mind that during the
design or synthesis stage the choice of paramietetise required dc levels will
affect the ac response, and vice versa.

The dc level of operation of a transistor is coltgb by a number of factors,
including the range of possible operating pointstloa device characteristics.
Once the desired dc current and voltage levels haen defined, a network
must be constructed that will establish the desmgerating point. Each design
will also determine the stability of the systemattls, how sensitive the system
IS to temperature variations.

Basic relationships for a transistor:

VBE = 0.7V = (2 1)
|E= (1+ )IB= IC """""""""""" (22)
IC: IB ------------------------------------ (23)

In most instances the base currgris the first quantity to be determined. Once
Ig is known, the relationships of Eqgs. (2.1) throuBI8) can be applied to find
the remaining quantities of interest.

2.2 OPERATING POINT

The termbiasingappearing in the title of this chapter is an atllusive term for
the application of dc voltages to establish a fixadel of current and voltage.
For transistor amplifiers the resulting dc curremtd voltage establish an
operating pointon the characteristics that define the region twdt be
employed for amplification of the applied signain& the operating point is a
fixed point on the characteristics, it is also edllthe quiescent point
(abbreviatedQ-point). By definition, quiescentmeans quiet, still, inactive.
Figure 1.1 shows a general output device charattenvith four operating
points indicated. The biasing circuit can be desigto set the device operation
at any of these points or others within #otive regionThe maximum ratings
are indicated on the characteristics of Fig. 1.1abworizontal line for the
maximum collector current . and a vertical line at the maximum collector-



to-emitter voltageVcemax The maximum power constraint is defined by the
curve Pcmax IN the same figure. At the lower end of the scadethe cut-off
region, defined bys OpA, and thesaturation regiondefined byWee  Vegsar

AT - (mA)

15

Saturation

10

4Jr| | | |
ol ! 5 10 15 20 Vg (V)
g CE
¥ CE sat Cutoff |
V(Emﬂx

Fig 2.1 Various operating points within the limitsoperation of a transistor

The BJT device could be biased to operate outsidset maximum limits, but
the result of such operation would be either a ic@mable shortening of the
lifetime of the device or destruction of the devi€@onfining ourselves to the
active region, one can select many different operatingasarer points. The
choserQ-point often depends on the intended use of tloaiitir

If no bias were used, the device would initialeydbmpletely off, resulting in a
Q-point atA—namely, zero current through the device (and zettage across
it). Since it is necessary to bias a device soitlan respond to the entire range
of an input signal, poinA would not be suitable. For poifg, if a signal is
applied to the circuit, the device will vary in caint and voltage from operating
point, allowing the device to react to (and possiinplify) both the positive
and negative excursions of the input signal. If thput signal is properly
chosen, the voltage and current of the devicewaity but not enough to drive
the device intocut-off or saturation Point C would allow some positive and
negative variation of the output signal, but thelp®w-peak value would be
limited by the proximity olV¢e = OV/Ic = 0 mA. Operating at poir@ also raises
some concern about the nonlinearities introducedhbyfact that the spacing
betweenlg curves is rapidly changing in this region. In gexheit is preferable



to operate where the gain of the device is faidpstant (or linear) to ensure
that the amplification over the entire swing ofungignal is the same. PoiBt
Is a region of more linear spacing and thereforeenlioear operation, as shown
in Fig. 2.1. PointD sets the device operating point near the maximultay®
and power level. The output voltage swing in theifpege direction is thus
limited if the maximum voltage is not to be excekdeointB therefore seems
the best operating point in terms of linear gaid krgest possible voltage and
current swing. This is usually the desired conditior small-signal amplifiers
but not the case necessarily for power amplifiers.

One other very important biasing factor must besaered. Having selected
and biased the BJT at a desired operating poiatetfect of temperature must
also be taken into account. Temperature causedeiee parameters such as
the transistor current gain ) and the transistor leakage curretgg§) to
change. Higher temperatures result in increasddgacurrents in the device,
thereby changing the operating condition set bybilsing network. The result
Is that the network design must also provide a@egftemperature stabilitgo
that temperature changes result in minimum chamgée operating point. This
maintenance of the operating point can be specified stability factor S
which indicates the degree of change in operatmgtue to a temperature
variation. A highly stable circuit is desirable,dathe stability of a few basic
bias circuits will be compared.

For the BJT to be biased in its linear or activerafing region the following
must be true:
1. The base—emitter junctiormust beforward-biased (p-region voltage
morepositive), with a resulting forward-bias voltageaifout 0.6to 0.7 V.
2. The base—collector junction must be reverse-biageeregion more
positive), with the reverse-bias voltage being arglug within the
maximum limits of the device.

[Note that for forward bias the voltage across phe junction is p-positive,
while for reverse bias it is opposite (reversehwHpositive.]

Operation in the cut-off, saturation, and lineagioes of the BJT characteristic
are provided as follows:

1. Linear-region operation:
Base—emitter junction forward biased
Base—collector junction reverse biased

2. Cut-off-region operation:
Base—emitter junction reverse biased



3. Saturation-region operation:
Base—emitter junction forward biased
Base—collector junction forward biased

2.3 FIXED-BIAS CIRCUIT

The fixed-bias circuit of Fig. 2.2 provides a relaty straightforward and
simple introduction to transistor dc bias analysisen though the network
employs ampntransistor, the equations and calculations applakgwell to a
pnp transistor configuration merely by changing all remt directions and
voltage polarities. The current directions of Fij2 are the actual current
directions, and the voltages are defined by thendstal double-subscript
notation. For the dc analysis the network can bkaied from the indicated ac
levels by replacing the capacitors with an openutirequivalent. In addition,
the dc supplWcc can be separated into two supplies (for analysrpqaes
only) as shown in Fig. 2.3 to permit a separatibmput and output circuits. It
also reduces the linkage between the two to the basentlz. The separation
Is certainly valid, as we note in Fig. 2.3 that is connected directly tB; and
Rcjust as in Fig. 2.2.

ac

‘—o output

i T
C- signal

ac
input © I 2
signal G

Fig 2.2 Fixed-bias circuit



Fig 2.3 dc equivalent of Fig. 2.2
Base-Emitter Loop

Consider first the base—emitter circuit loop of .Fig4. Writing Kirchhoff's
voltage equation in the clockwise direction for tbep, we obtain
+Vce- 1sRe - Vee =0

Solving the equation for the currdgtwill result in the following:
I = (Vee — Vcc)/Rp ----=--=-==-=-=mmmmmmmeee (2.4)

Fig 2.4 Base—emitter loop

Collector—Emitter Loop

Applying Kirchhoff’s voltage law in the clockwiserdction around the
indicated collector — emitter closed loop of Figh @iill result in the following:
Vee+ IcRc - Vee=0



Solving the equation for the voltageawill result in the following:
Vce = Vee - IcRg --=--=-==-==-==-=mm oo (2.5)

Fig 2.5 Collector—emitter loop
Keep in mindJc = lg, Vce =Vc — Vg, Vge = Vg - Ve

Transistor Saturation

The termsaturationis applied to any system where levels have reatheid
maximum values. For a transistor operating in #tarstion region, the current
Is a maximum valudor the particular designChange the design and the
corresponding saturation level may rise or drop. cdtrse, the highest
saturation level is defined by the maximum collectarent as provided by the
specification sheet

Saturation conditions are normally avoided becdhedrase—collector junction
is no longer reverse-biased and the output amglgignal will be distorted.

The resulting saturation current for the fixed-kaasfiguration is

| csat = Veo/Re =---mmm-mmmmmmmmeeee (2.6)
Oncelcsatis known, we have some idea of the maximum passibllector
current for the chosen design and the level to lstdgw if we expect linear

amplification.

Load-Line Analysis

The network of Fig. 2.6(a) establishes an outputaggn that relates the
variabled ¢ andVcg in the following manner:
VCE = Vcc - ICRC ------------------ (27)



The output characteristics of the transistor atdate the same two variablks

andVce as shown in Fig. 2.6(b).
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Fig 2.6 Load-line analysis: (a) the network; (lg ttevice characteristics

The common solution of the two occurs where thesttamts established by
each are satisfied simultaneously. In other wattds, is similar to finding the
solution of two simultaneous equations: one esthbll by the network and the

other by the device characteristics.

The device characteristics kf versusVce are provided in Fig. 2.6(b). We must
now superimpose the straight line defined by Eq7)(®n the characteristics.
The most direct method of plotting Eqg. (2.7) on theput characteristics is to
use the fact that a straight line is defined by psonts.

Ve = Vecelle = 0mA

IC = (VCC/RC)IVCE = 0V == (29)



By joining the two points defined by Egs. (2.8) af®19), the straight line
established by Eq. (2.8) can be drawn. The regultime on the graph of Fig.
2.7 is called théoad linesince it is defined by the load resisiy. By solving
for the resulting level ofg, the actualQ-point can be established as shown in

Fig. 2.7.

___—Load line

N,

~— , ) T
0 = ' — Ve Ver

I-=0ma

Fig 2.7 Fixed-bias load line

2.4 EMITTER-STABILIZED BIAS CIRCUIT

The dc bias network of Fig. 2.8 contains an emitesistor to improve the
stability level over that of the fixed-bias configtion.

0 b

Fig 2.8 BJT bias circuit with emitter resistor



Base—Emitter Loop

The base—emitter loop of the network of Fig. 2.8 ba redrawn as shown in
Fig.2.9. Writing Kirchhoff's voltage law around thedicated loop in the
clockwise direction will result in the following agqtion:

+VCC - IBRB - VBE - IERE =0 - (210)

Fig 2.9 Base—emitter loop

Note that The only difference between this equation faarid that obtained for
the fixed-bias configuration is the term (DRe.

Collector—Emitter Loop

The collector—emitter loop is redrawn. Writing Kitooff's voltage law for the
indicated loop in the clockwise direction will réisin:
+|ERE + VCE + ICRC - VCC =0 - (211)

Substitutingle = |c and grouping terms gives,
VCE = VCC — Ic(RC + RE) ------------------ (212)

Keep in mind,

Ve = leRe

Vc =Vce + VE =Vee = IcRc
Ve =Vge + VE = Vce - IgRs



Improved Bias Stability

The addition of the emitter resistor to the dc biadled BJT provides improved
stability, that is, the dc bias currents and voltages remaiser to where they
were set by the circuit when outside conditionsghsas temperature, and
transistor beta, change.

Saturation Level

The collector saturation level or maximum colleatarrent for an emitter-bias
design can be determined using the same approguledpo the fixed-bias
configuration:

| csat = Vec/(Re + Rg)-----mmmmmmmmmmmmmmmeeeee (2.13)

The addition of the emitter resistor reduces tHiecwr saturation level below
that obtained with a fixed-bias configuration usthg same collector resistor.

Load-Line Analysis

The load-line analysis of the emitter-bias netwigrknly slightly different from
that encountered for the fixed-bias configuration.
The collector—emitter loop equation that definesltad line is the following:

Vce = Vee - Ie(Re + Re) -------m-mm-oo-- (2.14)

The most direct method of plotting Eq. (2.14) oa dutput characteristics is to
use the fact that a straight line is defined by psonts.
VCE = Vccllc = OMA === (215)

IC = Vccl(RC + RE)|VE =0V - (216)
&

Illi-

Fig 2.10 Load line for the emitter-bias configuoati



2.5 VOLTAGE-DIVIDER BIAS

In the previous bias configurations the bias curtggand voltageVceq Were a
function of the current gain ) of the transistor. However, since is
temperature sensitive, especially for silicon trstioss, and the actual value of
beta is usually not well defined, it would be dable to develop a bias circuit
that is less dependent, or in fact, independetiiefransistor beta. The voltage-
divider bias configuration of Fig. 2.11 is such etwork. If analyzed on an
exact basis the sensitivity to changes in betaugegsmall. If the circuit
parameters are properly chosen, the resulting deotlcq and Vegq can be
almost totally independent of beta.

Fig 2.11 Voltage-divider bias configuration

There are two methods that can be applied to amallje voltage-divider
configuration. The first to be demonstrated is &x@act methodhat can be
applied toany voltage-divider configuration. The second is reddrto as the
approximate methodnd can be applied only if specific conditions sa@sfied.

The approximate approach permits a more direclyarsalith a savings in time
and energy.
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Fig 2.12 Defining th&)-point for the voltage-divider bias configuration

Exact Analysis

The input side of the network of Fig. 2.11 can é@rawn as shown in Fig. 2.13
for the dc analysis. The Thévenin equivalent nelkwor the network to the left
of the base terminal can then be found in the Wolg manner:

_ﬁhh' L
Ry
" —— VCC R
Rg
Thévenin

Fig 2.13 Redrawing the input side of the networligf. 2.11
Rin = Ryf| R --rmmmrmmmemmemmmeemmec e (2.17)

Eth = VR2 = VccRQ/(R]_"'Rz) --------------- (218)



Fig 2.14 Inserting the Thévenin equivalent circuit

The Thévenin network is then redrawn as shown ¢ Eil4, andgg can be
determined by first applying Kirchhoff's voltagealan the clockwise direction
for the loop indicated:
Emn - IsRm - Vee- [ERe =0

I.e. IB = (ETh — VBE)/RTh + (1+ )RE """" (219)

Solving for Vg in the collector-emitter loop,
Vce = Vee = le(RetRg)--------mmmmmmmmmmee- (2.20)

Approximate Analysis

The input section of the voltage-divider configimatcan be represented by the
network of Fig. 2.15. The resistanRgs the equivalent resistance between base
and ground for the transistor with an emitter tesiB:. The reflected resistance
between base and emitter is definedRpy ( +1)Re. If R is much larger than
the resistanc®,, the currentiy will be much smaller thai, (current always
seeks the path of least resistance) landll be approximately equal tQ. If we
accept the approximation thiatis essentially zero amperes comparet tur |,
thenl, =1, andR; andR, can be considered series elements.

Jl-l I":_' |_ | §R‘ ﬁll:-k'_.
) § sl
-

Fig 2.15 Partial-bias circuit for calculating thgpaoximate base voltagé




The voltage acrosB,, which is actually the base voltage, can be detedh
using the voltage-divider rule.
VB = Vcchl(R1+R2) -------------------------------- (221)

Since Ri = (+ 1)R: = Rc the condition that will define whether the
approximate approach can be applied will be theviong:

Re  10R, --------mmmmmmmmm oo (2.22)
In other words, if times the value dR: is at least 10 times the valueRf the
approximate approach can be applied with a highhesdegf accuracy.

