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MODULE-I
DC Biasing - BJTs

Objectives

To Understand :
»  Concept of Operating point and stability
*  Analyzing Various biasing circuits and their comparison with respect to stability

BJT — A Review

* Invented in 1948 by Bardeen, Brattain and Shockley

* Contains three adjoining, alternately doped semiconductor regions: Emitter
(E), Base (B), and Collector (C)
* The middle region, base, is very thin

* Emitter is heavily doped compared to collector. So, emitter and collector are
not interchangeable.

Three operating regions

* Linear — region operation:

— Base — emitter junction forward biased

— Base — collector junction reverse biased
*  Cutoff — region operation:

— Base — emitter junction reverse biased

— Base — collector junction reverse biased
*  Saturation — region operation:

— Base — emitter junction forward biased

— Base — collector junction forward biased

Three operating regions of BJT
« Cutoff: Vecg =V, [c=0
* Activeor linear : Vcg = Ve/2, Ic = 1o max/2
*  Saturation: Vcg =0, Ic = Ic max

Q-Point (Static Operation Point)
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» The values of the parameters Ig, Ic and Vg together are termed as
‘operating point’ or Q ( Quiescent) point of the transistor.

Q-Point

* The intersection of the dc bias value of /g with the dc load line determines the
Q-point.

» Itis desirable to have the O-point centered on the load line. Why?

*  When a circuit is designed to have a centered Q-point, the amplifier is said to
be midpoint biased.

* Midpoint biasing allows optimum ac operation of the amplifier.

Introduction - Biasing

The analysis or design of a transistor amplifier requires knowledge of both the dc and ac
response of the system.In fact, the amplifier increases the strength of a weak signal by
transferring the energy from the applied DC source to the weak input ac signal
» The analysis or design of any electronic amplifier therefore has two components:
*  The dc portion and
*  The ac portion
During the design stage, the choice of parameters for the required dc levels will
affect the ac response.

What is biasing circuit?

* Once the desired dc current and voltage levels have been identified, a network

must be constructed that will establish the desired values of Ig, Ic and Vg, Such
a network 1s known as biasing circuit. A biasing network has to preferably make
use of one power supply to bias both the junctions of the transistor.

Purpose of the DC biasing circuit

* To turn the device “ON”
* To place it in operation in the region of its characteristic where the device

operates most linearly, i.e. to set up the initial dc values of /g, I, and Vg

Important basic relationship

* Vg =0.7V
e Ig=@B+DIgz=Ic
* Ic=PI



Biasing circuits:

* Fixed — bias circuit

* Emitter bias

* Voltage divider bias

* DC bias with voltage feedback
* Miscellaneous bias

Fixed bias

* The simplest transistor dc bias configuration.
* For dc analysis, open all the capacitance.

DC Analysis

* Applying KVL to the input loop:

Vce =1BRB + VBE
* From the above equation, deriving for IB, we get,

Ig =[Vcc - VBE]I/RB

* The selection of Rp sets the level of base current for the operating point.
* Applying KVL for the output loop:

Vee =IcRe + Veg
e Thus,

VcE = Vce — IcRe



* In circuits where emitter is grounded,
VCE = VE
VBE = VB

Design and Analysis

* Design: Given — I, Ic, Vcg and V¢, or Ic, VcE and B, design the values of Rp,
Rc using the equations obtained by applying KVL to input and output loops.

* Analysis: Given the circuit values (Vcc, R and R¢), determine the values of Ig, Ic
, VCE using the equations obtained by applying KVL to input and output loops.

Problem — Analysis

Given the fixed bias circuit with Voo = 12V, Rg = 240 kQ), Rc =22 kQ and 3 =
75. Determine the values of operating point.

Equation for the input loop is:
Ig = [Vcc — VBE] / Rg where VB = 0.7V,
thus substituting the other given values in the equation, we get

Ig =47.08uA
Ic =BIg =3.53mA
Vce=Vee — IcRe=4.23V
*  When the transistor is biased such that Ig is very high so as to make I¢ very

high such that IcR¢ drop is almost V¢ and Vg is almost 0, the transistor is
said to be in saturation.
Ic sat= Ve /Re in a fixed bias circuit.

Verification

*  Whenever a fixed bias circuit is analyzed, the value of Icq obtained could be

verified with the value of Icsat (= Ve / Re) to understand whether the transistor
1s in active region.
* In active region,

Icq = (Icsat/2)
Load line analysis

A fixed bias circuit with given values of V¢, Rc and Rp can be analyzed ( means,

determining the values of Igq, Icg and VcgQ) using the concept of load line also.
Here the input loop KVL equation is not used for the purpose of analysis, instead,
the output characteristics of the transistor used in the given circuit and output loop
KVL equation are made use of.



* The method of load line analysis is as below:

1. Consider the equation Vcg = Ve — IcRe This relates Vg and I for the given
Ig and R¢
2. Also, we know that, Vcp and I¢c are related through output
characteristics We know that the equation,
Vce = Vcee —IcRe
represents a straight line which can be plotted on the output characteristics of
the transistor.
Such line drawn as per the above equation is known as load line, the slope of which

is decided by the value of R¢ ( the load).

Load line
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* The two extreme points on the load line can be calculated and by joining
which the load line can be drawn.

* To find extreme points, first, Ic is made 0 in the equation: Vcg = Vee — IcRc -
This gives the coordinates (V¢ c,0) on the x axis of the output characteristics.

* The other extreme point is on the y-axis and can be calculated by making Vg =
0 in the equation Vcg = Vcc — IcRc which gives Ic( max) = Ve / R thus
giving the coordinates of the point as (0, Vcc / Re).

» The two extreme points so obtained are joined to form the load line.

» The load line intersects the output characteristics at various points corresponding to
different Igs. The actual operating point is established for the given Ig.

Q point variation

As Ig is varied, the Q point shifts accordingly on the load line either up or
down depending on Ig increased or decreased respectively.

As R is varied, the Q point shifts to left or right along the same Ig line since the
slope of the line varies. As R¢ increases, slope reduces ( slope is -1/R¢) which results

in shift of Q point to the left meaning no variation in I¢ and reduction in Vg . Thus
if the output characteristics is known, the analysis of the given fixed bias circuit or
designing a fixed bias circuit is possible using load line analysis as mentioned above.



Emitter Bias

* It can be shown that, including an emitter resistor in the fixed bias
circuit improves the stability of Q point.

* Thus emitter bias is a biasing circuit very similar to fixed bias circuit with an
emitter resistor added to it.

o=

Input loop

il
{

*  Writing KVL around the input loop we get,
Vec=IgRp+ VBE T IERE (1)
We know that,

I[g=(P+DIs (2)
Substituting this in (1), we get,

Vce = IgRp + VBE + (B+1)IBRE

Vce - VBE = IB(Rg + (B+1) REg)

Solving for Ig:
Ig =(Vce - VBE) /[(R + (B+1) Rg)]



The expression for Ig in a fixed bias circuit was,

Ig=(Vcc—-VBE)/RB
Equivalent input loop:
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RgEj in the above circuit is (B+1)RE which means that, the emitter resistance that
is common to both the loops appears as such a high resistance in the input loop.

Thus Ri = (B+1)Rg ( more about this when we take up ac analysis)

Output loop
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Collector — emitter loop

Applying KVL,

Vee =IcRc + Veg + IgRE

Ic 1s almost same as Ig



Thus,

Vee =IcRc + Vg + IcRE

=Ic (Rc+Rg) VcE

Vce =Vee - Ic Re + Rg)

Since emitter is not connected directly to ground, it is at a potential VE, given by,
VE =IERE
Ve=Vcg+VEOR Ve =V - IcRe
Also, Vg =Vcc—IgRg OR Vg =V + VR

Problem:

Analyze the following circuit: given
B=75,Vcc =16V, Rg=430kQ, Rc =2kQ and Rg = 1k Q

Solution:

Ig=(Vcc - VBE)/[(R + (B+1) Rp)]

= (16 — 0.7) / [ 430k + (76) 1k] =
30.24pA Ic=(75) (30.24pA) =2.27mA
Vg =Vee - Ie (Re + Rp) =9.19V
Ve =Vee - IcRe =11.46V
Vg =V - Vegp =227V
Vg = Vg + Vg =2.97V
VBc=VB-Vc=297-11.46=-8.49V



Improved bias stability

* Addition of emitter resistance makes the dc bias currents and voltages
remain closer to their set value even with variation in
— transistor beta
— temperature

Stability

In a fixed bias circuit, Ig does not vary with 3 and therefore whenever there is an
increase in 3, I increases proportionately, and thus Vg reduces making the Q point to
drift towards saturation.In an emitter bias circuit, As [ increases, Ig reduces,
maintaining almost same Ic and Vg thus stabilizing the Q point against [3 variations.

Saturation current

In saturation Vg is almost 0V, thus

Vec=Ic (Rc+REg)
Thus, saturation current
Icsat=Vee/(Re+REg)
Load line analysis
The two extreme points on the load line of an emitter bias circuit are,
(0, Ve /[ Re + Rg ]) on the Y axis, and
( Ve, 0) on the X axis.

Voltage divider bias
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This is the biasing circuit wherein, Icg and Vg( are almost independent of f.

The level of Igg will change with 3 so as to maintain the values of Icg and Vcgq
almost same, thus maintaining the stability of Q point.

Two methods of analyzing a voltage divider bias circuit are:
Exact method — can be applied to any voltage divider circuit
Approximate method — direct method, saves time and energy, can be applied in most

of the circuits.
Exact method

In this method, the Thevenin equivalent network for the network to the left of the
base terminal to be found.
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To find Rth:
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From the above circuit,
R, =R1] | R2

=RI1R2/(R1+R2)



To find Eth
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From the above circuit,

Et, = VR2 =RoV(ee / (R1 +R2)

Rth }:

A

S
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In the above network, applying KVL

(Ew—VBr) =IB [ R +(B + 1) RE ]
IB=(Eth—VBE)/[Ren H(B+1)Rg]

Analysis of Output loop
KVL to the output loop:
Vee =IcRc + Veg + IgRE
Ig=Ic
Thus, Vce =Vce - Ic Re + Rg)

Note that this is similar to emitter bias circuit.



Problem

For the circuit given below, find Ic and VE.

Given the values of Ry, Ry, Rc, Rg and B = 140 and Vo = 18V.
For the purpose of DC analysis, all the capacitors in the amplifier circuit are opened.
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Solution
Considering exact analysis:
1. Let us find R =RI1||R2

=R1 R2/(R1 + R2)=3.55K
2. Then find Eth=VR2=R2Vcc/(R1+R2)

=1.64V
3. Then find IB

Ig =(Eth—-Vgg)/[Rth+(pB+1)Rg]

=437uA
4. Then find I[c=B1Ig =0.612mA
5. Then find Vce=Vcee -Ic (RC + RE)

=12.63V



Approximate analysis:

The input section of the voltage divider configuration can be represented by the
network shown in the next slide.

Input Network
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The emitter resistance R is seen as (B+1)Rg at the input loop.
If this resistance is much higher compared to Ry, then the current Ig is much smaller than

I through R».
This means, Ri>>R2
OR
(B+1)Rg > 10R2
OR
BRE > 10R2

This makes Ig to be negligible.

Thus I; through Ry is almost same as the current I through R».
Thus R and R can be considered as in series.
Voltage divider can be applied to find the voltage across R, ( V)

VB =VccRy /(R +Rp)

Once Vp is determined, VE is calculated as,

VE=VB—-VBE
After finding Vg, Ig is calculated as,

Ig=VE/Rg

Ig=Ic

Vce = Vee —Ic (Re +Rg)



Problem

Given: Vcc =18V, R; =39k Q, Ry =39k Q, Rc =4k Q, R =1.5k Q and B =
140. Analyse the circuit using approximate technique.

In order to check whether approximate technique can be used, we need to verify
the condition,

BRg > 10R,

Here,
BRE =210 kQ and 10R3 =39 kQ

Thus the condition
BRE > 10R; satisfied

Solution

Thus approximate technique can be applied.

1. Find Vg =VccRa /(R +Rp)=1.64V

2. Find VE=Vp-0.7=0.94V

3. FindIg =VE/Rg=0.63mA =I¢

4. Find Vcg = Ve —Ic(Re + Rg) =12.55V

Comparison
Exact Analysis Approximate Analysis
Ic =0.612mA Ic =0.63mA
VcE = 12.63V Vg =12.55V

Both the methods result in the same values for ¢ and Vp since the condition BRg
> 10R is satisfied.

It can be shown that the results due to exact analysis and approximate analysis have
more deviation if the above mentioned condition is not satisfied.

For load line analysis of voltage divider network, Ic,max = Vc/ ( Re+Rg) when
Vg =0V and VeE max = Vo when Ic = 0.



DC bias with voltage feedback
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Input loop
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Applying KVL for Input Loop:
Vee =1ciRe + IR + VBE + [gERE
Substituting for I as (B +1)Ig and solving for Ig,

Ig=(Vcc—VBE)/[RB +B(Rc + Rp)]
Output loop




Neglecting the base current, KVL to the output loop results in,

Vce = Vee - Ic (Re +Rg)

DC bias with voltage feedback
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Input loop
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Applying KVL to input loop:

Vee = IC|RC +1gRB + VBE + IERE
Ic‘ =lcandI¢c =1
Substituting for Ig as (B +1)Ig [ or as BIg] and solving for

Ig, I =(Vcc— VBE) /[ RB + B(Rc + Rp)]
Output loop



Neglecting the base current, and applying KVL to the output loop results in,

Vce = Vee - Ic (Re +Rg)

In this circuit, improved stability is obtained by introducing a feedback path
from collector to base.

Sensitivity of Q point to changes in beta or temperature variations is normally less
than that encountered for the fixed bias or emitter biased configurations.