OnceVg is determined,

VE - VB - VBE ------------------------------------ (2 23)
e = VE/RE ------m—m oo (2.24)
ICQ = IE -------------------------------------------- (225)
Vceq = Vee — Ie(RetRg) -------mmmmmmmmmmmeee- (2.26)

Note in the sequence of calculations from Eq. (RtBibugh Eq. (2.26) that
does not appear arid was not calculated. Th@-point (as determined blyq
andVceo) is therefore independent of the value of

Transistor Saturation

The output collector—emitter circuit for the voleadivider configuration has the
same appearance as the emitter-biased circuit zgthlin Section 2.4. The
resulting equation for the saturation current exéfiore the same as obtained for
the emitter-biased configuration. That is,

| csat = lemax = Vec/(Re + Rg) ------mmmmmmmmmmmmmmmooee e (2.28)

Load-Line Analysis

The similarities with the output circuit of the dtar-biased configuration result
in the same intersections for the load line of\tbkkage-divider configuration.

|c = Vccl(Rc+RE)|VCE=OV --------------------- (229)
Vce = VccllczomA ------------------------------ (230)

The level oflg is of course determined by a different equationtfar voltage-
divider bias and the emitter-bias configurations.



2.6 DC BIAS WITH VOLTAGE FEEDBACK

An improved level of stability can also be obtair®dintroducing a feedback
path from collector to base as shown in Fig. 1Alhough theQ-point is not
totally independent of beta (even under approxinsatalitions), the sensitivity
to changes in beta or temperature variations isnalby less than encountered
for the fixed-bias or emitter-biased configurations

? Vec

{G“
+

—

Fig 2.16 dc bias circuit with voltage feedback

Base—Emitter Loop

Fig 2.17 shows the base—emitter loop for the velteepdback configuration.
Writing Kirchhoff's voltage law around the indicatdoop in the clockwise

direction will result in
Vee—IcRe - 18Rg - Vee - IERe =0

Putting b = Iz and solving ford gives,
lg = (Vec- Vee)/[Re + (Rc+Rg)] --------------------- (2.31)

Voo =

L J

Fig 2.17 Base—emitter loop for the network of FAd.6



Collector—Emitter Loop

The collector—emitter loop for the network of F&J16 is provided in Fig. 2.18.
Applying Kirchhoff's voltage law around the indieat loop in the clockwise
direction will result in

lERE + Ve + IcRc - Vec =0

Since k' = Ic = Iz and solving for g gives,

VCE = VCC - Ic(RC + RE) ------------------------ (232)
which is exactly as obtained for the emitter-biawl avoltage-divider bias
configurations.

r

Fig 2.18 Collector—emitter loop for the networkFad. 2.16

Saturation Conditions

Using the approximatiohi ¢ = Ic, the equation for the saturation current is the
same as obtained for the voltage-divider and erdiies configurations. That
IS,

| csat = lomax = Vec/(Re + Rg) ------mmmmmmmmmmmmmmoeeeee (2.33)

Load-Line Analysis

Continuing with the approximatiolic = Ic will result in the same load line
defined for the voltage-divider and emitter-biasemfigurations. The level of
lsq Will be defined by the chosen bias configuration.



2.7 BIAS STABILIZATION

The stability of a system is a measure of the §eitgi of a network to
variations in its parameters. In any amplifier eoypplg a transistor the collector
currentlc is sensitive to each of the following parameters:

. increases with increase in temperature
|Vee|: decreases about 7.5 mV per degree Celsius (iGeiase in temperature
| co (reverse saturation current): doubles in value fevery 10°C increase in
Temperature

Stability FactorsY(lco), XVse), andy )

A stability factor,S is defined for each of the parameters affectilag btability
as listed below:

S(lco) = | C/ I CO ~~mmmmmmmmmmmmmmmmmmeeeeee (234)
S(VBE) = |c/ VBE ------------------------ (235)
Y T T A — (2.36)

In each case, the delta symbol) (signifies change in that quantity. The
numerator of each equation is the change in colteairrent as established by
the change in the quantity in the denominator. &particular configuration, if
a change irl¢o fails to produce a significant changel the stability factor
defined byS(lco) = I/ Icowill be quite small. In other words:

Networks that are quite stable and relatively ins#ive to temperature
variations have low stability factors.

The higher the stability factor, the more sensititiee network to variations in
that parameter.

S(lco): EMITTER-BIAS CONFIGURATION

For the emitter-bias configuration, an analysithefnetwork will result in

S(lco) = (1+ )[(1+ Re/Re) / {( +1) + Re/Rg}] =-----w---mno- (2.37)
ForRe/Re >> ( +1), Eq. (1.37) will reduce to the following:
S(lco) = (A+ ) —==-m=mmmmmmmmmmmmm oo (2.38)
For Re/Rg <<1,
S(lco) =] (239)

For the range wheregRRe ranges between 1 andHl),
S(Ico) = RB/RE --------------------- (240)



The results reveal that the emitter-bias configonats quite stable when the
ratio Re/Re iIs as small as possible and the least stable wihersame ratio
approaches @1).

Fixed-Bias Configuration

S(lco) = ( F1) mmmmmmmm e (2.41)
The result is a configuration with a poor stabiféigtor and a high sensitivity
to variations ifco.

Voltage-Divider Bias Configuration

S(ICO) = (1+ )[(1+ Rrn/Re) / {( +1) + Rip/Reg}] ---nmemmemmemmees (2.42)

Feedback-Bias Configuration

S(lco) = (1+ )[(1+ Re/Rc) / {( +1) + Re/R}] -mrmemmrmememmmmememence (2.43)

S(Vee): EMITTER-BIAS CONFIGURATION

S(Vee) = - /[Re + (1+ )Re] = -( /Re)/[(Re/Re) + (1+ )] --roreemeemeeee (2.44)

Fixed-Bias Confiquration (R=0 )

S(VBE) = - /RB """"""""""""""""""" (245)

For (1+)>> RB/RE,

S(VBE) = '1/RE """"""""""""""""""" (246)
revealing that the larger the resistafgethe lower the stability factor and the
more stable the system.

S(): EMITTER-BIAS CONFIGURATION

S() =[lci(1+Re/Re) / { 1(1+ »+Re/Rg)}] -------------- (2.46)

The notatiorlic; and 1 is used to define their values under one seetark
conditions, while the notation2 is used to define the new value of beta as
established by such causes as temperature chaaggtjon in for the same
transistor, or a change in transistors.



Fixed-Bias Configuration(R=0 )

O (1 G S A B G — (2.47)

Summary

Now that the three stability factors of importarttave been introduced, the
total effect on the collector current can be deteech using the following
equation:

lc =S(lco) lco+ S(Vee) Vee+S()  ----mm-mmmmmmmmmmmmmmmeee- (2.48)

The equation may initially appear quite complext lbake note that each
component is simply a stability factor for the agaofation multiplied by the
resulting change in a parameter between the teryperamits of interest. In
addition, the I¢ to be determined is simply the changd@nfrom the level at
room temperature.

For instance, if we examine the fixed-bias confaguon, Eq. (2.48) becomes the
following:

lc=(+1) lco+ (- /Re) Vee+ (Ic/ 1)

The effect ofYlco) in the design process is becoming a lesser corirause

of improved manufacturing techniques that contitmu®wer the level of o =
lcgo- It should also be mentioned that for a partictdansistor the variation in
levels oflcgo andVge from one transistor to another in a lot is almasgligible
compared to the variation in beta. In addition, tbgults of the analysis above
support the fact that for a good stabilized design:

The ratio Rs/Re or Ry /Re should be as small as possible with due
consideration to all aspects of the design, incladithe ac response.



Chapter 3 BIASING OF FETS AND MOSFETS

3.1 INTRODUCTION

For thefield-effect transistor (FEJT the relationship between input and output
guantities isnonlineardue to the squared term in Shockley’s equationedin
relationships result in straight lines when plotted a graph of one variable
versus the other, while non-linear functions resulturves as obtained for the
transfer characteristics of a JFET. The non-linetationship betweely, and
Ves can complicate the mathematical approach to thearhlysis of FET
configurations. A graphical approach may limit dmns to tenths-place
accuracy, but it is a quicker method for most FEDEfiers.

Whereas irbipolar junction transistor (BJ) the biasing level can be obtained
using the characteristic equatiovks = 0.7V, lc = g, andl¢ = Ie. The linkage
between input and output variables is provided pwhich is assumed to be
fixed in magnitude for the analysis to be performé&te fact that beta is a
constant establishesliaear relationship betweeh; andlg. Doubling the value
of Iz will double the level of, and so on.

Another distinct difference between the analysiB&T and FET transistors is
that the input controlling variable for a BJT trestsr is a current level, while
for the FET a voltage is the controlling variable.both cases, however, the
controlled variable on the output side is a curdentl that also defines the
important voltage levels of the output circuit.

The general relationships that can be applied & db analysis of all FET
amplifiers are:

For JFETS and depletion-type MOSFETs, Shockley'saggn is applied to
relate the input and output quantities:

lo = Ipsg(1-Veg/Vp)? --mnnmnnmmmmn (3.3)
For enhancement-type MOSFETS, the following equatapplicable:

lp = k(Vgs - V1)? -=mmmmmmmmmmme- (3.4)



3.2 FIXED-BIAS CONFIGURATION

The simplest of biasing arrangements for thehannel JFET appears in Fig.
3.1. The fixed-bias configuration is one of the fEf&T configurations that can
be solved just as directly using either a mathesabtir graphical approach.

The configuration of Fig. 3.1 includes the ac IexglandV, and the coupling
capacitors €; andC,). The coupling capacitors are “open circuits” fbe dc
analysis and low impedances (essentially shortitgcfor the ac analysis. The
resistorR; is present to ensure thdtappears at the input to the FET amplifier
for the ac analysis.

For the dc analysis,

lc = 0A and V¢ = IcRg = (OA)RG =0V

The zero-volt drop acro$&; permits replacinds by a short-circuit equivalent,
as appearing in the network of Fig. 3.2 specificedidrawn for the dc analysis.

I' el Il l‘| |:|

i =

Fig 3.1 Fixed-bias configuration Fig 3.2 Network for dc analysis

The fact that the negative terminal of the battergonnected directly to the
defined positive potential oYgs clearly reveals that the polarity &fgs is
directly opposite to that oVgs. Applying Kirchhoff's voltage law in the
clockwise direction of the indicated loop of F#32 will result in:

Since g is a fixed dc supply, the voltaged\¥s fixed in magnitude, resulting in
the notation “fixed-bias configuration.”



The resulting level of drain curreli is now controlled by Shockley’s equation:
b = Ipsg(1-Ved/ V)

SinceVgsis a fixed quantity for this configuration, its nmafyde and sign can
simply be substituted into Shockley’s equation dne resulting level ofp
calculated.

A graphical analysis would require a plot of Shegid equation as shown in
Fig. 3.3. ChoosingVgs= Vp/2 will result in a drain current ofpsd4 when
plotting the equation. For the analysis of thisptkg the three points defined
by Ipss Vp, and the intersection just described will be sugft for plotting the
curve.

I, (mA)

IDS’S

| | —
Ve Ve 0 P
=

Fig 3.3 Plotting Shockley’s equation

In Fig. 3.4, the fixed level d¥gshas been superimposed as a vertical line at

Vss = Vee. At any point on the vertical line, the level\dfsis -Vsc—the level

of Ip must simply be determined on this vertical lineeTgoint where the two
curves intersect is the common solution to the igomhtion—commonly
referred to as thquiescenbr operating point or Q-point.

A I, (mA)
y
Device \ s
Network ]
O-point
(solution) ~ S IDQ
| | | s
P2 L] Vas

Vosg = — Voo

Fig 3.4 Finding the solution for the fixed-bias figaration



The drain-to-source voltage of the output sectiam loe determined by applying
Kirchhoff's voltage law as follows:
+Vps + IbRp - Vpp = 0

Or, Vps = Vpp — IpRp --=-=-=-==-=-=-=nmmoeeeeee (3.6)
Keep in mindVg = OV ==-----=====mommmmemmmeeeee (3.7)
Vp = Vpg =========mmmmmmmeemeccemeeeee (3.8)
¥ = Vgg =-==-==mmmmmmmmmme oo (3.9)

Since the configuration requires two dc suppliesuse is limited

3.3 SELF-BIAS CONFIGURATION

The self-bias configuration eliminates the need feo dc supplies. The
controlling gate-to-source voltage is now deterdity the voltage across a
resistorRs introduced in the source leg of the configuratierslown in Fig. 3.5.

Yoo

Ing .

K,
D | —
Cs
i
e I >|:/
" by
.
[} 8K
K-
;:.',

Fig 3.5 JFET self-bias configuration

For the dc analysis, the capacitors can againfiaaed by “open circuits” and
the resistoR; replaced by a short-circuit equivalent simge= 0 A. The result is
the network of Fig. 3.6 for the important dc analys



Fig 3.6DC analysis of the self-bias configuration

For the indicated closed loop of Fig. 3.6, we fihdt
VGS = -IDRS """"""""" (310)

Note in this case thafssis a function of the output currehy and not fixed in
magnitude as occurred for the fixed-bias configarat

A ID

IDSS‘

|

|

I

|

LY
GSQ

Ipss Rs
Vos=— —5—

Fig 3.7Sketching the self-bias line

The level ofVps can be determined by applying Kirchhoff's voltageito the
output circuit, with the result that,
Vrs+ Vps+ Vrp - Vpp =0

Or, VDS = VDD - ID(RS - RD) ------------------------- (311)



Keep in mindVs = IpRg -------=--==-===-mmmm oo (3.12)
Vg = OV oo (3.13

3.4 VOLTAGE-DIVIDER BIASING

The voltage-divider bias arrangement applied to Bdmsistor amplifiers is also
applied to FET amplifiers as demonstrated by Fi§. Bhe basic construction is
exactly the same, but the dc analysis of eachite different. | = OA for FET
amplifiers, but the magnitude of for common-emitter BJT amplifiers can
affect the dc levels of current and voltage in b input and output circuits.
Recall thatlz provided the link between input and output circtids the BJT
voltage-divider configuration whileVgs will do the same for the FET
configuration.

The network of Fig. 3.8 is redrawn as shown in Bi§.for the dc analysis.

Note that all the capacitors, including the bypaapacitorCs, have been
replaced by an “open-circuit” equivalent. In aduliti the sourcévpp was
separated into two equivalent sources to permirtaér separation of the input
and output regions of the network.