Problem:

Given:
Veoe =10V, Rc=4.7k, Rg =250Q and R = 1.2k. B = 90.
Analyze the circuit.
Is=(Vcc—VBE)/[RB +B(Rc +Rg)]
= 11.91pA
I[c=(PIg)=1.07mA
Vce=Vee - Ic (Re +Rg) =3.69V
In the above circuit, Analyze the circuit if § = 135 ( 50% increase).
With the same procedure as followed in the previous problem, we get
= [g=8.89uA
* [c=12mA
= Vcg=292V

50% increase in f3 resulted in 12.1% increase in I¢ and 20.9% decrease in VcEgQ

Problem 2:



Determine the DC level of Ig and V¢ for the network shown:
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Solution:
Open all the capacitors for DC analysis.
Rp=91kQ+ 110 kQ =201k
Ig=(Vcec-VBE)/[RB T B(Rc + REp)]
=(18-0.7) /[ 201k + 75( 3.3+0.51)]
=35.5uA
Ic =B Ig =2.66mA
Vce =Vee - UcRe)
=18 —(2.66mA)(3.3k)
=022V
Load line analysis

The two extreme points of the load line I max and VCE, max are found in the same
as a voltage divider circuit.

Ic,max = Ve / (Re + RE) — Saturation current
VCE, max — Cut off voltage

Miscellaneous bias configurations



There are a number of BJT bias configurations that do not match the basic types
of biasing that are discussed till now.

Miscellaneous bias (1)

Analyze the circuit in the next slide. Given § = 120

Solution

This circuit is same as DC bias with voltage feedback but with no emitter
resistor. Thus the expression for Ig is same except for Rg term.

Ig=(Vcc—VBE)/ (R + BRe)
= (20 -0.7) / [680k + (120)(4.7K)]
=15.51pA
Ic = Blg = 1.86mA
VeE = Vee - IcRe = 1126V = Vg
Vg =VRg=0.7V
Vpc=Vg-Vc=0.7V-11.26V =- 10.56V

Miscellaneous bias (2)
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Solution
The above circuit is fixed bias circuit.
Applying KVL to input loop:
VEE = VBE tIBRB
Ig=(VEg— VBE) /R =83nA
Ic =BIg =3.735mA
Ve =-IcRc = - 4.48V
Vg =-IgRg=-8.3V
Miscellaneous bias (3)

Determine Vcg and Ig for the

network. Given 3 =90

( Note that the circuit given is common collector mode which can be identified
by No resistance connected to the collector output taken at the emitter)
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Writing KVL to input loop:

VEg =IBRB + VBE + (B+DIBRE

Ig=(VEE— VBE)/[RB + (B+1) RE]
=(20-0.7)/[ 240K + (91)(2K)]
= 45.73pA

Ic = Blg = 4.12mA



Output loop

YEE
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Applying KVL to the output loop:
VEE = VCcE + [ERE

Ig=(B+1) Ig =4.16mA, VEg = 20V
Vcg = VEE — [ERg = 11.68V

Miscellaneous bias (4)
Find Vcp and Ig for the Common base configuration

given: Given: 3 = 60

Input loop
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Applying KVL to input loop
Ig=(VEE-VBE)/RE
=2.75mA
Ig=Ic=2.75mA
Ig=Ic/p=458uA

Output loop

Applying KVL to output loop:

Vce =IcRc +VeB
Ves = Vee — IcRc =34V
Miscellaneous bias (5)

Determine VC and VB for the network given

below. Given 3 = 120
Note that this is voltage divider circuit with split supply. (

+V( at the collector and — VEE at the emitter)
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Thevinin equivalent at the input

R1
v"‘v\
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Rz = 22k
R1
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AZk

Ry= (8.2k)(2.2k) / [ 8.2k+2.2k] = 1.73k
I =(Vce+VEp) /[R1 +Rp]
= (20 +20) / ( 8.2K + 2.2K)

=3.85mA
Eth=IRy - VEE
=-11.53V
Equivalent circuit
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Applying KVL:

Design Op

VEE — Eth — VBE — (B +DIBRE — IBRh =0

Is=(VEE—Eth-VBE)/[(B+D) RE+ Ry ]
= 35.39pA

Ic =B Ig =4.25mA

Ve =Vee - IcRe = 8.53V

Vg =- Eg, - IgRg, = - 11.59V

erations:

Designing a circuit requires

Problem:

Understanding of the characteristics of the device

The basic equations for the network

Understanding of Ohms law, KCL, KVL

If the transistor and supplies are specified, the design process will
simply determine the required resistors for a particular design.

Once the theoretical values of the resistors are determined, the

nearest standard commercial values are normally chosen.

Operating point needs to be recalculated with the standard values of resistors

chosen and generally the deviation expected would be less than or equal to 5%.

* GivenIcQ =2mA and Vcgg = 10V. Determine Ry and Rc for the network shown:

Solution

To find Ry:




[a—y

Find Vg. And to find Vg, find VE because, Vg = Vg + VBEg
Thus, Vg = IgRE and Ig = Ic = 2mA
= (2mA)(1.2k) =2.4V
Vp=24+0.7=3.1V
Also, VB =VccRy /(R +R)p)
3.1 =(18)(18k) / R1+18k
Thus, Rj = 86.52kQ

N

B w

To find R :
Voltage across Rc = Ve — ( VeEg + [gRE)
=18 -] 10+ (2mA)1.2k]
=5.6V
Rc = 5.6/2mA

=2.8KQ
Nearest standard values are,
Ry =82kQ + 4.7 kQ = 86.7 k QQ where as calculated value is 86.52 k Q
. Rc =2.7k in series with 1k = 2.8k

both would result in a very close value to the design level.
Problem 2

The emitter bias circuit has the following specifications: IcQ = 1/2lgat, Isat = 8mA,
Ve =18V, Ve =18V and B = 110. Determine R¢ , Rg and Rp.

Solution:

Icg =4mA

VrRc=VVee - Vo) = 10V

Rc=VRrc/Ico

= 10/4mA = 2.5kQ

To find REg: Icgat = Voo / (Re + RE)

To find Rp: Find Ig where, Iy =1¢c/ B =36.36pA
Also, for an emitter bias circuit,
Ig=(Vcc—VBE)/RH(B +1) Rg
Thus, Rg = 639.8 kQ
Standard values: Rc =2.4 kQ), Rg =1 kQ), Rg = 620 kQ2

8mA =28 / ( 2.5k + RE)



Thus, Rg = 1kQ

Transistor switching networks:

Through proper design transistors can be used as switches for computer and
control applications.

When the input voltage Vg is high ( logic 1), the transistor is in saturation ( ON).
And the output at its collector = V¢ is almost 0V( Logic 0)

Transistor as a switch

When the base voltage Vg is low( logic 0), i.e, OV, the transistor is cutoff( Off) and

Ic 1s 0, drop across R¢ is 0 and therefore voltage at the collector is Vc.( logic 1)
Thus transistor switch operates as an inverter.
This circuit does not require any DC bias at the base of the transistor.

Design

When Vi ( V) is 5V, transistor is in saturation and
Icsat Just before saturation, Ig max = Ic sat / BDC
Thus the base current must be greater than Ig max to make the transistor to work

1n saturation.
Analysis

5V

RC = 0&2k

N

PE aa

Bk

When Vi =5V, the resulting level of Ig is

Ig=(Vi—0.7)/Rg



=(5-0.7)/ 68k
= 63uA
Icsat = Vo / Re = 5/0.82k
=6.lmA
Verification
(Icsat/ B) = 48.8uA

Thus Ig > (I¢ sat / B) which is required for a transistor to be in saturation.

A transistor can be replaced by a low resistance Rsat when in saturation ( switch on)

Rsat = VCE sat/ Icsat (VCE sat 18 very small and I¢gat 18 Ic,max 18 maximum current)
A transistor can be replaced by a high resistance Rcutoff when in cutoff ( switch on)

Problem
Determine Rg and R for the inverter of figure:

HE

Icsat = Vce / Re
10mA = 10V/ R

Rc = 1kQ

Ig just at saturation = I ¢4¢ / B
= 10mA /250
=40pA

Choose Ig> Ic gat / B, 60 pA
Ig=(Vi-0.7)/Rp
60 uA=(10-0.7)/Rp



Rp = 155kQ
Choose R = 150kQ, standard value,

re calculate Ig, we get Ig = 62 pA which is also > I gat/ B
Thus, Rc = 1k and Rg = 155k

Switching Transistors

Transistor ‘ON’ time = delay time + Rise time
Delay time is the time between the changing state of the input and the beginning of
a response at the output.
Rise time is the time from 10% to 90% of the final value.
Transistor ‘OFF’ time = Storage time + Fall time
For an ‘ON’ transistor, VBE should be around 0.7V
For the transistor to be in active region, Vg is usually about 25% to 75% of Vcc. If
Vg = almost Vc, probable faults:

— the device is damaged

— connection in the collector — emitter or base — emitter circuit loop is open.
One of the most common mistake in the lab is usage of wrong resistor
value. Check various voltages with respect to ground.
Calculate the current values using voltage readings rather than measuring current
by breaking the circuit.

Problem -1
Check the fault in the circuit given.

an
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Problem - 2
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PNP transistors

The analysis of PNP transistors follows the same pattern established for NPN transistors.
The only difference between the resulting equations for a network in which an npn

transistor has been replaced by a pnp transistor is the sign associated with particular
quantities.

PNP transistor in an emitter bias

R

A—

Applying KVL to Input loop:



VCC = IBRB +VBE+IERE
Thus, Ig = (Vcc - VBE) / [RB + (B+1) Rg]
Applying KVL Output loop:

Vce=-(Vce—IcRe)
Bias stabilization

The stability of a system is a measure of the sensitivity of a network to variations in
its parameters.

In any amplifier employing a transistor the collector current I¢ is sensitive to each
of the following parameters.

[ increases with increase in temperature.

Magnitude of Vg decreases about 2.5mV per degree Celsius increase in temperature.
Ico doubles in value for every 10 degree Celsius increase in temperature.

T (degree Ico (nA) B VBE (V)

Celsius)

- 65 0.2x10-3 20 0.85

25 0.1 50 0.65

100 20 80 0.48

175 3.3x103 120 0.3
Stability factors

S (Ico) = Al / Al
S (VBEg) =Alc/ AVBE

SPB)=Alc/APB
Networks that are quite stable and relatively insensitive to temperature
variations have low stability factors.
The higher the stability factor, the more sensitive is the network to variations in that
parameter.



S(I1co)

* Analyze S( Ico) for
— emitter bias configuration
— fixed bias configuration
— Voltage divider configuration

For the emitter bias configuration,

S(Ico)=(B+ 1D [1+Rg/Rg]/[(P+1)+Rp/
Rg]IfRg/Rg>> (P + 1), then

S(Ico)=(B+1)

For Rg /R <<1, S(Ico) 1

Thus, emitter bias configuration is quite stable when the ratio Rg / R is as small
as possible.

Emitter bias configuration is least stable when Rg / Rg approaches ( + 1) .

Fixed bias configuration

S(Ico)=(Bp+ D [1+Rp/Rg]/[(p+1)+Rp/
Re]=(B+1)[Rg +Rp]/[(B+1)RE +Rp]
By plugging Rg = 0, we get

S(Ico) =P +1
This indicates poor stability.

Voltage divider configuration

S(Ico)=(B+D[1+Rp/Rg]/[(Pp+1)+Rp/

REg] Here, replace Rg with Ry,

S(Ico)=(B+ 1) [1+Rm/Rg]/ [(B+1) +Rin/Rg]

Thus, voltage divider bias configuration is quite stable when the ratio Ry, / R is as

small as possible.



Physical impact

In a fixed bias circuit, I¢ increases due to increase in Icq. [Ic = BIg + (B+1) Ico]

I is fixed by Vcc and Rp. Thus level of I would continue to rise with temperature
— a very unstable situation.

In emitter bias circuit, as I¢ increases, I increases, Vg increases. Increase in
VE reduces Ig. Ig = [Vcc — VBE — VE] / Rp. A drop in Ig reduces I¢.Thus, this

configuration is such that there is a reaction to an increase in I¢ that will tend to
oppose the change in bias conditions.

In the DC bias with voltage feedback, as I¢ increases, voltage across Rc
increases, thus reducing Ig and causing I¢ to reduce.

The most stable configuration is the voltage — divider network. If the condition
BRE >>10R»,, the voltage Vg will remain fairly constant for changing levels of Ic.
VBE = VB — Vg, as I¢ increases, Vg increases, since Vg is constant, Vg drops
making Ip to fall, which will try to offset the increases level of I¢c.

S(VBE)
S(VBg) =Alc/ AVRBE
For an emitter bias circuit, S(Vgg)=-B/[ Rg + (B + 1)RE]

If Rg =0 in the above equation, we get S(VgE) for a fixed bias circuit
as, S(VBg) =- B/ Rp.

For an emitter bias,

S(VBg) =-B /[ Rg+ (B + 1)RE] can be rewritten as,

S(VBE) =- (B/Rg )/ [RB/RE + (B + 1)]
If (B + 1)>> Rp/RE, then
S(VBg) =- (B/RE )/ (B +
1)=-1/Rg
The larger the R, lower the S(VgE) and more stable is the system.

Total effect of all the three parameters on I can be written as,

Alc = S(Ico) Alco + S(VBE) AVBE +
S(B)AB General conclusion:

The ratio Rg / Rg or Ry, / Rg should be as small as possible considering all aspects
of design.



Transistor at low frequencies

* Introduction

* Amplification in the AC domain
BJT transistor modeling

*  The re Transistor Model

The Hybrid equivalent Model

Introduction

* There are three models commonly used in the small — signal ac analysis
of transistor networks:

*  The re model

*  The hybrid m model

*  The hybrid equivalent model

Amplification in the AC domain

The transistor can be employed as an amplifying device, that is, the output ac power is
greater than the input ac power. The factor that permits an ac power output greater than
the input ac power is the applied DC power. The amplifier is initially biased for the
required DC voltages and currents. Then the ac to be amplified is given as input to the
amplifier. If the applied ac exceeds the limit set by dc level, clipping of the peak

region will result in the output. Thus, proper (faithful) amplification design requires
that the dc and ac components be sensitive to each other’s requirements and

limitations. The superposition theorem is applicable for the analysis and design of the
dc and ac components of a BIT network, permitting the separation of the analysis of
the dc and ac responses of the system.