) L g o I o T,
e Vop ? Voo > Voo

—_—

0 P

Ig=0A
Vie 0 - -»I: Vg - "
+
C
ac =+ VGS‘ — O ;[S
+
EI T F¢ F’RS RS
- - - e N
¥ B

Fig 3.8 Voltage-divider bias arrangement  Fig 3.9 Redrawn network of
Fig.3.8 for dc frses

Sincelg = 0A, Kirchhoff's current law requires thkg = Ir, and the series
equivalent circuit appearing to the left of theufig can be used to find the level
of V. The voltageVg, equal to the voltage acroBs, can be found using the
voltage-divider rule as follows:



VG = VDDR2/R1+R2 --------------------------------- (315)

Applying Kirchhoff's voltage law in the clockwiseirdction to the indicated
loop of Fig. 3.9 will result in

Ve -Ves-Vrs=0
SUbStitUtingVRsz IsRs = IpRs, We have
VGS = VG - IDRS ------------------------------------- (316)

The result is an equation that continues to incltltke same two variables
appearing in Shockley’s equatiovssandlp. The quantitiey/s andRs are fixed

by the network construction. Equation (3.16) i #tie equation for a straight
line. The two points are:

VGS: VG“D = OmA --------------------------- (317)
ID = VG/RS|VGS = 0V -ommmmmmmmmee oo (318)

In=0mA, Vg = by,

=
i} +'Id'_ II'-"

Fig 3.10 Sketching the network equation for theage-divider configuration

Increasing values of R result in lower quiescent values ofyland more
negative values of ¥

Once the quiescent values gfpland \esq are determined, the remaining
network analysis can be performed in the usual manmat is,

VDS = VDD - ID(RD + Rs) """"""""""" (319)
VD = VDD — IDRD """""""""""""""" (320)
VS = IDRS ----------------------------------------- (321)

IRl = |R2 = VDD/R1+R2 -------------------------- (322)



3.5 DEPLETION-TYPE MOSFETSs

The similarities in appearance between the transtewes of JFETs and
depletion-type MOSFETs permit a similar analysiseath in the dc domain.
The primary difference between the two is the fact that depletion-type
MOSFETSs permit operating points with positive valud Vgs and levels olp
that exceeddpss In fact, for all the configurations discussed shiar, the
analysis is the same if the JFET is replaced bypdetion-type MOSFET.

The only undefined part of the analysis is howltd hockley’s equation for
positive values olgs How far into the region of positive values és and
values oflp greater tharpssdoes the transfer curve have to extend? For most
situations, this required range will be fairly welefined by the MOSFET
parameters and the resulting bias line of the nétwo

3.6 ENHANCEMENT-TYPE MOSFETS

The transfer characteristics of the enhancemem-tMOSFET are quite
different from those encountered for the JFET aeplation-type MOSFETS,
resulting in a graphical solution quite differeRirst and foremost, recall that
for the n-channel enhancement-type MOSFET, the drain cunserzero for
levels of gate-to-source voltage less than thestiulel leveNVggm), as shown in
Fig. 3.11.
For levels olVgsgreater thasg), the drain current is defined by

Ip = K[V gs — Vasrhy)? ========m--mmmmmmmmmmeee- (3.23)

A Iy (mA)

= O

Ip=k (Vgs — Vgsn)P

Fig 3.11 Transfer characteristics ofrachannel enhancement-type MOSFET



Since specification sheets typically provide theeshold voltage and a level of
drain current Ip(on)) and its corresponding level ®g4on), two points are
defined immediately as shown in Fig. 3.11. To catgthe curve, the constant
k of Eq. (3.11) must be determined from the spedificasheet data by
substituting into Eq. (3.11) and solving foas follows:

Io = k[Vges— VGS(Thﬂ2
Or, Ipon) = K[Vesony— VGS(Th)]2
k = Inony/ [Vasiony — Vasny]? --mmmsmmmsmmmeemaeen (3.24)
Oncek is defined, other levels &f can be determined for chosen value¥&f
Typically, a point betweeWNggr) and Vegoen) and one just greater thafsgon)

will provide a sufficient number of points to pl&g. (3.11).

FEEDBACK BIASING ARRANGEMENT

A popular biasing arrangement for enhancement-lW@SFETS is provided in
Fig. 3.12. The resistd®s brings a suitably large voltage to the gate toalthe
MOSFET *“on.” Sincelg = 0 mA andVyg = 0 V, the dc equivalent network
appears as shown in Fig. 3.13.

A direct connection now exists between drain artd,gasulting in

VD = VG

o -]
—AAA
g
(5]

p—

i
3D

s X
LT
| 5 = o
-,H - ] L =
Fig 3.12 Feedback biasing arrangement Fig 3.13 DC equivalent of

the network o§F8.12



For the output circuit,
Vs = Vop - IpRp

VGS = VDD - IDRD -------------------------------------- (326)
The two points defining the Eq. (3.26) as a striligle,
Vs = Vop|lp=oma ===============m==mmmmmeee (3.27)
Ib = Voo/Rp|Ves= oy =========m=m==mmmmmeeee (3.28)

The plots defined by Eqgs. (3.23) and (3.26) appeaFig. 6.38 with the
resulting operating point.

tE,

o Vg o Vm

Fig 3.14 Determining th@®-point for the network of Fig. 3.12

VOLTAGE-DIVIDER BIASING ARRANGEMENT

A second popular biasing arrangement for the erdraant-type MOSFET
appears in Fig. 3.15.
The fact thatic = 0 mA results in the following equation fd;g as derived
from an application of the voltage-divider rule:

VG = VDDR2/R1+R2 ----------------------------- (329)

Applying Kirchhoff's voltage law around the indieat loop of Fig. 3.15 will
result in,
+Ve—Ves— Vrs=0

Or,Vgs = Vg — IpRg -========== === - (330)



£,
o Iy

Fig 3.15 Voltage-divider biasing arrangement for an
n<hannel enhancement MOSFET

For the output section:
Vrs +VpstVrp-Vpp = 0
Or,Vps=Vpp — ID(RS + RD) ---------------------------- (331)

Since the characteristics are a plotl®fversusVgs and Eq. (3.30) relates the
same two variables, the two curves can be plottedhe same graph and a
solution determined at their intersection. OhggandVgsgare known, all the
remaining quantities of the network suchvas, Vp, andVscan be determined.



Chapter 4 SMALL SIGNAL ANALYSIS OF BJTS

4.1 INTRODUCTION

A model is the combination of circuit elements, gedy chosen, that best

approximates the actual behavior of a semicondudemice under specific
operating conditions.

Once the ac equivalent circuit has been determthedyraphical symbol of the
device can be replaced in the schematic by thesiitiand the basic methods of
accircuit analysis (mesh analysis, nodal analysig, Thévenin's theorem) can
be applied to determine the response of the circuit

There are two models commonly used in the smafladigac analysis of
transistor networks: the model and the hybrid equivalent model.

4.2 AC EQUIVALENT-CIRCUIT MODEL

| —
R, v | & E :

+ -3 [ |
v, N\, §-‘5£ =,
- = v

Fig 4.1 Transistor circuit

“
d—
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$n :
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o - .
+ "
B, F 5
+ ¥, §H4 l
v, ""u _ =
gl K e - -l- i s

Fig 4.2 The network of Fig. 4.1 following removdltbe dc supply and
insertion of the short-circuit equivalent foetbapacitors

I Traraslng ]
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Fig 4.3 Circuit of Fig. 4.1 redrawn for small-si¢jiaa analysis

In summary, the ac equivalent of a network is otadiby:

1. Setting all dc sources to zero and replacingthg a short-circuit equivalent

2. Replacing all capacitors by a short-circuit @glent

3. Removing all elements bypassed by the shortitiequivalents introduced
by steps 1 and 2

4. Redrawing the network in a more convenient agatchl form



4.3 THE IMPORTANT PARAMETERS: 7Z,. A, Ai

For the two-port (two pairs of terminals) systemFad. 4.4, the input side (the
side to which the signal is normally applied) isthe left and the output side
(where the load is connected) is to the right.

— i
H | :
S T Two-port : S

£, System B
4 e
— i—:z

Fig 4.4 Two-port system
Input Impedance, ;Z
Zi=Villi

Output Impedance,Z
ZO=V0/|0

Voltage Gain, A
A, =VolV,

Current Gain, A

Ai =|0/|i

4.4 THEre TRANSISTOR MODEL

The re model employs a diode and controlled current sotwcduplicate the
behaviour of a transistor in the region of interest



Common Base Configuration

Fig 4.5 Common-base BJT transistor

Fig 4.6re model for the configuration

re=26mvV/ie
The subscripe of re was chosen to emphasize that it is the dc levehofter
current that determines the ac level of the rest&teof the diode of Fig. 4.6.

Substituting the resulting value of in Fig. 4.6 will result in the very useful
model of Fig. 4.7.

Fig. 4.7 Common Baseg equivalent circuit




Zi=Te
Z,= ohm
Ay= RUIre=RIre
A=- =-1

Common Emitter Configquration

Fig 4.8 Common-emitter BJT transistor

Fig 4.9re model for the configuration



Fig 4.10 Common Emitter re equivalent circuit

Z| = RE
Z0 - r0
AV = 'RL/re

4.5 THE HYBRID EQUIVALENT MODEL

The re model for a transistor is sensitive to the dc lesklbperation of the
amplifier. The result is an input resistance thdk vary with the dc operating
point.

For the hybrid equivalent model, the parametersdafmed at an operating
point that may or may not reflect the actual opegatconditions of the

amplifier. This is due to the fact that specifioatisheets cannot provide
parameters for an equivalent circuit at every pmesoperating point. They
must choose operating conditions that they beliegflect the general

characteristics of the device.

The quantitiediie, hre, hfe andhoe are called théybrid parameterand are
the components of a small-signal equivalent circuit



Fig 4.11 Two Port System

Vi=hpli + Vo
Io: h21|i + h22\/0

The parameters relating the four variables areeddilparametersfrom the
word “hybrid.” The termhybrid was chosen because the mixture of variables (
andl ) in each equation results in a “hybrid” set oftaraf measurement for the
h-parameters.

h11 = Villilve=0 = Short-circuit input-impedance parameter

hi, = VilV,|i=o = 0pen-circuit reverse transfer voltage ratio parameer

ho1 = 1/lilve=0 = Short-circuit forward transfer current ratio parame ter

hos = 1o/V olio=0 = Open-circuit output admittance parameter

Fig 4.12 Hybrid Input equivalent circuit



Fig 4.13 Hybrid Output equivalent circuit

Fig 4.14 Complete Hybrid Equivalent Model
Where,
hi; = input resistance = h
hi, = reverse transfer voltage ratio = h

h,, = forward transfer current ratio = h¢
h,, = output conductance =

Common Base Configuration

Fig 4.15 Graphical Symbol



Fig 4.16 Hybrid equivalent circuit

Common Emitter Configuration

Fig 4.17 Graphical Symbol

Fig 4.18 Hybrid equivalent model



Common Emitter (Hybrid vs.imodel)

Common Base (Hybrid vg mode)




4.6 GRAPHICAL DETERMINATION OF THEh-PARAMETERS

Using partial derivatives (calculus), it can bewhdhat the magnitude of the
parameters for the small-signal transistor equivatarcuit in the region of
operation.

For the common-emitter configuration h-parametaas be found using the
following equations:

hie= Vi/ ii = Vbe/ ib = Vbe/ ib|VCE:constant(Ohrns)
hre = Vi/ Vo= Vbe/ Vee = Vbe/ VceIIB:constant(unitless)
hfe = |o/ ii = |c/ ib = ic/ ib|VCE:con3tant(unitless)

Noe= 1o/ Vo= Id Vee= id VcelIB=constant(Oth)

Fig 4.19 k determination



Fig 4.20 R, determination

Fig 4.21 k determination



Fig 4.22 . determination

4.7 COMMON EMITTER FIXED-BIAS CONFIGURATION

Fig. 4.23 Common-emitter fixed-bias configuration



Fig. 4.24 Substituting thiee model into the network of Fig 4.23

Zi=Rgl| re
Zo= Rl
Ay = ~(1o|[Re)/re
Ai= (Re 1o)l((rotRc)(Re+ Te))

4.8 COMMON EMITTER VOLTAGE-DIVIDER BIAS CONFIGURATON

Fig. 4.24 Voltage — divider bias configuration



Fig. 4.25 Substituting thee model into the network of Fig 4.24

Zi = Ri||Ro| e
Zo=1o||Re
Ay = -(1o]|R)/re
Ai= (Rs 1o)/((rotRe)(Re+ re))

4.9 COMMON EMITTER-BIAS CONFIGURATION (UNBYPASSED)

Fig. 4.27 Common Emitter Bias Configuration



Fig. 4.28 Substituting thee model into the network of Fig 4.27

Zi= Rg|| (retRe)
Zo=R;
Ay = -(R)/(re+Re)
Ai=(Re )/(Re+ (retRe))

4.10 COMMON BASE CONFIGURATION

Fig. 4.29 Common Base Configuration



Fig. 4.30 Substituting thee model into the network of Fig 4.29

Zi= Rel|re
Zo=Rc
Ay = R/re
Ai=-1

4.11 COLLECTOR FEEDBACK CONFIGURATION

Fig. 4.31 Collector Feedback Configuration



Fig 4.32 Substituting thee model into the network of Fig 4.31

Zi = 1d(1] +Rc/Rg)
Zo = Rc||Re
Ay = -Rdre
Ai = R/Rc

4.12 APPROXIMATE HYBRID EQUIVALENTCIRCUIT

Fig. 4.33 Approximate Common-Emitter hybrid equerdlcircuit



Fig. 4.34 Approximate Common-Base hybrid equivaterduit

FIXED-BIAS CONFIGURATION

Zi=Rg|[Nhe
Z=R|[(1/he)
Av=-(Nre(Re||(1/hve))) e
Ai=hte




VOLTAGE-DIVIDER BIAS CONFIGURATION

Zi=Rg||he
Z=Rc[|(1/he)
Av=-(Mre(Re||(1/hve))) e
Ai=he

UNBYPASSED EMITTER-BIAS CONFIGURATION

Zi=hiethiRe
2R
A=-(heRe)/(hie+Rehe)
Ai=(hre(Rs||Z))/(hietRehye)




4.14 CASCADED SYSTEMS

The two-port systems approach is particularly usefiucascaded systems such
as that appearing in Fig. 10.35, where Avl,Av2,Aa3d so on, are the voltage
gains of each stage under loaded conditions. Bh#\lis determined with the
input impedance to Av2 acting as the load on Avdr. &v2, Av1 will determine
the signal strength and source impedance at the topAv2.The total gain of
the system is then determined by the product ointieidual gains as follows:

Avt:Avl . sz . AV3 . AV4 ....................

and the total current gain by
= - Arr(Zi/ R)

No matter how perfect the system design, the agpdic of a load to a two-port

system will affect the voltage gain. Therefore,réhés no possibility of a
situation where Avl,Av2, and so on, of Fig. 10.3® aimply the no-load
values. The loading of each succeeding stage neusbitisidered.

Fig. 4.35 Cascaded Systems



CHAPTER 5 SMALL SIGNAL ANALYSIS OF FETS

5.1 INTRODUCTION

Field-effect transistor amplifiers provide an ekeel voltage gain with the
added feature of a high input impedance. They @ @nsidered low-power
consumption configurations with good frequency em@gd minimal size and
weight. Both JFET and depletion MOSFET devices banused to design
amplifiers having similar voltage gains. The deplet MOSFET circuit,
however, has a much higher input impedance thamiias JFET configuration.