BJT Transistor modeling

* The key to transistor small-signal analysis is the use of the equivalent circuits
(models). A MODEL IS A COMBINATION OF CIRCUIT ELEMENTS
LIKE VOLTAGE OR CURRENT SOURCES, RESISTORS, CAPACITORS
etc, that best approximates the behavior of a device under specific operating
conditions. Once the model (ac equivalent circuit) is determined, the schematic
symbol for the device can be replaced by the equivalent circuit and the basic
methods of circuit analysis applied to determine the desired quantities of the
network.

* Hybrid equivalent network — employed initially. Drawback — It is defined for a
set of operating conditions that might not match the actual operating conditions.

* re model: desirable, but does not include feedback term



*  Hybrid m model: model of choice.

AC equivalent of a network

* AC equivalent of a network is obtained by:

» Setting all dc sources to zero and replacing them by a short — circuit equivalent
* Replacing all capacitors by short — circuit equivalent

* Removing all elements bypassed by the short — circuit equivalents

* Redrawing the network in a more convenient and logical form.
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re model

* In r, model, the transistor action has been replaced by a single diode
between emitter and base terminals and a controlled current source between
base and collector terminals.

» This is rather a simple equivalent circuit for a device



The Hybrid equivalent model

* For the hybrid equivalent model, the parameters are defined at an operating point.
= The quantities hje, hye,hfe, and hge are called hybrid parameters and are the
components of a small — signal equivalent circuit.
* The description of the hybrid equivalent model will begin with the general
two port system.

I I,
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| —— O-=————— 072
+ +
% Vo
Q
- ' =
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* The set of equations in which the four variables can be related are:

*  Vi=hnli +hipVo

* Io=hyli+hpV,

*  The four variables hj1, hyo, hp1 and hy; are called hybrid parameters ( the mixture
of variables in each equation results in a “ hybrid” set of units of measurement
for the h — parameters.

* SetV,=0,solving for hy, hy; =V;/I; Ohms

» This is the ratio of input voltage to the input current with the output terminals
shorted. It is called Short circuit input impedance parameter.

« If I is set equal to zero by opening the input leads, we get expression for
hy2: h1p =V;/V,, This is called open circuit reverse voltage ratio.

» Again by setting V, to zero by shorting the output terminals, we get
hy1 =1,/ Ij known as short circuit forward transfer current ratio.

* Again by setting I = 0 by opening the input leads, hpp =1,/ V. This is known
as open — circuit output admittance. This is represented as resistor ( 1/hy»)
*  hyq =hj = input resistance
*  hjp =h; =reverse transfer voltage ratio
*  hpy = hf= forward transfer current ratio
*  hpp = hy = Output conductance



Hybrid Input equivalent circuit
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Common Emitter Configuration - hybrid equivalent circuit
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» Essentially, the transistor model is a three terminal two — port system.
* The h — parameters, however, will change with each configuration.
* To distinguish which parameter has been used or which is available, a
second subscript has been added to the h — parameter notation.
* For the common — base configuration, the lowercase letter b is added, and for

common emitter and common collector configurations, the letters e and c are
used respectively.

Common Base configuration - hybrid equivalent circuit

Iy h; I,
__’ e .4_
b + I ¢
R I
hee Vee 1\, SR J, Bos
+ -_ | +
Vbe v:e
- I, ‘ -
e
(b)
Configuration I I, Vi Vo
Common emitter Ib Ic Ve Ve
Common base I I. [Ve Vb
Common Collector Iy Ie  |[Vbe Vec




* Normally h; is a relatively small quantity, its removal is approximated by h; =
0 and h;V, = 0, resulting in a short — circuit equivalent.

» The resistance determined by 1/h, is often large enough to be ignored in

comparison to a parallel load, permitting its replacement by an open — circuit
equivalent.

(@)
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Common Base: r¢ v/s. h-Parameter Model
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Common-Base configurations - h-Parameters
h= r
ib e
hfb: -o=-1
Problem
* Given Ig = 3.2mA, hfe = 150, hye = 25uS and hgp, = 0.5 uS . Determine

— The common — emitter hybrid equivalent
— The common — base ro model

I, 1

— ZA
; R
3 | 3

Solution:
*  We know that, hje = Bre and ro =26mV/Ig = 26mV/3.2mA = 8.125Q
* PBre =(150)(8.125) = 1218.75kQ2
*  15=1/hge =1/25uS = 40kQ



by ‘ ol - : t al,
+ 1.=28.125Q
e« to=1/hop=1/0.5u8 = 2M Q
e ozl

* Small signal ac analysis includes determining the expressions for the following
parameters in terms of Z;j, Z, and Ay in terms of
- B
~ e
— 1o and
- RB: RC
* Also, finding the phase relation between input and output
* The values of B, r,, are found in datasheet
*  The value of re must be determined in dc condition as ro =26mV /Ig

Common Emitter - Fixed bias configuration




re model

Small signal analysis — fixed bias

* From the above re model,
Z;=[Rp || Bre] ohms

If Rg > 10 Pre, then,
[RB [l Bre] = Pre

Then, Z; = Pre
= 7, is the output impedance when V; =0. When V; =0, i, =0, resulting in open
circuit equivalence for the current source.

=  RC

Zo=[Rc |l 1y ] ohms
. AV
— Vo =-Blp( R I 10)

*  From the ro model, I, = V; /B r¢

e thus,
= Vo=-B(Vi/Bre) (Rcl1o)
- Av=V,/Vi=-(Rc|l10) /e



If ry >10R(,

— Ay =- ( Rc / re) egative sign in the gain expression indicates that there
exists 1800 phase shift between the input and output.

Common Emitter - Voltage-Divider Configuration

* The re model is very similar to the fixed bias circuit except for Rg is Ry || Ry in
the case of voltage divider bias.
*  Expression for Ay remains the same.
Zi=Ry IRy |[Bre
Zo=R(C
* From the re model, Iy = Vi /P re
e thus,

Vo=-B(Vi/Bre) (Rc|1o)

. Ay =Vo/Vi=-(Re|l1o)/ Te



o Ifr, >10Rc,
Ay =-(Rc/re)

Common Emitter - Unbypassed Emitter-Bias Configuration

Veo

1

* Applying KVL to the input side:
Vi=1Ip Pre + IeRg
Vi=1Ip Pre #(B +1) IbRE
Input impedance looking into the network to the right of RB is
Zy=Vi/lp=Pret (B +1RE

Since B>>1, B+H)=p



Thus,
Zp,=Vi/lp=B (retRE)

» Since R is often much greater than r,
Zp = BRE,

Z; = Rgl|Zp

* Z, is determined by setting V; to zero, I = 0 and B I} can be replaced by
open circuit equivalent. The result is,
\endash Z,=R¢

* Ay : Weknow that, V, =- ;R
- BIbRC
- B(VilZp)Rc
Ay =V, /Vi=-PBRc/Zp)

Substituting, Zp =PB(re + RE)
Ay =V, /Vi=-B[Rc /re + RE)]

RE >>1e, Ay =V, /Vi=-B[Rc /REg]

» Phase relation: The negative sign in the gain equation reveals a 180° phase
shift between input and output.



Emitter — follower
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* Zi=Rp|Z

*  Zp=Pret (B+DRE
*  Zp=P(ret Rg)
* Since R is often much greater thanre, Zp=pRg

* To find Zo, it is required to find output equivalent circuit of the emitter follower
at its input terminal.
» This can be done by writing the equation for the current Ib.

Iy =V;/ Z
le=(B DIy
=B +1)(Vi/Zy)

*  We know that, Zy, = Bre+ (B +1)RE substituting this in the equation for Ie we get,



le=@B+1) (Vi/Zp)
=B +1) (Vi/Pret (B +1RE )
le = Vi/[Pre/ (B+1)] + Rg
* Since (B +1) =P,
Ie =V /[ret RE]

» Using the equation I = V; / [re+ Rg] , we can write the output equivalent circuit as,

* As per the equivalent circuit,
Zo = RE|lre
* Since Rg is typically much greater than re, Zg = 1o
* Ay — Voltage gain:
* Using voltage divider rule for the equivalent circuit,
Vo=V;Rg/(Rgtr1e)
Ay =V, /Vi =[Rg/(RET 1¢)]
'l Since (Rg+1e) =R,
Ay =[Rg/(Rg]=1
* Phase relationship

As seen in the gain equation, output and input are in phase.



Common base configuration
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Small signal analysis
* Input Impedance: Zi = Re|lre

* Output Impedance: Z,=Rc
5. To find, Output voltage,

Vo =-(-Io)R¢c = aleR¢

I = Vi / re, substituting this in the above

equation, Vy=a (Vj/re) Rc

Vo =a(Vi/re) Re



Voltage Gain: Ay
Ay =V,/Vi=a (Rc/ 1)
a=1l; Ay = (R¢/ 1)
Current gain
Ai=1,/]
[h=-ale=-al
I/ j=-a=-1

Phase relation: Output and input are in phase.

=  h-Parameter Model vs. re Model
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Common-Base h-Parameters
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* Small signal ac analysis includes determining the expressions for the following
parameters in terms of Z;j, Z, and Ay in terms of
- B
~ e
— 1oand
- RB:' RC
* Also, finding the phase relation between input and output
» The values of f3, r, are found in datasheet
* The value of re must be determined in dc condition as re =26mV /Iy

Common Emitter Fixed bias configuration




re model

Small signal analysis — fixed bias
Input impedance Z;:
From the above re model, is,

Z;=[Rp || Bre] ohms
If Rg > 10 Pre, then,

[RB || Bre] = pre
Then, Z; = Pre
Ouput impedance Z;:

Z, is the output impedance when V; = 0. When V; = 0, i, = 0, resulting in open
circuit equivalence for the current source.

Zo=[Rc!lry ] ohms



Voltage Gain Ay:

Vo =-BI(Rc | 1o)

From the re model, Ih=V;/Bre

thus, Vo=-B(Vi/Bre) (Rc |l 10)
Ay =V, /Vi=-(Rcllro)/1e

Ifry >10R, Ay =-(Rc/re)

Phase Shift:

The negative sign in the gain expression indicates that there exists 180° phase
shift between the input and output.
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Problem:

Common Emitter - Voltage-Divider Configuration

Vee




Equivalent Circuit:
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The re model is very similar to the fixed bias circuit except for Rpg is R IR 5 in the
case of voltage divider bias.

Expression for Ay remains the same.

Zi=Ry |IRy |[B e

Zo=RC
Voltage Gain, Ay:
From the re model,
Ip=Vi/Pre
Vo=-1o (Rc| 10),
lo=PlL
thus, Vo=-B (Vi/Bre) (Re 1)

Ay =Vo/Vi=-(Rc|l1o)/1e
Ifry >10R(, Ay =-(Rc/re)



Problem:

Given: =210, r, = 50kQ2.
Determine: rq, Zj, Zy, Ay . For the network given:

we

T

To perform DC analysis, we need to find out whether to choose exact analysis
or approximate analysis.

This is done by checking whether BREg > 10R, if so, approximate analysis can be chosen.

Here, BRE =(210)(0.68k) = 142.8kQ.
10R2 = (10)(10k) = 100k.
Thus, BRE > 10R2.

Therefore using approximate analysis,
VB =VccR2/ (R11R2)
= (16)(10k) / (90k+10k) = 1.6V
VE=Vp-07=16-0.7=09V
I =VE/Rg=1.324mA
re =26mV / 1.324mA = 19.64Q2
Effect of ry can be neglected if rp > 10( Re). In the given circuit, 10R is 22k, r, is S0K.
Thus effect of r, can be neglected.
Zi = (Ry|IR2[[BRE)
= [90k]||10k||(210)(0.68k)] =
8.47kQ Zy=Rc=2.2kQ



Ay =-Rc/Rg=-3.24
If the same circuit is with emitter resistor bypassed,
Then value of re remains same.
Zi = (Rq|IRy[[Bre) = 2.83 kQ
Zo=Rc=2.2kQ
Ay =-Rc/1e=-112.02

Common Emitter Un bypassed Emitter - Fixed Bias Configuration

Equivalent Circuit:

Applying KVL to the input side:
Vi =IPre + [.RE
Vi =IpPre +(B +1) IbRE



Input impedance looking into the network to the right of Ry is
Zp=Vi/lp=Pret (B+1RE

Since B>>1, B+H=p
Thus, Zy,=Vi/ Iy =B (retRE)
Since RE is often much greater than re, Z

= BRE, Z

= Rg|Zp

Z, is determined by setting Vj to zero, I, = 0 and By, can be replaced by open circuit

equivalent. The

result is, We Zo=Rc
know that, V,=-I,R¢
=-BIbRc
=-B(VilZp)Rc
Ay =V,
Substituting /I Vi = -
PRc/Zy) Zp =
RE >>Te, P(re + RE)

Ay = Vo / Vi = - B[Rc /(re +
Rp)] Ay =V, / Vi=-B[Rc /RE]

Phase relation: The negative sign in the gain equation reveals a 180° phase shift
between input and output.
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Problem:

b o
w

L

Given: B = 120, ry, = 40kQ.

Determine: e, Z;i, Zo, Ay.

To find re, it is required to perform DC analysis and find Ig as ro = 26mV /
Ig To find I, it is required to find Ig.

We know that,
Ig=(Vcc—VBE) / [RB + (B+1)RE]
Ig=(20-0.7)/ [470k + (120+1)0.56k] = 35.89uA
Ig=(p+1)Ig =4.34mA
re =26mV / Ig = 5.99Q
Effect of r, can be neglected, ifry > 10( R + RE)
10( Rc + REp) =10( 2.2 kQ + 0.56k)
=27.6 kQ
and given that r, is 40 kQ, thus effect of r, can be ignored.
Z =Rl [B (re+Rp)]
=470k || [120 ( 5.99 + 560 )] = 59.342
Zo=Rc=2.2kQ
Ay =-BRc /[P (re * Rg)]
=-3.89
Analyzing the above circuit with Emitter resistor bypassed i.e., Common Emitter
Is=(Vcc—VBE)/ [RB + (B+1)RE]
Ig = 20 - 0.7) / [470k +
(120+1)0.56k] = 35.89pA



Ig =(B+DIg =4.34mA
re =26mV / Ig = 5.99Q
Z; =Rg|| [Bre] = 717.70Q2
Zo=Rc=2.2kQ
Ay =-Rc/1e=-367.28 (asignificant increase)

Emitter — follower

re model

Zi=Rp | Zp
Zp = Pret+ (B +1)RE

Zy, = B(re+ RE)

Since R is often much greater thanr,, Zp=BRg



To find Z,, it is required to find output equivalent circuit of the emitter follower at
its input terminal.