While a BJT device controls a large output (cobectcurrent by means of a
relatively small input (base) current, the FET devcontrols an output (drain)
current by means of a small input (gate-voltagd)age. In general, therefore,
the BJT is acurrent-controlleddevice and the FET is woltage-controlled
device. In both cases, however, note that the owpuent is the controlled
variable. Because of the high input characteristi¢-ETs, the ac equivalent
model is somewhat simpler than that employed farsBWhile the BJT had an
amplification factor (beta), the FET has a transconductance faghar,

The FET can be used as a linear amplifier or agitatddevice in logic circuits.
In fact, the enhancement MOSFET is quite populardigital circuitry,
especially in CMOS circuits that require very lowwer consumption. FET
devices are also widely used in high-frequency iagpbns and in buffering
(interfacing) applications.

While the common-source configuration is the mospysar providing an

inverted, amplified signal, one also finds commaakd (source-follower)

circuits providing unity gain with no inversion antbmmon-gate circuits
providing gain with no inversion. As with BJT anfmrs, the important circuit

features described in this chapter include voltggm, input impedance, and
output impedance. Due to the very high input impeéa the input current is
generally assumed to be 0 pA and the current gainiundefined quantity.
While the voltage gain of an FET amplifier is gealgrless than that obtained
using a BJT amplifier, the FET amplifier providesceh higher input impedance
than that of a BJT configuration. Output impedanakies are comparable for
both BJT and FET circuits.

5.2 FET SMALL-SIGNAL MODEL

The ac analysis of an FET configuration requireg #small-signal ac model
for the FET be developed. A major component ofabenodel will reflect the



fact that armac voltage applied to the input g-to-source terminals will contre
the level of currenfrom drain to sourc

The gate-tosource voltage corrols the drain-tosource (channel) current o
an FET.

A dc gate-tosource voltage controlled the level of dc drainrent through
relationship known as Shockley’s equat Io=Ips{VGs-Vp)?

The changein collector current that will result fromchangein gate-to-source
voltage can be determined using the transconduetdactor gm in the
following manner: Ip=gm Vas

The prefixtrans-in the terminology applied tgm reveals that it establishes
relationship between an output and input quy. The root worcconductance
was chosen becaugeis determined by a volta-to-current ratio similar to th

ratio that defines the conductance of aresG=1R=1/Vor, cm= Io/ Ves

5.3. GRAPHICAL DETERMINATION OFgm

y/ x= Ipo/ Vas

5.4AMATHEMATICAL DEFINITION OF gm

gm=2 Ipsd Vp [1-VedVP]



gmoO =2 bsd Vp

1-VedVp]
Impact of I, on gm : gm=gmO[-VsdVp] = gmO( Ip/lpsy

FET Input Impedance zi: Zi(FET)
FET Output Impedance zo: Zo(FET) =

5.4 FET AC EQUIVALENTCIRCUIT

a model for the FET transistor in the ac domain lmamrconstructe The control
of Id by Vgsis included as a current sourgmVgsconnected from dra to
source as shown in Fig. . The current source has its arrow pointing fi
drain to sourcéo establish a 180° phase shift between outpuirgnd voltage:
as willoccur in actual operatic

Fig. 5.1 FET AC Equivalent circt

The input impedance is represented by the opemitciat the input terminal
andthe output impedance by the resisrd from drain to source. Note that t
gate tosource voltage is now represented Vgs (lower-case subscripts) -
distinguish it fromdc levels. In addition, take note of the fact ttiet source i
common to both inpudnd output circuits while the gate and drain teaisrare
only in “touch” through th controlled current sourggmVgs

In situations whered is ignored (assumed sufficiently large to othemaats
of the network to be approximated by an open cir, the equivalent circuit i



simply a current source whose magnitude is comitoly the signal/gs and
parametegm— clearly a voltage-controlled device.

5.5 FIXED BIAS CIRCUIT

Zi=Rg
Zo = Rollry
Av = -gm(Rol|r)




5.6 SELF BIAS CIRCUIT (Unbypassed RS)

Zi=Rg
70 = Ry|ry
Av = -gm(Ro||rs)




5.6 SELF BIAS CIRCUIT (Bypassed Rs)

Zi=Rs
0 =Ry
Av = -gmRy[1+gmRs+(R+Rs)/i)]

5.6 VOLTAGE-DIVIDER CONFIGURATION




Z = R1||R2
Z0 = 1y||Rs
Av = -gm(ry||Ro)

5.7 SOURCE-FOLLOWER (COMMON-DRAIN) CONFIGURATION




Zi = RG
Zo = rd||Rs||1/gm
Av = gm(rd||Rs)/1+gm(rd||RS)

5.8 COMMON-GATE CONFIGURATION

Zi = Rs||[(rd+R)/1+gmRy]
Zo =rd||R
Av = [gmRy+(Rp/rd)]/[1+(Rp/rd)]




Chapter 6 HIGH FREQUENCY RESPONSE OF FETS AND BJTS

6.1 LOW-FREQUENCY RESPONSE — BJT AMPLIFIER

The capacitor€s, CC, andCE will determine the low-frequency response.

Fig. 6.1 Loaded BJT amplifier with capacitors taHect the low-frequency
response

CS:-

Since Cs is normally connected between the applied sourak tae active
device, the general form of thRC configuration is established by the network
of Fig. 7.2. The total resistance is n&s+ Ri.

Fig. 6.2 Determining the effect &fson the low frequency response
fis = 1/2 (Rs+Ri)Cs

At mid or high frequencies, the reactance of th@acdor will be sufficiently
small to permit a short-circuit approximation foetelement. The voltagé
will then be related t&/sby

Vilmid = RiVs/(Ri+Rs)



At fi s, the voltageVi will be 70.7% of the value assuming tlag is the only
capacitive element controlling the low-frequencgpense.

Fig. 6.3 Localized ac equivalent fGs
Ri = R1||R2||Rs
Vi = RiVs/(Rs+Ri-jXCs)
Cec:-

Since the coupling capacitor is normally connedietiveen the output of the
active device and the applied load, fR&€ configuration that determines the
low cut-off frequency due tG¢ appears in Fig. 6.4.

The total series resistance is nBw+ R_and the cut-off frequency due @ is
determined by

f|_c =1/2 (RO+R|_)CC

Fig. 6.5 Localized ac equivalent fG¢ with Vi=0 V

Ignoring the effects o€s and Cg, the output voltag&/o will be 70.7% of its
mid-band value &t . The resulting value for Ro=Rc]||ro



Ce:-

To determin€f g, the network “seen” b¥Cr must be determined as shown in
Fig. 6.6. Once the level &teis established, the cut-off frequency du€tocan
be determined.

Fig. 6.6 Determining the effect &E on the low-frequency response

fLE =1/2 ReC:

Fig. 6.7Localized ac equivalent @
Re = R||(R’s/ +re)
Where, R’s = R1||R2||Rs

Before continuing, keep in mind th@ts Cc, andCg will affect only the low
frequency response. At the mid-band frequency Jewbe short-circuit
equivalents for the capacitors can be insertedhobigh each will affect the gain
Av = VoVi in a similar frequency range, the highest low-freagy cut-off
determined byCs Cc, or Cez will have the greatest impact since it will be the
last encountered before the mid-band level. Ifftequencies are relatively far
apart, the highest cut-off frequency will essehtidetermine the lower cut-off
frequency for the entire system. If there are twonwore “high” cut-off
frequencies, the effect will be to raise the lowat-off frequency and reduce
the resulting bandwidth of the system. In otherdsorthere is an interaction
between capacitive elements that can affect thdtmeg low cut-off frequency.



However, if the cut-off frequencies established bgch capacitor are
sufficiently separated, the effect of one on thHeeotcan be ignored with a high
degree of accuracy.

6.2 LOW-FREQUENCY RESPONSE — FET AMPLIFIER

The analysis of the FET amplifier in the low-freqag region will be quite
similar to that of the BJT amplifier. There are iagdaree capacitors of primary
concernCg, Cc, andCs.

Fig. 6.8 Capacitive elements that affect the loggfrency response of a JFET
amplifier
CG:-

For the coupling capacitor between the source &edattive device, the ac
equivalent network will appear as shown in Fig.. 6[8e cut-off frequency
determined byCg will be

fis = 1/2 (Rsig+Ri)Ca

where, Ri =R



Fig. 6.9 Determining the effect &G on the low-frequency response

CC:-
Fig. 6.10 Determining the effect 6% on the low-frequency response.
f|_C =1/2 (RO"‘RL)CC
Ro = rd||Rp
CS:-

Fig. 6.11 Determining the effect ok@Gn the low-frequency response.
fis = 1/2 ReqCs



Req = R/1+Rg(1+gnrg)/(ra+Rp||RL)

6.3 MILLER EFFECT CAPACITANCE

In the high-frequency region, the capacitive eletsiesf importance are the
interelectrode (between terminals) capacitancesnat to the active device and
the wiring capacitance between leads of the netwidnk large capacitors of the
network that controlled the low-frequency respohage all been replaced by
their short-circuit equivalent due to their verwloeactance levels.

Forinvertingamplifiers (phase shift of 180° between input aatpat resulting

in a negative value foAv), the input and output capacitance is increased by
capacitance level sensitive to the interelectraggacitance between the input
and output terminals of the device and the gaithefamplifier.

Fig. 6.12 Network employed in the derivation ofegjuation for the Miller
input capacitance

Fig. 6.13 Demonstrating the impact of the Millefeet capacitance
In general, therefore, the Miller effect input ceipance is defined by
Cui = (1 AV)C



This shows us that:

For any inverting amplifier, the input capacitancevill be increased by a
Miller effect capacitance sensitive to the gain ofie amplifier and the

interelectrode capacitance connected between thmutrand output terminals
of the active device.

Fig. 6.13 Network employed in the derivation ofezjuation for the Miller
output capacitance

Cwmo = (1- VAV)G



Chapter 7 FEEDBACK AND OSCILLATOR CIRCUITS

7.1 FEEDBACK CONCEPTS

Feedback has been mentioned previously. In paaticééedback was used in
op-amp circuits as described in Chapters 14 and&pending on the relative
polarity of the signal being fed back into a citcwine may have negative or
positive feedback. Negative feedback results inredsed voltage gain, for
which a number of circuit features are improvedw@asmarized below. Positive
feedback drives a circuit into oscillation as imigas types of oscillator circuits.
A typical feedback connection is shown in Fig. 7The input signal, Vs, is
applied to a mixer network, where it is combinedrma feedback signal, ;V
The difference of these signals,, 6 then the input voltage to the amplifier. A
portion of the amplifier output, §/ is connected to the feedback network (
which provides a reduced portion of the outputessiback signal to the input
mixer network. If the feedback signal is of oppesiblarity to the input signal,
as shown in Fig. 7.1, negative feedback resultslémMegative feedback results
in reduced overall voltage gain, a number of improents are obtained, among
them being:

Higher input impedance.
Better stabilized voltage gain.
Improved frequency response.
Lower output impedance.
Reduced noise.

More linear operation.

ok wnNE

Fig. 7.1Simple block diagram of feedback amplifier



7.2 FEEDBACK CONNECTION TYPES

There are four basic ways of connecting the feddlsagnal. Bothvoltageand
current can be fed back to the input eitherseriesor parallel. Specifically,
there can be:

1. Voltage-series feedback (Fig. 7.2a).

2. Voltage-shunt feedback (Fig. 7.2b).

3. Current-series feedback (Fig. 7.2c).

4. Current-shunt feedback (Fig. 7.2d).

In the list aboveyoltagerefers to connecting the output voltage as inptihéo
feedback networkgurrentrefers to tapping off some output current throuug t
feedback networkSeriesrefers to connecting the feedback signal in sevids
the input signal voltageshuntrefers to connecting the feedback signal in shunt
(parallel) with an input current source.

Series feedback connections tendthttreasethe input resistance, while shunt
feedback connections tend decreasehe input resistance. Voltage feedback
tends todecreasethe output impedance, while current feedback tetuds
increase the output impedance. Typically, higher input amveér output
impedances are desired for most cascade ampliBetb. of these are provided
using the voltage-series feedback connection.



Fig. 7.2 Feedback amplifier types: (a) voltageesefeedback, A=V, /V5;
(b) voltage-shunt feedback; AVd/ls;
(c) current-series feedback, Af&Vs;
(d) current-shunt feedback, Af g/ls.

Gain with Feedback

In this section we examine the gain of each offéeelback circuit connections
of Fig. 7.2. The gain without feedback, A, is tloatthe amplifier stage. With
feedback, , the overall gain of the circuit is reduced byaatbr (1+A), as
detailed below. A summary of the gain, feedbackoia@nd gain with feedback
of Fig. 7.2 is provided for reference in Table 7.1.

Table 7.1Summary of Gain, Feedback, and Gain with Feedhack Fig. 7.2



VOLTAGE-SERIES FEEDBACK

Fig 7.2(a) shows the voltage-series feedback cdiomeevith a part of the

output voltage fed back in series with the inpginal, resulting in an overall
gain reduction. If there is no feedback &/0), the voltage gain of the amplifier
stage is

If a feedback signal, Vis connected in series with the input, then

Vi = VS-Vf

Since \b = AV, = A(Vs-Vy) = AVs- AV = AVs-A( Vo)

Then (1+ AV, = AVs

so that the overall voltage gain with feedback is

At =VolVs=Al(1+ A)--------mmmmmmmmmee (7.2)

Equation (7.2) shows that the gain with feedbadhésamplifier gain reduced
by the factor (1+A). This factor will be seen also to affect inputdaoutput
impedance among other circuit features.

VOLTAGE-SHUNT FEEDBACK

The gain with feedback for the network of Fig. B)26
A; = Vo/Vg= Al,/(', + If) = Al,/(', + Vo) = A||/(|| + Al,)
Af= AI(1+ A) - (7.3)

Input Impedance with Feedback

VOLTAGE-SERIES FEEDBACK

A more detailed voltage-series feedback conneaicshown in Fig. 7.3. The
input impedance can be determined as follows:

li = VilZi = (Vs-V))IZ = (Vs Vo)/Zi = (Vs AV))/Z;

IiZi = VS- AV,
Vs=1Z+ AV, =1Z+ AlZ
Zi=Vd li=Zi+ AZi=Zi(1+ A)---------mmmmmmee- (7.4)

The input impedance with series feedback is sedretthe value of the input
iImpedance without feedback multiplied by the fagfior A) and applies to both
voltage- series (Fig. 7.2(a)) and current-serigg. (F2(c)) configurations.



Fig. 7.3 Voltage-Series feedback connection

VOLTAGE-SHUNT FEEDBACK

A more detailed voltage-shunt feedback connectsooshiown in Fig. 7.4. The
input impedance can be determined to be

Fig. 7.4 Voltage-Shunt feedback connection

Zis = Vills = Vil(li+lf) = Vil(li+ Vo)
= (VI )+( VolVi)]
Zii= Z,/(1+ A) --------------------------------------- (75)

This reduced input impedance applies to the volssges connection of Fig.
7.2(a) and the voltage-shunt connection of Fig(bj.2



Output Impedance with Feedback

The output impedance for the connections of Fig.are dependent on whether
voltage or current feedback is used. For voltagédidack, the output impedance
is decreased, while current feedback increasesutpeit impedance.