This can be done by writing the equation for the current
Iy. Ip =Vi/ Zy
le=(@ DIy
=B +1) (Vi/Zy)
We know that,
Zy = Pret (B +DRE
substituting this in the equation for I, we get,
le=@+1D (Vi/Zp)
=(B+1) (Vi/Pret (B +DRE)
dividing by (B +1), we get,
le = Vi/[Bre/ (B+D] +Rg
Since (B +1) =,
le = Vi/[ret RE]

Using the equation I, = V; / [re+ RE], we can write the output equivalent circuit as,

As per the equivalent circuit,
Zo = Rg|lre
Since R is typically much greater than r,

70 =re



Ay — Voltage gain:
Using voltage divider rule for the equivalent circuit, V,
=ViRg / (RE* 1¢)
Ay =V, /Vi=[Rg/(Rg+re)]
Since (Rgt 1) = RE,
Ay =[Rg/(Rg]=1
Phase relationship

As seen in the gain equation, output and input are in phase.

Common base configuration
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re model

Small signal analysis

Zi = RE|lre
Zo=Rc

To find
Vo =-IRc

Vo =-(-Ic)Rc = aleRc
Substituting this in the above equation, [ = V;/ re,

Vo =a(Vi/re) R

Vo =a(Vi/re) Re

Ay=V,/Vi=a (Rc/1e)

a=l; Ay = (R¢/ re)
Current gain A; :
Ai=1,/T
[h=-ale=-al
/] =-a=-1
Phase relation: Output and input are in phase.
I.,’ﬂ
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Common Emitter - Collector Feedback Configuration
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re Model

Input Impedance: Z;
Zi=Vi/l
=11,
thus it is required to find expression for I' in terms of known resistors.
I'=(Vo - Vi)/Rp (1
Vo =-IRc

Normally, I' << BLy
thuS, IO = BIb 5



Replacing Iy by Vi / Pre

Thus,
Vo=-B (ViRc)/ Pre
- (ViRQ) /1o @)
Substituting (2) in (1):
I'=(Vo—Vi)/Rp
= (Vo /Rp) - (Vi/ Rp)
=-[(ViRc) / Rg 1e] - (Vi/ R)
I'=-Vi/RE[ R/ 1e )+1]
We know that, Vi = yBre,
Ih=1L+T
and, I'=-Vi/Rp[ (Re /1) +1]
Thus, Vi=(Li+1)Pre =L Pre +1' Pre

=1 Pre - (Vi Pre)( 1/RE)[ (R /1 )F1]
Taking V; terms on left side:
Vi+ (Vi Bro)( IRPI (Re /1o )+1] = T Pre
Vil + (Bre) VRR)[ (R / 1e ) +11= T Pre
Vi/l;=Pre /[1+(Pre)( 1/RE)[ (Re /1) +1]
But, [ (Re/1e ) 1] =R /1
(because R¢ >> 1)
Thus, Z;=V;l]
=Pre /[1+ (Pre)( /R Re /1e )]
=Pre /[1+(B)(Rc/RE)]
Thus, Zi=re /[(1/8) + Rc/Rp)]



To find Output Impedance Zo:

Zo=Rc ||RF (Note that iy, = 0, thus no effect of Pr, on Z,)

Voltage Gain Ay:
Vo =-IRc
= - BIpR ( neglecting the value of I')
=-B(Vi/ Bre)Rc
Ay =V,/Vj=-Rc/te)

Phase relation: - sign in Ay indicates phase shift of 180° between input and output.

Collector DC feedback configuration




re model

Zi =Rp1 ||Bre
Zo -
Rc|RF2|lro, for ro=10Rc, Zo = Rc|RF2
To find Voltage Gain Ay :
Vo =- BIh(Rp2|Rcllro), Ib = Vi / Pre
Vo =-B (Vi/ Bre)(Rr2/Rcllro)
Vo /Vi=-(Rp2lRcllro) / 1e,
for ro>10R,
Ay =V, /Vi=-(Rp2lRc) /e

Determining the current gain

For each transistor configuration, the current gain can be determined directly from
the voltage gain, the defined load, and the input impedance.

We know that, current gain (Aj) =1,/
I,b=(Vy/Ry)and I; =V;/ Z;
Thus, Aj=-(Vo/Ry)/ (Vi/ Z))
=-(VoZi/ ViRp)
Aj=-Avy Z;/ Ry,
Example:
For a voltage divider network, we have found that, Z; = Bre
Ay =-Rc/reand R =R
Thus, A =-Av Zi/Ry
= - (-Rc¢ /e )(Bre) / Re
Aj =B



For a Common Base amplifier, Z; =1, Ay = Rc / 1e, R, =R
Aij=-Av Z;/ Ry

=-(Rc /e )(re) / R
=-1
Effect of Rf, and Rg:

Voltage gain of an amplifier without considering load resistance (Rp) and

source resistance (Rg) is AyNL.

Voltage gain considering load resistance ( Rp) is Ay < Aynr Voltage

gain considering Ry and Rg is A yg, where Ays<AyNL< Ay

For a particular design, the larger the level of R, the greater is the level of ac gain.

Also, for a particular amplifier, the smaller the internal resistance of the signal source,
the greater is the overall gain.

Fixed bias with Rg and Ry :

1,' ]b 1‘_

—>. <—
AAA—o o—p—o
+ b ¢ T, +

—

V V

3 §RB gﬁrp ; ’31}) Fo
— 4__ e
L % 1

Ay =-(Rc|Rp) /e
Z;=Rgl|| Pre
Zo=R(llro
To find the gain Avysg, ( Z; and Rg are in series and applying voltage divider rule)
Vi=VsZi/ (Zi*tRg)
Vi/Vg=7Z;/(Zi+Rg)
Ays =V, /Vg=(Vo/Vj) (Vi'Vg)
Ays = Ay [Z;/ (ZitRg)]



Voltage divider with Rg and Ry,

+T¢
:
-

|
on

Oon

{ 8 §

$6

Voltage gain: Ay =-[Rc|Rr]/ re

Input Impedance: Zi =Rq|Ro|p re
Output Impedance: Zy = R|Rp|ro

Emitter follower with Rg and Ry,

re model:




Voltage Gain: Av = (Rg|[RL) / [RE||RL+re]
Input Impedance: Zi=Rp || Zp

Input Impedance seen at Base: Zp = B(Rg|RL)
Output Impedance Zo=Te

Two — port systems approach

This is an alternative approach to the analysis of an amplifier.
This is important where the designer works with packaged with packaged
products rather than individual elements.
An amplifier may be housed in a package along with the values of gain, input
and output impedances.
But those values are no load values and by using these values, it is required to
find out the gain and various impedances under loaded conditions.
This analysis assumes the output port of the amplifier to be seen as a voltage
source. The value of this output voltage is obtained by Thevinising the output port
of the amplifier.