VOLTAGE-SERIES FEEDBACK

The voltage-series feedback circuit of Fig. 7.3vptes sufficient circuit detall

to determine the output impedance with feedbacle ®utput impedance is
determined by applying a voltage, V, resulting iouwarent, I, with \4 shorted
out (Vs=0). The voltage V is then

V =1Zo+ AV,

ForVs=0,V =-V;

So that, V = 14— AV =1Zo - A( V)

Rewriting the equation as, V AV = 1Z¢

allows solving for the output resistance with fesck

Zot = VI = Zo/(1+ A)-------mmmmmmmmmmmm oo (7.6)

Equation (7.6) shows that with voltage-series fae#flthe output impedance is
reduced from that without feedback by the facter @).

CURRENT-SERIES FEEDBACK

The output impedance with current-series feedbamk lbe determined by
applying a signal Mo the output with Vshorted out, resulting in a curreint
the ratio of V to Ibeing the output impedance. Fig 7.5 shows a motalee
connection with current-series feedback. For thiputupart of a current-series
feedback connection shown in Fig. 7.5, the regultoutput impedance is
determined as follows. With Vs=0,

Fig. 7.5 Current-series feedback connection



Vi = Vf

| =VIZo— AV, =VIZo—-AV; =VIZo—- A |
Zo(14+A )l =V

Zot = VIl = Zo(1+A )---------mmmmmmme- (7.7)

A summary of the effect of feedback on input antpbaotiimpedance is provided
in Table 7.2.

Table 7.2 Effect of Feedback Connection on Inpuat @atput Impedance

Reduction in Frequency Distortion

For a negative-feedback amplifier having>> 1, the gain with feedback is; A
=1/ . It follows from this that if the feedback netwoisk purely resistive; the
gain with feedback is not dependent on frequencgnethough the basic
amplifier gain is frequency dependent. Practicatlye frequency distortion
arising because of varying amplifier gain with fuegcy is considerably
reduced in a negative-voltage feedback amplifierudi.

Reduction in Noise and Nonlinear Distortion

Signal feedback tends to hold down the amount &fensignal (such as power-
supply hum) and nonlinear distortion. The factof (A) reduces both input
noise and resulting nonlinear distortion for coesadble improvement.
However, it should be noted that there is a reducin overall gain (the price
required for the improvement in circuit performandé additional stages are
used to bring the overall gain up to the level mithfeedback, it should be
noted that the extra stage(s) might introduce ashmwise back into the system
as that reduced by the feedback amplifier. Thisolgrm can be somewhat
alleviated by readjusting the gain of the feedbawiplifier circuit to obtain
higher gain while also providing reduced noise aign



Effect of Negative Feedback on Gain and Bandwidth

In Eq. (7.2), the overall gain with negative feethoas shown to be

As long as A>>1, the overall gain is approximately 1We should realize that
for a practical amplifier (for single low- and hiflequency breakpoints) the
open-loop gain drops off at high frequencies dutihéoactive device and circuit
capacitances. Gain may also drop off at low freqiesn for capacitively
coupled amplifier stages. Once the open-loop gadraps low enough and the
factor A is no longer much larger than 1, the conclusibE@. (7.2) that A=
1/ no longer holds true.

Fig 7.6 shows that the amplifier with negative fegck has more bandwidth
(By) than the amplifier without feedback (B). The feadk amplifier has a
higher upper 3-dB frequency and smaller lower 3f@guency.

Fig 7.6 Effect of negative feedback on gain anddvadth

It is interesting to note that the use of feedbadkl|e resulting in a lowering of
voltage gain, has provided an increaseBiand in the upper 3-dB frequency
particularly. In fact, the product of gain and fuegcy remains the same so that
the gain—bandwidth product of the basic ampliferthe same value for the
feedback amplifier.

However, since the feedback amplifier has lowengiie net operation was to
tradegain for bandwidth (we use bandwidth for the uppeB frequency since
typically (f,>>f,).

Gain Stability with Feedback

In addition to the factor setting a precise gain value, we are alserested in
how stable the feedback amplifier is compared taraplifier without feedback.
Differentiating Eq. (7.2) leads to



(AAIA( = [1/ (1+ A)]/ (AAIA)---wmremrememnee- (7.8)
|AAJA = [1/ Al [AAJA], for  A>>Lewmremrmmmmsemeemeeeees (7.9)

This shows that magnitude of the relative changgain |dA/A;| is reduced by
the factor |A| compared to that without feedback (|JdA/A|).

7.3 PRACTICAL FEEDBACK CIRCUITS

Examples of practical feedback circuits will prozid means of demonstrating
the effect feedback has on the various connecyipast This section provides
only a basic introduction to this topic.

Voltage-Series Feedback

Fig 7.7 shows an FET amplifier stage with voltagaes feedback. A part of
the output signal (%) is obtained using a feedback network of resisRirand

R2. The feedback voltage; V6 connected in series with the source signal V
their difference being the input signal Without feedback the amplifier gain is

where R is the parallel combination of resistors:

Fig 7.7FET amplifier stage with voltage-series feedback

Ru = Rol[Rol|(Ri#Rp)---r-mmemmemmemmemmees (7.11)
The feedback network provides a feedback factor of
= Vf/VO = -Rz/(R1+R2) -------------------------- (7 12)

Using the values oA and _ above in Eq. (7.12), we find the gain withateve
feedback to be



Ar = AJ(1+A ) = (-guRL/[L+(RRU(Ri+Ry))GrJ-=------==m===-- (7.13)
If we have A>>1,A;= 1A = -(Rp+Rp)/Rym-rmmrmmmemmmemev (7.14)

Fig 7.8 shows a voltage-series feedback conneasarg an op-amp. The gain
of the op-ampA, without feedback, is reduced by the feedbaclofact
= R2/(R1+R2) ------------------------ (715)

Fig. 7.8 Voltage-series feedback in an op-amp cciore

The emitter-follower circuit of Fig. 7.9 providesltage-series feedback. The
signal voltage, { is the input voltage, vV

Fig. 7.9 Voltage-series feedback circuit (emittelteiwer)

The output voltage, ¥ is also the feeback voltage in series with the input
voltage. The amplifier, as shown in Fig. 7.9, pd®a the operatiomith
feedback. The operation of the circuit without fegck provides V=0, so that

Af = (h‘eRE)/(hie"'hfeRE)

For he>> he,

Af =1



Current-Series Feedback

Another feedback technique is to sample the outputent (0) and return a
proportional voltage in series with the input. Vénhdtabilizing the amplifier
gain, the current- series feedback connection as&® input resistance.

Figure 7.10 shows a single transistor amplifiegsté&ince the emitter of this
stage has an un-bypassed emitter, it effectivedyduarent-series feedback. The
current through resist&RE results in a feedback voltage that opposes theesour
signal applied so that the output voltageis reduced. To remove the current-
series feedback, the emitter resistor must be rerfdfr@oved or bypassed by a
capacitor (as is usually done).

Fig. 7.10 Transistor amplifier with un-bypassed tniresistor RE) for
current- series feedback: (a) amplcircuit; (b) ac equivalent circuit
without feedback.

WITHOUT FEEDBACK

A=1V,= 'he/(hie+RE) ---------------- (7.16)
VP (7.17)
A Y — (7.18)
A~ N — (7.19)
WITH FEEDBACK
Ar= IoVs = AI(LHA ) = -hel(hiet NigRe)-r-mer-m- (7.20)
Zlf = Z|(1+A ) = he+ hfeRE """""""""""""""" (7 21)
Zot = Zo(1+A ) = Re(1+ heRg/hig)--------------------- (7.22)



Voltage-Shunt Feedback

The constant-gain op-amp circuit of Fig. 7.12(apvites voltage-shunt
feedback. Referring to Fig. 7.2(b) and Table 7.d d@he op-amp ideal
characteristics# 0, V;= 0, and voltage gain of infinity, we have
A=VolVi= (7.24)

= 1V o = -1/Rg----=--==-mmmmmm oo (7.25)

The gain with feedback is then,
At = Volls = -Ro-m-==-=mmm e (7.26)

This is a transfer resistance gain. The more ugaia is the voltage gain with
feedback,

Avi = (Vdlg)(IV1) = -Ro/Rym---==mmmmmmmmmmmee oo (7.27)

Figure 7.12 Voltage-shunt negative feedback dmpl(a) constant-gain
circuit;(b) equivalent circu

The circuit of Fig. 7.13 is a voltage-shunt feedbamplifier using an FET with
no feedbackyf=10

A = VolV; = -gnRpRg----------=-====- oo (7.28)
The feedback is,
= IV o = -1/R----mmmmmmmmm oo (7.29)
With feedback, the gain of the circuit is,
A: = Volls = AI(1+A ) = (-gnRpRsRy)/(Rs + gnRpRs)----------- (7.30)

The voltage gain of the circuit with feedback isrth
Avt = (Volg)/(1sVs) = (-gnRbRsRy)/(Ri+gmRpRs)---------------- (7.31)



Fig. 7.13 Voltage-shunt feedback amplifier using=&T: (a) circuit; (b)
equivalent circuit.

7.4 FEEDBACK AMPLIFIER—PHASE AND FREQUENCY
CONSIDERATIONS

So far we have considered the operation of a fegdbenplifier in which the
feedback signal waeppositeto the input signal—negative feedback. In any
practical circuit this condition occurs only forrse mid-frequency range of
operation. We know that an amplifier gain will cganwith frequency,
dropping off at high frequencies from the mid-fregay value. In addition, the
phase shift of an amplifier will also change witbduency.

If, as the frequency increases, the phase shifiggmthen some of the feedback
signal will add to the input signal. It is then possible for thepdifrer to break
into oscillations due to positive feedback. If graplifier oscillates at some low
or high frequency, it is no longer useful as an l#rep Proper feedback-
amplifier design requires that the circuit be stadiiall frequencies, not merely
those in the range of interest. Otherwise, a teartsllisturbance could cause a
seemingly stable amplifier to suddenly start oatiilg.

Nyquist Criterion

In judging the stability of a feedback amplifieg a function of frequency, the
A product and the phase shift between input anguiudre the determining
factors. One of the most popular techniques usadviestigate stability is the
Nyquist method. A Nyquist diagram is used to plaingand phase shift as a
function of frequency on a complex plane. The Nggplot, in effect, combines
the two Bode plots of gain versus frequency andgelshift versus frequency on
a single plot. A Nyquist plot is used to quicklyoshwhether an amplifier is
stable for all frequencies and how stable the dmapis relative to some gain or

phase-shift criteria.



As a start, consider theomplex planeshown in Fig. 7.14. A few points of
various gain (A) values are shown at a few different phase-shiffles. By
using the positive real axis as reference (0°)agmitude of A = 2 is shown at
a phase shift of 0° at point 1. Additionally, a magde of A = 3 at a phase
shift of -135° is shown at point 2 and a magnitptiese of A= 1 at 180° is
shown at point 3. Thus points on this plot cane@spntboth gain magnitude of
A and phase shift. If the points representing gaid phase shift for an
amplifier circuit are plotted at increasing freqognthen a Nyquist plot is
obtained as shown by the plot in Fig. 7.15.
At the origin, the gain is 0 at a frequency of 0r(RGtype coupling). At
increasing frequency, pointfl, f2, andf3 and the phase shift increased, as did
the magnitude of A. At a representative frequen&y, the value ofA is the
vector length from the origin to poift and the phase shift is the angleAt a
frequencyf5, the phase shift is 180°. At higher frequendies,gain is shown to
decrease back to O.

Fig. 7.14 Complex plane showing typical gain-phasiats

Fig. 7.15 Nyquist Plot



The Nyquist criterion for stability can be statedfallows:
The amplifier is unstable if the Nyquist curve f@dtencloses (encircles) the -1
point, and it is stable otherwise.

An example of the Nyquist criterion is demonstrdtgdhe curves in Fig. 7.16.
The Nyquist plot in Fig. 7.16(a) is stable sincdaes not encircle the -1 point,
whereas that shown in Fig. 18.16(b) is unstableesthe curve does encircle the
-1point. Keep in mind that encircling the -1 pomgeans that at a phase shift of
180° the loop gain @) is greater than 1; therefore, the feedback signah
phase with the input and large enough to resudt lerger input signal than that
applied, with the result that oscillation occurs.

Gain and Phase Margins

Fig. 7.16 Nyquist plots showing stability condrig) (a) stable; (b) unstable

From the Nyquist criterion, we know that a feedbachplifier is stable if the

loop gain (A) is less than unity (O dB) when its phase angl&8@°. We can

additionally determine some margins of stability itmlicate how close to
instability the amplifier is. That is, if the ga{nA) is less than unity but, say,
0.95 in value, this would not be as relatively ktads another amplifier having,
say, (A) = 0.7 (both measured at 180°). Of course, angpéfivith loop gains

0.95 and 0.7 are both stable, but one is closendt@ability, if the loop gain

increases, than the other.



7.5 OSCILLATOR OPERATION

The use of positive feedback that results in aldaekl amplifier having closed-
loop gain Af | greater than 1 and satisfies the phase conditaihgesult in
operation as an oscillator circuit. An oscillatarcait then provides a varying
output signal. If the output signal varies sinustligd the circuit is referred to as
asinusoidal oscillator.

If the output voltage rises quickly to one voltdgeel and later drops quickly to
another voltage level, the circuit is generallyere¢d to as gulseor square-
wave oscillator

To understand how a feedback circuit performs agsaillator, consider the
feedback circuit of Fig. 7.18. When the switchleg amplifier input is open, no
oscillation occurs. Consider that we havdictitious voltage at the amplifier
input (V). This results in an output voltage Vo = Aadfter the amplifier stage
and in a voltage M= (AV)) after the feedback stage. Thus, we have a fekdbac
voltage V= AV;, where Ais referred to as thieop gain.If the circuits of the
base amplifier and feedback network provide of a correct magnitude and
phase, Ycan be made equal tq.V

Fig. 7.18 Feedback circuit used as an oscillator

Then, when the switch is closed and fictitious agé \ is removed, the circuit
will continue operating since the feedback voltagesufficient to drive the
amplifier and feedback circuits resulting in a pompput voltage to sustain the
loop operation. The output waveform will still eixafter the switch is closed if
the condition is met. This is known as & khausen criterioffior oscillation.

In reality, no input signal is needed to start theeillator going. Only the
condition A = 1 must be satisfied for self-sustained oscillaido result. In
practice, A is made greater than 1 and the system is starteitlabeg by

amplifying noise voltage, which is always preseBaturation factors in the
practical circuit provide an “average” value & of 1. The resulting waveforms



are never exactly sinusoidal. However, the closervalue A is to exactly 1,
the more nearly sinusoidal is the waveform.

7.6 PHASE-SHIFT OSCILLATOR

An example of an oscillator circuit that followsettbasic development of a
feedback circuit is thphase-shift oscillatorAn idealized version of this circuit

is shown in Fig. 7.20. Recall that the requiremdatsoscillation are that the
loop gain, A, is greater than unitgndthat the phase shift around the feedback
network is 180° (providing positive feedback). hretpresent idealization, we
are considering the feedback network to be driveralperfect source (zero
source impedance) and the output of the feedbagkone to be connected into

a perfect load (infinite load impedance).

Fig. 7.20 Idealized Phase-Shift Oscillator

Concentrating our attention on the phase-shift agtywve are interested in the
attenuation of the network at the frequency at Whie phase shift is exactly
180°. Using classical network analysis, we find tha

and the phase shift is 180°.
For the loop gain A to be greater than unity, the gain of the amplifg&age
must be greater than 1ér 29:

When considering the operation of the feedback odtwone might naively
select the values & andC to provide (at a specific frequency) 60°-phasetshif
per section for three sections, resulting in a 1j8@dse shift, as desired. This,
however, is not the case, since each section oR@m the feedback network



loads down the previous one. The net result tratatal phase shift be 180° is
all that is important.

The frequency given by Eq. (7.33) is that at whinhtotal phase shift is 180°.

If one measured the phase shift P& section, each section would not provide
the same phase shift (although the overall phafesi80°). If it were desired
to obtain exactly a 60° phase shift for each aé¢hstages, then emitter-follower
stages would be needed for e&@ section to prevent each from being loaded
from the following circuit.

FET Phase-Shift Oscillator

A practical version of a phase-shift oscillatorcait is shown in Fig. 7.21(a).
The circuit is drawn to show clearly the amplifeand feedback network. The
amplifier stage is self-biased with a capacitordsged source resistBg and a
drain bias resistoR,. The FET device parameters of interest gyeand ry.
From FET amplifier theory, the amplifier gain mamuie is calculated from

|A| = gnRy-----==-========mmmeme-- (7.36)

We shall assume as a very good approximation tigainjput impedance of the
FET amplifier stage is infinite. This assumptiorvadid as long as the oscillator
operating frequency is low enough so that FET ddpadmpedances can be
neglected. The output impedance of the amplifiegetgiven byR_should also
be small compared to the impedance seen lookingtimg feedback network so
that no attenuation due to loading occurs. In practhese considerations are
not always negligible, and the amplifier stage gaithen selected somewhat
larger than the needed factor of 29 to assurelasxilaction.

Fig. 7.21 Practical phase-shift oscillator circufey FET version; (b) BJT
version.



Transistor Phase-Shift Oscillator

If a transistor is used as the active element efamplifier stage, the output of
the feedback network is loaded appreciably by temtively low input
resistance h) of the transistor. Of course, an emitter-followaput stage
followed by a common-emitter amplifier stage coddd used. If a single
transistor stage is desired, however, the use thg®shunt feedback (as
shown in Fig. 7.21(b) is more suitable. In this mection, the feedback signal is
coupled through the feedback resid®nn serieswith the amplifier stage input
resistanceR). Analysis of the ac circuit provides the follogiequation for the
resulting oscillator frequency:

f = (1/2 RC)[1/(6+4(R/R))*---------mmmmmm- (7.38)

For the loop gain to be greater than unity, theliregqnent on the current gain of
the transistor is found to be

hee > 23+29(R/R)+4(R/R)--------=--==-=----- (7.39)

IC Phase-Shift Oscillator

As IC circuits have become more popular, they Haeen adapted to operate in
oscillator circuits. One need buy only an op-ammlbtain an amplifier circuit
of stabilized gain setting and incorporate some nueaf signal feedback to
produce an oscillator circuit. For example, a pketsé oscillator is shown in
Fig. 7.22. The output of the op-amp is fed to &ehstagdRC network, which
provides the needed 180° of phase shift (at amw@dteon factor of 1/29). If the
op-amp provides gain (set by resist®andR;) of greater than 29, a loop gain
greater than unity results and the circuit actsaas oscillator [oscillator
frequency is given by Eq. (7.33).

Fig. 7.22 Phase-shift oscillator using op-amp



7.7 WIEN BRIDGE OSCILLATOR

A practical oscillator circuit uses an op-amp &R@ bridge circuit, with the
oscillator frequency set by tlieand C components. Figure 7.23 shows a basic
version of a Wien bridge oscillator circuit. Noteetbasic bridge connection.
ResistorsR; and R, and capacitor€; and C, form the frequency-adjustment
elements, while resisto® andR, form part of the feedback path. The op-amp
output is connected as the bridge input at poantendc. The bridge circuit
output at point® andd is the input to the op-amp.

Fig. 7.23Wien bridge oscillator circuit using op-amp amifi

Neglecting loading effects of the op-amp input andput impedances, the
analysis of the bridge circuit results in

If, in particular, the values af®=R,=R and C,=C,= C, the resulting oscillator
frequency is

fo = 1/2 RC ----mmmmmmm oo (7.42)

and R/Ry = 2---=====—mmm e (7.43)

Thus a ratio oR; to R, greater than 2 will provide sufficient loop gamor the
circuit to oscillate at the frequency calculatethg€q. (7.42).



7.8 CRYSTAL OSCILLATOR

A crystal oscillator is basically a tuned-circugailator using a piezoelectric
crystal as a resonant tank circuit. The crystaldllg quartz) has a greater
stability in holding constant at whatever frequettoy crystal is originally cut to

operate. Crystal oscillators are used whenevet gtahility is required, such as
iIn communication transmitters and receivers.

Characteristics of a Quartz Crystal

A quartz crystal (one of a number of crystal typeshibits the property that
when mechanical stress is applied across the td#dée crystal, a difference of
potential develops across opposite faces of th&talryT his property of a crystal
Is called thepiezoelectric effectSimilarly, a voltage applied across one set of
faces of the crystal causes mechanical distortighe crystal shape.

When alternating voltage is applied to a crystachanical vibrations are set
up—these vibrations having a natural resonant &rqy dependent on the
crystal.

Although the crystal has electromechanical resomam@ can represent the
crystal action by an equivalent electrical resor@amuit as shown in Fig. 18.31.
The inductorl. and capacitoC represent electrical equivalents of crystal mass
and compliance, while resistanéeis an electrical equivalent of the crystal
structure’s internal friction. The shunt capacian€y, represents the
capacitance due to mechanical mounting of the a@ky&ecause the crystal
losses, represented By are small, the equivalent crystal(quality factor) is
high—typically 20,000. Values & up to almost 106 can be achieved by using
crystals. The crystal as represented by the emnvadlectrical circuit of Fig.
7.31 can have two resonant frequencies. One resaoadition occurs when
the reactances of the serRksCleg are equal (and opposite). For this condition,
the series-resonantmpedance is very low (equal #®). The other resonant
condition occurs at a higher frequency when theteze of the series-resonant
leg equals the reactance of capaci@jy. This is a parallel resonance or
antiresonance condition of the crystal. At thisgtrency, the crystal offers a
very high impedance to the external circuit.



Fig. 7.31 Electrical equivalent circuit of a cryista
The impedance versus frequency of the crystalasvahin Fig. 7.32. In order to
use the crystal properly, it must be connected inirauit so that its low

iImpedance in the series- resonant operating mod@gbrimpedance in the anti-
resonant operating mode is selected.

Fig 7.32 Crystal impedance versus frequency

Crystal Oscillator

An op-amp can be used in a crystal oscillator asvehn Fig. 7.36. The crystal
IS connected in the series-resonant path and @sewdt the crystal series-
resonant frequency. The present circuit has a ¢yegh so that an output square-
wave signal results as shown in the figure. A piZener diodes is shown at
the output to provide output amplitude at exadily Zener voltages).

Fig. 7.36 Crystal Oscillator using opamp



Chapter 8 OPERATIONAL AMPLIFIER

8.1 IDEAL OP-AMP

Properties of Ideal Op-amp:

1. Infinite Open Loop Voltage Gain
Ay =Vo/V2-V1=

2. Infinte Input Impedance
Zi =

3. Zero Output Impedance
Z0=0

4. Infinite Bandwidth
BW =

5. Zero Offset

6. Infinite CMRR
CMRR = AJA=

7. Infinity Slew-Rate

SR = dVo/dt =

8.2 OP-AMP PARAMETERS

1. Common Mode Rejection Ratio (CMRR)

It is the ratio of differential gain to the commomode gain.
CMRR = Ad/Ac
CMRRdb = 20log [Ad/Ac]



We can express the output voltage in terms of #leevof CMRR as
follows:
Vo = AdVd(1+1/CMRR*Vc/Vd)

2. Slew-Rate (SR)
It is the maximum rate at which amplifier outpunhazhange in volts
per microsecond (V/ us). It is the maximum ratecbnge of o/p
voltage for all possible i/p signals.
SR = dVo/dt V/us = 2fmax(Vo)nax

8.3 NON-INVERTING CONFIGURATIONS

Inverting Amplifier—

The most widely used constant-gain amplifier cirasi the inverting
amplifier.

Here, V1 (or input signal) is connected to the nting terminal or the —
ve terminal. The output is obtained by multiplyithg input by a fixed or
constant gain, set by the input resistétl) and feedback resistor
(Rf).This output also being inverted from the inptitsimore widely used
because it has better frequency stability.

It is a Transresistance amplifier or (I to V corteey.

Vo = - (Rf/R1) V1



Non-Inverting Amplifier—

Here, the V1 (or input signal) is connected to rib@-inverting terminal
or the +ve terminal. It is a Voltage amplifier & 10 V converter).

Vo = (1+RfIR1) V1

Unity Follower Amplifier—

It is otherwise known as Buffer circuit or Voltag@lower circuit. The

unity-follower circuit, as shown in the below figyrprovides a gain of
unity (1) with no polarity or phase reversal. Frdme circuit it is clear
that the output is of the same polarity and magieitas the input. The
circuit operates like an emitter- or source-followacuit except that the
gain is exactly unity.

Vo =V1



Summing Amplifier—

It is the most used of the op-amp circuits. Theowetircuit shows a
three-input summing amplifier circuit, which proe&l a means of
algebraically summing (adding) three voltages, eaufitiplied by a
constant-gain factor. Here, each input adds a geltsoo the output
multiplied by its separate constant- gain multipli# more inputs are
used, they each add an additional component toutpait.

Vo = - (Rf/R1 x V1 + Rf/IR2 x V2 + Rf/R3 x V3)

Integrator—

So far, the input and feedback components have tesgstors. But here,
the feedback component used is a capacitor, asrshofigure below.
The resulting connection is called an integrator

Vo(t) = - 1/RC



Differentiator—

A differentiator circuit is shown in figure. Whileot as useful as the
circuit forms covered above, the differentiator slgeovide a useful

operation.

Vo(t) = -RC dV1(t)/dt



Chapter9 POWER AMPLIFIER

9.1 INTRODUCTION—DEFINITIONS AND AMPLIFIER TYPES

Large-signal or power amplifiers, on the other handnarily provide sufficient
power to an output load to drive a speaker or offeaver device, typically a
few watts to tens of watts. we concentrate on tlaselifier circuits used to
handle large-voltage signals at moderate to highreatl levels. The main
features of a large-signal amplifier are the ct’'supower efficiency, the
maximum amount of power that the circuit is capatiehandling, and the
impedance matching to the output device. One metlsetl to categorize
amplifiers is by class. Basically, amplifier classepresent the amount the
output signal varies over one cycle of operatiaref€ull cycle of input signal.

CLASS-A AMPLIFIER : The output signal varies for a full 360° of thele.
Fig. 9.1(a) shows that this requires (point to be biased at a level so that at
least half the signal swing of the output may wgoyand down without going to
a high-enough voltage to be limited by the supplifage level or too low to
approach the lower supply level, or 0 V in thisatgsion.

Fig. 9.1(a) Class A Amplifier

CLASS-B AMPLIFIER : A class B circuit provides an output signal varying
over one-half the input signal cycle, or for 18G°sgynal, as shown in Fig.
9.1(b). The dc bias point for class B is therefar® V, with the output then
varying from this bias point for a half cycle. Obusly, the output is not a
faithful reproduction of the input if only one halfcle is present. Two class B
operations—one to provide output on the positivipouhalf-cycle and another



to provide operation on the negative-output hatflteyare necessary. The
combined half-cycles then provide an output foulh 360° of operation. This
type of connection is referred to as push-pull apen, which is discussed later
in this chapter. Note that class B operation bglftsreates a very distorted
output signal since reproduction of the input tgilase for only 180° of

the output signal swing.

Fig. 9.1(b) Class B Amplifier

CLASS-AB AMPLIFIER : An amplifier may be biased at a dc level above the
zero base current level of class B and above olig¢Hgasupply voltage level of
class A, this bias condition is class AB. Class Aperation still requires a
push-pull connection to achieve a full output cydbat the dc bias level is
usually closer to the zero base current level feitdb power efficiency, as
described shortly. For class AB operation, the outpignal swing occurs
between 180° and 360° and is neither class A ramsdB operation.

CLASS D AMPLIFIER : This operating class is a form of amplifier oprena
using pulse (digital) signals, which are on forhers interval and off for a
longer interval. Using digital techniques makesassible to obtain a signal that
varies over the full cycle (using sample-and-hoictuwtry) to recreate the
output from many pieces of input signal.

The major advantage of class D operation is thatammplifier is on (using
power) only for short intervals and the overali@éincy can practically be very
high.

l. SERIES-FED CLASS A AMPLIFIER

The simple fixed-bias circuit connection shown ig.F.2 can be used to
discuss the main features of a class A series+fgdiier. The only differences

between this circuit and the small-signal versionsidered previously is that
the signals handled by the large-signal circuitiarthe range of volts and the
transistor used is a power transistor that is dapafboperating in the range of a



few to tens of watts. As will be shown in this s&cf this circuit is not the best
to use as a large-signal amplifier because ofats power efficiency. The beta
of a power transistor is generally less than 16@, dverall amplifier circuit
using power transistors that are capable of hagdimge power or current
while not providing much voltage gain.

Fig. 9.2 Series-fed class A large-signal amplifier

DC Bias Operation :

The dc bias set by and R fixes the dc base-bias current at
lg=(Vcc -0.7V) | Rg ------------- (9.1)

with the collector current then being

IC: ||3 -------------------------------- (92)

To appreciate the importance of the dc bias onaberation of the power
amplifier, consider the collector characteristiowh in Fig. 9.3. An ac load line
Is drawn using the values ¥ICCandRC. The intersection of the dc bias value
of IB with the dc load line then determines the opergbioigt (Q-point) for the
circuit. The quiescent point values are those ¢afed using Eqgs. (9.1) through
(9.3). If the dc bias collector current is set ag-dalf the possible signal swing
(between 0 an&CCRCO), the largest collector current swing will be pbhs
Additionally, if the quiescent collector—emitter ltage is set at one-half the
supply voltage, the largest voltage swing will lwsgble. With theQ-point set
at this optimum bias point, the power consideratitor the circuit of Fig. 9.2
are determined as described below.



Fig. 9.3 Transistor characteristic showing loae lamd Q-point

AC Operation

When an input ac signal is applied to the amplifieFig. 9.2, the output will
vary from its dc bias operating voltage and curtréntsmall input signal, as
shown in Fig. 9.4, will cause the base currentdoy\above and below the dc
bias point, which will then cause the collectorreut (output) to vary from the
dc bias point set as well as the collector—-emittdtage to vary around its dc
bias value. As the input signal is made larger, abogut will vary further
around the established dc bias point until eitley ¢turrent or the voltage
reaches a limiting condition. For the current thngting condition is either zero
current at the low end ord¢/R¢ at the high end of its swing. For the collector—
emitter voltage, the limit is either O V or the plipvoltage, \&c.

Fig. 9.4  Amplifier input and output signal \etron



Power Considerations

The power into an amplifier is provided by the dypjaVith no input signal, the
dc current drawn is the collector bias currég$, The power then drawn from
the supply is

P.(dc)=Vccl cg------------ (9.4)

Even with an ac signal applied, the average curdeatvn from the supply
remains the same, so that Eqg. (9.4) representsple power supplied to the
class A series-fed amplifier.

OUTPUT POWER

The output voltage and current varying around tlas point provide ac power
to the load. This ac power is delivered to the Jd&d in the circuit of Fig. 9.2.
The ac signal, V causes the base current to vary around the dochraent and
the collector current around its quiescent lewg}), As shown in Fig. 9.4, the ac
input signal results in ac current and ac voltageals. The larger the input
signal, the larger the output swing, up to the mmaxn set by the circuit. The ac
power delivered to the load {Rcan be expressed in a number of ways.

Using rms signals:The ac power delivered to the load:JRnay be expressed
using

Po (ac)= Vee(rms)le(rms)------------------==---=----- (9.5a)
Po(ac) = Fe(rMS)Ro-mmmmnmmmmmmmmmmmmemmmmemmm e (9.5b)
Po(ac) = VPo(fMS)/Rem--mnmmmmmmmmmmmmmmm e (9.5c)
Using peak signalsThe ac power delivered to the load may be expressied
Po(ac) = Vee(p)lc(p)/2------==-m=mmmmmmmmmmmmmo e (9.6a)
Po(ac) = Pe(p)/Rgm-m--=mmm=mmmemmremmmmm e (9.6b)
N G Y (3) 7 D (9.6¢)

Using peak-to-peak signals:The ac power delivered to the load may be
expressed using

Po(ac) = Vee(p-p)lc(p-p)/8-------======m==mmmmmmmmmoonee e (9.7a)

B(ac) = Fo(p-p)/BRe----nmmrmmmemmmemmmeem e (9.7b)

B(ac) = Vioe(p-p)/BRe------nmmrmmmrmmmemmeemmmem e (9.7¢)
Efficiency

The efficiency of an amplifier represents the anmoohac power delivered
(transferred) from the dc source. The efficiencytted amplifier is calculated
using

% = Po(ac)/R(dc) X 100%0-----=-=======mmmmmmmmmm oo (9.8)



MAXIMUM EFFICIENCY

For the class A series-fed amplifier, the maximudfitiency can be determined
using the maximum voltage and current swings. Rewbltage swing it is
maximum \eg(p-p) =Vec
For the current swing it is
maximum k(p-p) = VedRc
Using the maximum voltage swing in Eq. (9.7a) yseld
maximum Po(ac) = ¥«(Vcd/Re)/8 = VAed/8Re
The maximum power input can be calculated usingdihdias current set to
one-half the maximum value:
maximum Rdc) =Vee(maximum E)=Vceo(VecRe)/2=Ved2Re
We can then use Eq. (9.8) to calculate the maximfiiciency:
maximum % = maximum B(ac)/maximum Rdc)x100%
= (Rd/8RL)/(V2cd/2Rc)x100% = 25%

The maximum efficiency of a class A series-fed afigplis thus seen to be
25%. Since this maximum efficiency will occur orfigr ideal conditions of
both voltage swing and current swing, most semels-¢ircuits will provide
efficiencies of much less than 25%.

9.2TRANSFORMER-COUPLED CLASS A AMPLIFIER

A form of class A amplifier having maximum efficen of 50% uses a
transformer to couple the output signal to the laadhown in Fig. 9.6. This is a
simple circuit form to use in presenting a few baincepts. Since the circuit
uses a transformer to step voltage or currentyveeweof voltage and current
step-up and step-down is presented.

Fig 9.6: Transformer-coupled audio power amplifier



Transformer Action

A transformer can increase or decrease voltagaroemt levels according to the

turns ratio, as explained below. In addition, thgedance connected to one
side of a transformer can be made to appear ddlgr or smaller (step up or

step down) at the other side of the transformepedding on the square of the
transformer winding turns ratio. The following dission assumes ideal (100%)
power transfer from primary to secondary, that n®, power losses are

considered.

VOLTAGE TRANSFORMATION

As shown in Fig. 9.7a, the transformer can stepoustep down a voltage
applied to one side directly as the ratio of thmg$u(or number of windings) on
each side. The voltage transformation is given by

V2/V1 = Nz/Nl ---------------------------------------- (99)

Equation (9.9) shows that if the number of turnsvwé on the secondary side is
larger than on the primary, the voltage at the seéany side is larger than the
voltage at the primary side

CURRENT TRANSFORMATION

The current in the secondary winding is inversetypprtional to the number of
turns in the windings. The current transformat®given by
|2/|1 = N1/N2 """""""""""""""""""""" (910)

Fig 9.7 Transformer operation: (a) voltage transiation; (b) current
transformation; (c) impedance transiation



This relationship is shown in Fig. 9.7b. If the rhen of turns of wire on the
secondary is greater than that on the primarysdoendary current will be less
than the current in the primary.

IMPEDANCE TRANSFORMATION

Since the voltage and current can be changed bgnaformer, an impedance
seen from either side (primary or secondary) can be changed. As shown in
Fig. 9.7c, an impedance & connected across the transformer secondary. This
impedance is changed by the transformer when viestethe primary side
(R’\). This can be shown as follows:

RU/R’L = R/R; = (No/Ny)?

If we define a =lWN,, where a is the turns ratio of the transformes,ahove
equation becomes,

R'U/RL = RY/R; = (Ny/N2)? = & --mmmmmmmmmmmmmmeeeeeeeeeeeeee (9.11)
We can express the load resistance reflected toritmary side as:
R; = &R; OF R = @R -------=n=mmmmmmmmmmmmmemmmmme e (9.12)

where R| is the reflected impedance. As shown in Eq. (9.12} reflected
impedance is related directly to the square ofttines ratio. If the number of
turns of the secondary is smaller than that ofphmary, the impedance seen
looking into the primary is larger than that of $econdary by the square of the
turns ratio.

Operation of Amplifier Stage

DC LOAD LINE

The transformer (dc) winding resistance determities dc load line for the
circuit of Fig. 9.6. Typically, this dc resistante small (ideally 0 ) and, as
shown in Fig. 9.8, a 0- dc load line is a straight vertical line. A praeli
transformer winding resistance would be a few ohiog, only the ideal case
will be considered in this discussion. There igdoo/oltage drop across the 0-
dc load resistance, and the load line is drawngstraertically from the voltage
pOint, VCEQ =Vcc.



Fig 9.8 Load lines for class A transformer-coupdaablifier

QUIESCENT OPERATING POINT

The operating point in the characteristic curveFgd. 9.8 can be obtained
graphically at the point of intersection of theldad line and the base current
set by the circuit. The collector quiescent curiart then be obtained from the
operating point. In class A operation, keep in ntimat the dc bias point sets the
conditions for the maximum undistorted signal swiagboth collector current
and collector—emitter voltage. If the input sigpabduces a voltage swing less
than the maximum possible, the efficiency of threwdt at that time will be less
than 25%. The dc bias point is therefore importargetting the operation of a
class A series-fed amplifier.

AC LOAD LINE

To carry out ac analysis, it is necessary to cateuhe ac load resistance “seen”
looking into the primary side of the transformdren draw the ac load line on
the collector characteristic. The reflected loadistance (R’L) is calculated
using Eq. (9.12) using the value of the load coteteacross the secondary JR
and the turns ratio of the transformer. The graghanalysis technique then
proceeds as follows. Draw the ac load line so thgtasses through the
operating point and has a slope equal to {1(Rie reflected load resistance),
the load line slope being the negative reciprot#he ac load resistance. Notice
that the ac load line shows that the output sigmahg can exceed the value of
Vce. In fact, the voltage developed across



the transformer primary can be quite large. It heréfore necessary after
obtaining the ac load line to check that the pdesioltage swing does not
exceed transistor maximum ratings.

SIGNAL SWING AND OUTPUT AC POWER

Fig 9.9 shows the voltage and current signal swiraga the circuit of Fig. 9.6.
From the signal variations shown in Fig. 9.9, th&ues of the peak-to-peak
signal swings are

Vce(p-p) = Vee max — \eg min

lc(P-p) = k max — £ min

The ac power developed across the transformer pyican then be calculated
using
Po(ac) = [(Vce max — \eg min)( Ic max — k£ min)}/8------------- (9.13)

The ac power calculated is that developed acr@sprimary of the transformer.
Assuming an ideal transformer (a highly efficieranisformer has an efficiency
of well over 90%), the power delivered by the selmog to the load is
approximately that calculated using Eqg. (9.13). ®bgput ac power can also be
determined using the voltage delivered to the load.

Fig 9.9: Graphical operation of transformer-coupteass A amplifier

For the ideal transformer, the voltage deliveredht® load can be calculated
using Eq. (9.9):

V|_ = V2 = (Nz/Nl)V]_

The power across the load can then be expressed as

P. = V2 (rms)/R



and equals the power calculated using Eq. (9.5c).
Using Eq. (9.10) to calculate the load currentdsel
IL =12 = (NJ/N2)lc

with the output ac power then calculated using
P.= A (rms)R.

Efficiency

So far we have considered calculating the ac paleévered to the load. We
next consider the input power from the battery, @oWsses in the amplifier,
and the overall power efficiency of the transforroeupled class A amplifier.
The input (dc) power obtained from the supply iewaated from the supply dc
voltage and the average power drawn from the supply
P.(dc) = Vecleo

For the transformer-coupled amplifier, the powessghated by the transformer
Is small (due to the small dc resistance of a camlyl will be ignored in the
present calculations. Thus the only power lossidensd here is that dissipated
by the power transistor and calculated using

Po = R(dc) — Rac)
where R is the power dissipated as heat. While the equasiogimple, it is
nevertheless significant when operating a classmpliier. The amount of
power dissipated by the transistor is the diffeeebetween that drawn from the
dc supply (set by the bias point) and the amoulneated to the ac load. When
the input signal is very small, with very little power delivered to the load, the
maximum power is dissipated by the transistor. Wiheninput signal is larger
and power delivered to the load is larger, less gyos dissipated by the
transistor. In other words, the transistor of assl® amplifier has to work
hardest (dissipate the most power) when the loadissonnected from the
amplifier, and the transistor dissipates least powleen the load is drawing
maximum power from the circuit.

MAXIMUM THEORETICAL EFFICIENCY

For a class A transformer-coupled amplifier, theximaim theoretical
efficiency goes up to 50%. Based on the signalainbt using the amplifier,
the efficiency can be expressed as

% = 50[(VCEmax_ VCEmin)/(VCEmax"' V(:Emirb]2 %
The larger the value of ¢naxand the smaller the value otM,i, the closer the
efficiency approaches the theoretical limit of 50%.



9.3CLASS B AMPLIFIER OPERATION

Class B operation is provided when the dc biasdsdkie transistor biased just
off, the transistor turning on when the ac sigsapplied. This is essentially no
bias, and the transistor conducts current for onlg-half of the signal cycle. To
obtain output for the full cycle of signal, it i®eessary to use two transistors
and have each conduct on opposite half-cycles, dbbined operation
providing a full cycle of output signal. Since opart of the circuit pushes the
signal high during one half-cycle and the othett pails the signal low during
the other half-cycle, the circuit is referred to apush-pull circuit.Fig 9.12
shows a diagram for push-pull operation. An ac irggnal is applied to the
push-pull circuit, with each half operating on ait@e half-cycles, the load then
receiving a signal for the full ac cycle. The powensistors used in the push-
pull circuit are capable of delivering the desipever to the load, and the class
B operation of these transistors provides gredteriancy than was possible
using a single transistor in class A operation.

Fig. 9.12 Block representation of push-pull openati

Input (DC) Power

The power supplied to the load by an amplifierrswh from the power supply
(or power supplies; Fig. 9.13) that provides theutror dc power. The amount
of this input power can be calculated using

where | is the average or dc current drawn from the paueplies. In class B

operation, the current drawn from a single powg@psuhas the form of a full-

wave rectified signal, while that drawn from twowsr supplies has the form of
a half-wave rectified signal from each supply.



Fig 9.13 Connection of push-pull amplifier to lodd) using two voltage
supplies; (b) using one voltage supply

In either case, the value of the average currawnlican be expressed as

lgc = (21 )I(p)-----------==-m=mmmmmmmm oo (9.18)
where I(p) is the peak value of the output curreateform. Using Eq. (9.18) in

the power input equation (Eq. 9.17) results in
P(dC) = Vec((2/ )I(p))---mmmmmmmmmmmmmems (9.19)

Output (AC) Power

The power delivered to the load (usually refer@ég a resistance,; Rcan be
calculated using any one of a number of equatibrme is using an rms meter
to measure the voltage across the load, the opgwer can be calculated as
Po(ac) = VAL (rmS)/R ---------=mmmmmmmmmmne- (9.20)

If one is using an oscilloscope, the peak, or pegbeak, output voltage
measured can be used:

Po(ac) = VA (p-p)/8R. = V2 (p)/2R ------------- (9.21)

The larger the rms or peak output voltage, theelatige power delivered to the
load.

Efficiency

The efficiency of the class B amplifier can be o#ddted using the basic
equation:
% = Py(ac)/Ry(dc)x100%



Using Eqgs. (9.19) and (9.21) in the efficiency daraabove results in
% = Py(ac)/Ry(dc)x100% = [VL(p)2R IV cd(2/ )I(p)]

=( 14)xXVL(p)/Vccx100% ----------mnmmmmmmmmmmmm oo (9.22)
(using I(p) =M (p)/R.). Equation (9.22) shows that the larger the pedtage,
the higher the circuit efficiency, up to a maximuaiue when Y(p)=Vcc, this
maximum efficiency then being
maximum efficiency = (/4)x100% = 78.5%

Power Dissipated by Output Transistors

The power dissipated (as heat) by the output posaesistors is the difference
between the input power delivered by the supplied the output power
delivered to the load.

P.o = R(dc) — R@ac)------------=-=-mmmmemmmmmem- (9.23)
where Bq is the power dissipated by the two output powendistors. The
dissipated power handled by each transistor is then

Maximum Power Considerations

For class B operation, the maximum output poweleis/ered to the load when
Vi(p) = Vee.

Maximum Ry(ac) = VPcd/2R ---------------- (9.25)
The corresponding peak ac current I(p) is then
I(p) = VZedRL
so that the maximum value of average current fioengower supply is
maximum k. = (2/ )I(p) = 2Ved RL
Using this current to calculate the maximum valtimput power results in
Maximum R(dc) = Vec(maximum i) = Vec(2Ved RL) = 2VPed R.----(9.26)
The maximum circuit efficiency for class B operatis then
Maximum % = Py(ac)/R(dc)x100% = [Vco/2R J/[ 2VZcd R.]x100%

= (4)x100% = 78.54%--------------------------- (9.27)
When the input signal results in less than the mara output signal swing, the
circuit efficiency is less than 78.5%.
For class B operation, the maximum power dissiphtethe output transistors
does not occur at the maximum power input or outputdition. The maximum
power dissipated by the two output transistors mcevhen the output voltage
across the load is
VL(p) = 0.636VCC = (2/)VCC
for a maximum transistor power dissipation of
maximum Bg = 2Vcg/ 2Ry =--=-=====mmmmmmmmmmmm e (9.28)



The maximum efficiency of a class B amplifier calsoabe expressed as
follows:

Po(ac) = V' (p)/2R.

Pi(ac) = Veclae = Ved2VL(p)/ R

So that
% = Ps(ac) / R@ac)x100% = [V (p)/2R]/ V2V (p)/ R.]x100%
= 78.54Y(P)/V cYo--nnmmmmmmmmmmmmmmmemmmmm e (9.29)

9.4CLASS B AMPLIFIER CIRCUITS

A number of circuit arrangements for obtaining sl&soperation are possible.
We will consider the advantages and disadvantages mmber of the more
popular circuits in this section. The input signtdsthe amplifier could be a
single signal, the circuit then providing two dif@at output stages, each
operating for one-half the cycle. If the input s the form of two opposite
polarity signals, two similar stages could be used¢ch operating on the
alternate cycle because of the input signal. Onans\@f obtaining polarity or
phase inversion is using a transformer, the transfo-coupled amplifier having
been very popular for a long time. Opposite pofariiputs can easily be
obtained using an op-amp having two opposite ostputusing a few op-amp
stages to obtain two opposite polarity signalsofiposite polarity operation
can also be achieved using a single input and cammattary transistorsin
andpnp, ornMOS andpMOS).

Fig 9.14 shows different ways to obtain phase-itegesignals from a single
input signal. Figure 16.14a shows a center-tappadstormer to provide
opposite phase signals. If the transformer is éxamtnter-tapped, the two
signals are exactly opposite in phase and of theesaagnitude. The circuit of
Fig. 9.14b uses a BJT stage with in-phase outpm the emitter and opposite
phase output from the collector. If the gain is madarly 1 for each output, the
same magnitude results. Probably most common wmeilgsing op-amp stages,
one to provide an inverting gain of unity and thleeo a non-inverting gain of
unity, to provide two outputs of the same magnithdeof opposite phase.



Fig. 9.14 Phase Splitter Circuits

9.5TRANSFORMER-COUPLED PUSH-PULL CIRCUITS

The circuit of Fig. 9.15 uses a center-tapped inpahsformer to produce
opposite polarity signals to the two transistoruitspand an output transformer
to drive the load in a push-pull mode of operatiesscribed next.

During the first half-cycle of operation, transis@l is driven into conduction
whereas transistor Q2 is driven off. The currenttHdlough the transformer
results in the first half-cycle of signal to theatb During the second half-cycle
of the input signal, Q2 conducts whereas Q1 stfyshe current 12 through the
transformer resulting in the second half-cycle e toad. The overall signal
developed across the load then varies over theyuale of signal operation



Fig.9.15 Push-Pull Circuit

9.6COMPLEMENTARY-SYMMETRY CIRCUITS

Using complementary transistonspf and pnp it is possible to obtain a full
cycle output across a load using half-cycles ofafpen from each transistor, as
shown in Fig. 9.16a. While a single input signaapplied to the base of both
transistors, the transistors, being of opposite typll conduct on opposite half-
cycles of the input.

The npn transistor will be biased into conduction by thesipee half-cycle of
signal, with a resulting half-cycle of signal agabe load as shown in Fig.
9.16b. During the negative half-cycle of signak pmp transistor is biased into
conduction when the input goes negative, as shovng. 9.16c¢.

During a complete cycle of the input, a completeleyof output signal is
developed across the load. One disadvantage dfirtha@t is the need for two
separate voltage supplies. Another, less obviousadgantage with the
complementary circuit is shown in the resulting ssaver distortion in the
output signal (see Fig. 9.16d).

Crossoverdistortion refers to the fact that during the signal crossdvem
positive to negative (or vice versa) there is samelinearity in the output
signal. This results from the fact that the circdides not provide exact
switching of one transistor off and the other orthet zero-voltage condition.
Both transistors may be partially off so that thepot voltage does not follow
the input around the zero-voltage condition.

Biasing the transistors in class AB improves thperation by biasing both
transistors to be on for more than half a cycle.




Fig. 9.16 Complementary-symmetry push-pull circuit

A more practical version of a push-pull circuitngicomplementary transistors
is shown in Fig. 9.17. Note that the load is drianthe output of an emitter
follower so that the load resistance of the loadna&tched by the low output
resistance of the driving source. The circuit usesiplementary Darlington-



connected transistors to provide higher output emtrrand lower output
resistance.

Fig. 9.17 Complementary symmetry push-pull cirasing Darlington
transistors

9.7QUASI-COMPLEMENTARY PUSH-PULL AMPLIFIER

In practical power amplifier circuits, it is preédale to usenpn transistors for
both high-current-output devices. Since the pudh-pannection requires
complementary devices, @p high-power transistor must be used. A practical
means of obtaining complementary operation whilmgishe same, matched
npn transistors for the output is provided by a quasnplementary circuit, as
shown in Fig. 9.18. The pushpull operation is achieved by using
complementary transistorsQ{ and Q2) before the matchechpn output
transistors Q3 andQ4). Notice that transistor®1 andQ3 form a Darlington
connection that provides output from a low-impedsaemitter-follower.



The connection of transisto@? andQ4 forms a feedback pair, which similarly
provides a low-impedance drive to the load. Resi&® can be adjusted to
minimize crossover distortion by adjusting the dasbcondition. The single
input signal applied to the push-pull stage thesults in a full cycle output to
the load. The quasi-complementary push-pull angulifs presently the most
popular form of power amplifier.

Fig. 9.18: Quasi-complementary push-pull transfotess power amplifier

9.8AMPLIFIER DISTORTION

A pure sinusoidal signal has a single frequencyvlaich the voltage varies
positive and negative by equal amounts. Any sigaaying over less than the
full 360° cycle is considered to have distortiom Wleal amplifier is capable of
amplifying a pure sinusoidal signal to provide egéa version, the resulting
waveform being a pure single-frequency sinusoidgha. When distortion
occurs the output will not be an exact duplicatecépt for magnitude) of the
input signal.

Distortion can occur because the device charatieiss not linear, in which
case nonlinear or amplitude distortion occurs. Tais occur with all classes of
amplifier operation. Distortion can also occur hesmathe circuit elements and
devices respond to the input signal differentlyatious frequencies, this being
frequency distortion.



One technique for describing distorted but perioaveiorms uses Fourier
analysis, a method that describes any periodic fwavein terms of its
fundamental frequency component and frequency caemis at integer
multiples—these components are call@monic componentsr harmonics.
For example, a signal that is originally 1000 Huldoresult, after distortion, in
a frequency component at 1000 Hz (1 kHz) and halenaymponents at 2 kHz
(2X1 kHz), 3 kHz (3X1 kHz), 4 kHz (4X1 kHz), and sm. The original
frequency of 1 kHz is called thtundamental frequencythose at integer
multiples are the harmonics. The 2-kHz componetitesefore called aecond
harmonic,that at 3 kHz is thehird harmonic,and so on. The fundamental
frequency is not considered a harmonic. Fourielyaisadoes not allow for
fractional harmonic frequencies—only integer muégpof the fundamental.

Harmonic Distortion

A signal is considered to have harmonic distortvamen there are harmonic
frequency components (not just the fundamental «omapt). If the
fundamental frequency has an amplitudlg,and thenth frequency component
has an amplitudéy,, a harmonic distortion can be defined as

% nth harmonic distortion = % = |Ay| / |A] X 100% ------------------- (9.30)

The fundamental component is typically larger thag harmonic component.

TOTAL HARMONIC DISTORTION

When an output signal has a number of individuatmosmic distortion
components, the signal can be seen to have ahttalonic distortion based on
the individual elements as combined by the relatgm of the following
equation:

% THD = (DPo+D%+D%+......) "2 X100%h------mmmmmmmmmmmmnev (9.31)

An instrument such as a spectrum analyzer wouldvatheasurement of the
harmonics present in the signal by providing a ldigpf the fundamental
component of a signal and a number of its harmonitsa display screen.
Similarly, a wave analyzer instrument allows morecgse measurement of the
harmonic components of a distorted signal by fiigrout each of these
components and providing a reading of these compenén any case, the
technique of considering any distorted signal astaining a fundamental
component and harmonic components is practicalaatul.

For a signal occurring in class AB or class B,distortion may be mainly even
harmonics, of which the second harmonic componsnthe largest. Thus,
although the distorted signal theoretically corgaall harmonic components
from the second harmonic up, the most importanterms of the amount of
distortion in the classes presented above is thenseharmonic.



SECOND HARMONIC DISTORTION

Fig 9.20 shows a waveform to use for obtaining sddwarmonic distortion.

A collector current waveform is shown with the dent, minimum, and
maximum signal levels, and the time at which theguo is marked on the
waveform. The signal shown indicates that somedieh is present.

Fig. 9.20: Waveform for obtaining second harmonstadtion

An equation that approximately describes the distbsignal waveform is
iczlcQ +lgt |, cos t+l, COS t----------mmmmmmmme - (932)
the definition of second harmonic distortion mayeseressed as
D, = ||2/|1|X100%
- [0-5(|3max+|Cmin)'|CQ]/[| Cmax'ICmin]X]-OO% """""" (933)
In a similar manner, the second harmonic distortan be expressed in terms
of measured collector—emitter voltages:
D2 = [O-5(VCEmax+VCEmin)'VCEQ]/[V CEmax'V(:EmirJXlooo/0 """ (9-34)

Power of Signal Having Distortion

When distortion does occur, the output power cated for the undistorted
signal is no longer correct. When distortion is ser®, the output power
delivered to the load resistd®: due to the fundamental component of the
distorted signal is

e T 2 S — (9.35)

The total power due to all the harmonic componehtte distorted signal can
then be calculated using

P1 = (Fi+1%+1%+. ... )XR2-m-mmmmmmmmmmemm e (9.36)

The total power can also be expressed in terniseatfotal harmonic distortion,

P = (1+0,+D%+..... )xI5X(Ro/2) = (1+THD)Pym----mmmm-m- (9.37)



9.9 CLASS C AND CLASS D AMPLIFIERS

Although class A, class AB, and class B amplifiare most used as power
amplifiers, class D amplifiers are popular becanfstheir very high efficiency.
Class C amplifiers, while not used as audio anmgbfi do find use in tuned
circuits as used in communications.

Class C Amplifier

A class C amplifier, as that shown in Fig. 9.2%iessed to operate for less than
180° of the input signal cycle. The tuned circuitthe output, however, will
provide a full cycle of output signal for the fumdantal or resonant frequency
of the tuned circuitl{ andC tank circuit) of the output. This type of operatisn
therefore limited to use at one fixed frequencypasurs in a communications
circuit, for example. Operation of a class C citasinot intended primarily for
large-signal or power amplifiers.

Fig. 9.25: Class C amplifier circuit

Class D Amplifier

A class D amplifier is designed to operate withitdigor pulse-type signals. An
efficiency of over 90% is achieved using this tygfecircuit, making it quite
desirable in power amplifiers. It is necessary, éosv, to convert any input
signal into a pulse type waveform before usingidtive a large power load
and to convert the signal back to a sinusoidal-gigaal to recover the original
signal. A sinusoidal signal may be converted intpudse-type signal using
some form of sawtooth or chopping waveform to bgliad with the input into
a comparator type op-amp circuit so that a reptasiea pulse-type signal is
produced. While the letter D is used to descrilgertbxt type of bias operation
after class C, the D could also be consideredatodsfor “Digital,” since that is
the nature of the signals provided to the classnplifier.



Fig 9.26 shows a block diagram of the unit needeathtplify the class D signal
and then convert back to the sinusoidal-type sigaag a low-pass filter. Since
the amplifier’s transistor devices used to prowiae output are basically either
off or on, they provide current only when they &umed on, with little power
loss due to their low on-voltage. Since most of gwmver applied to the
amplifier is transferred to the load, the efficigraf the circuit is typically very
high. Power MOSFET devices have been quite po@addhe driver devices for
the class D amplifier.

Fig. 9.26: Block diagram of Class D amplifier

9.10 AMPLIFIER EFFICIENCY SUMMARY

The power efficiency of an amplifier, defined ag thatio of power output to
power input, improves (gets higher) going from slésto class D. In general
terms, we see that @dass Aamplifier, with dc bias at one-half the supply
voltage level, uses a good amount of power to raairiiias, even with no input
signal applied. This results in very poor efficignespecially with small input
signals, when very little ac power is deliveredhe load. In fact, the maximum
efficiency of a class A circuit, occurring for thargest output voltage and
current swing, is only 25% with a direct or serfied-load connection and 50%
with a transformer connection to the lo&lass Boperation, with no dc bias
power for no input signal, can be shown to pro\ad@maximum efficiency that
reaches 78.5%.lass D operation can achieve power efficiency over 90% an
provides the most efficient operation of all theeiing classes. Sinctass AB
falls between class A and class B in bias, it #dfle between their efficiency



ratings—between 25% (or 50%) and 78.5%. Table Qfnnsarizes the
operation of the various amplifier classes. Thiblgaprovides a relative
comparison of the output cycle operation and pos¥iciency for the various
class types. lelass Boperation, a push-pull connection is obtainedgisither
a transformer coupling or by using complementany oasi-complementary)
operation with npn and pripansistors to provide operation on opposite ptylari
cycles. While transformer operation can provide agije cycle signals, the
transformer itself is quite large in many applioas. A transformerless circuit
using complementary transistors provides the sgmeation in a much smaller
package.

Class C is usually not used for delivering largeoamnis of power, thus the efficiency
is not given here.
Table 9.1 Comparison of Amplifier Classes
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