Et = AvNLVi

Model of two port system

1;

Ko 1,
JR— ———
o - ——AAA———
-+ b c
ri

V: /'\/ L

Applying the load to the two port system

1% I,
——— e
< - S
-+ 1> l (6]
/\/ — Rl

V. i

Applying voltage divider in the above system:

Vo =AyNLViRL /[ RLHR,]



Including the effects of source resistance Rg

Applying voltage divider at the input side, we get:

V; = VgR; /[Rg+R;]

Vo= AvVNLVi

Vi=VgR; /[RgtRj]

Vo=AvNL VsR;/[RgtRi]
Vo/ Vg = Ays = AyNLR; /[RgHR|]

Two port system with Rg and Ry,

We know that, at the input side
Vi = VR /[Rg+R|]
Vi/Vs=R;/[RgtR|]
At the output side,
Vo =AyNLViRL /[ RLTR]
Vo /Vi=AyNLRL/[ RLTR]
Thus, considering both Rg and Ry :
Ay =V,/ Vg
=[Vo/ Vil [Vi/ V]



Ay =(AyNLRL / [ RLTRg)) (Rj/ [Rg+Rj])

Example:
Given an amplifier with the following details:
Rg=0.2kQ, Ayny. =-480,Z; =4kQ, Z,=2kQ
Determine:
Ay with R =1.2kQ
Ay and Aj with R{=5.6 kQ, Ayg with R =1.2
Solution:
Ay =AyNLRL / (RL T Ro)
= (- 480)1.2k / (1.2k+2k)
=-180
With Ry, = 5.6k, Ay =-353.76
This shows that, larger the value of load resistor, the better is the gain.

Avs = [Ri /(Ri+Rg)] [ RL, / (RL+R,)] AyNL

=-171.36
A;=- AyZi/Ry, here Ay is the voltage gain when Ry = 5.6k.
Aj=-AvZi/RL
= - (-353.76)(4k/5.6k) = 252.6
Hybrid © model
Cyie
—t
r 1 I rb|
By Eda i 5
A gm Vb 'e
- i <
g Gug T t\\Tw $he
O B ¢ Q

This is more accurate model for high frequency effects. The capacitors that appear are
stray parasitic capacitors between the various junctions of the device. These capacitances
come into picture only at high frequencies.

*  Cyor Cy is usually few pico farads to few tens of pico farads.

*  TIpp includes the base contact, base bulk and base spreading resistances.



The ( I7), Ihe, Ice are the resistances between the indicated terminals.
Ipe ( 1x) is simply Pre introduced for the CE re model.

T'hc 1S a large resistance that provides feedback between the output and the input.

= Pre
gm = lre

hpe=T1



MODULE-II III

FET DC Biasing

The general relationships that can be applied to the dc analysis of all FET amplifiers

For enhancement-type MOSFETS, the following equation is applicable:

Fixed-Bias Configuration

Since Vg Is a fixed dc supply, Vgs is fixed in magnitude

Ves Y
Ip = ID.S‘S(] B )
P



The fixed level of Vgs has been superimposed as a vertical line at Vgs = - Vge. Ip determined at
any point on the vertical line (Vgs is - Vag).

Ip (mAd I, (ma)

Toey
N drec
Device . oS
Ny
Nerworke-.
O-poil e
isolution} - o,
o
fog
4 ﬂ‘
i | &
| ¢ Ve |U Yein

Vin..= Yer
tivg ne

Fig-plotting Shockely'é equation Fig-solution for the fixed bias configuration



Vos = Vp — Vs
Vp=Vps+ Vg = Vpg + 0 M

Vo Mo
i - i

In addltlon. VGS = VG - VS

or VG - VGS + Vg - V(Jb + ()V

and i Vo = Vs

Examplel: Determine the following for the network of (a) Vesqo (b) Ibg () Vbs (d)

Ve (f) Vs
I, (mA)
dppg = 10 A
9
.- ﬁ -l =506WA
g [’}
4
3 E:E..‘ A
2 ]
! 1
= 1
4 n Vay
B8V t:n= " \| o el =2
Fig- Example 1: Fig-Graphical solution for Ex:1
Solution:

From the graph of fig8 -6 , 5.6mA is quite acceptable. Therefore, for part (a)

Vb (e)



Vs, = =Yoo = -2V

(b) Ip, = 5.6 mA

(©) Vips = Vpp — IR, = 16 V — (5.6 mA)(2 k(D)
16V—-112V =48V

(dy Vp=Vps =48V

(&) Vo= Vo= -2V

O V=0V

Self-Bias Configuration

The controlling gate-to-source voltage is now determined by the voltage across a resistor Rs

introduced in the source leg of the configuration in fig



¥on

Fig- JFET self-bias configuration Fig-DC analysis of the self configuration

The current through Rs is the source current Is but Is = I and

Vi, = IpR;
S [
For the indicated closed loop of fig 8-8 we find that
—Vos — VR_S =0
and VU.S = _VR.S

or

Substituting this equation into Shockley"s equation as below:

I,=1 | e
D DSS( VP
_II)RS‘):
=7 _4(1 PPN :.0520)
DSS VP

IpRs\*
Ip =1 1+ :
D DSS( v, )

so we must identify two point , the first point as defines shown . The second point

identifies by using this approximating:

IpssRs
V,_ . = ——I R s — =
Then @ o 2



i

DsS

4

T Vas=0Vilp=0A (Va5 = —Ipks

0

Fig-defining a point on the self-bias line

Vs

Fig- sketching the self-bias line

Applying KVL to the output circuit to determine the Vps

and

VRS + ‘/DS + VR,-, & VDD = ()
Vis = Vo — VRS = Vg, = Vpp — LRy — IR,

’
ay



but ]D = Is-

and : Vm : VDD ~ ID(Rq i R_p)

V= LR :

and V= VDi + Vs :VMD oW

Example 2: Determine the following for the network of fig8-11,(a) Vesg (b) lpo (c) Vbs (d) Vs
(&) Vo) Vo Cay

Fig- Example2:

Solution:

Vs = —IpR;
Choosing Ip = 4mA, we obtain

Ver = —(4mAY1kQ) = -4V

The result is the plot of fig8-12 as defined by the network, If choose Vgs = Vp /2 = -3V, we find



Ip = Ipss /4 =8mA [ 4 = 2mA, as shown in fig 8-13

4 Iy (mA)
11) (rnA)
8
S T LA 8 Upss 7
A SRS SN
7 -6
Ip=4mA V= 4V f 6 5
& ~s
Nerwork-—"" / % ! =4
/ R 5 i 3
1 : —‘3 ’st) Q-point S "i*g’“ = "UQ= 2.6 mA
K ke = !
; o ; 1 I i
‘ o ‘{ T 1 1#1 | -
- 1L Vs=0Vih=0ma TT6 54 4 2 A [0 VW) 6 -5 -4 —3-2 -1 [0 VeglW)
L1 L b A [N v v, - ;
T T W R Ve (V) 2 (2 Vosg==26V
Fig-self bias line for Ex2: Fig- JFET of Ex2 Fig- Q-point for the network

VGSQ = =26V
(b) At the quicscent point:
Ip, = 2.6 mA
(©)



Vps = Vo — Ip(Rs + Rp)
=20V — (2.6 mA)(1 k) + 3.3 k&)

=20V — 1118 V
=882V
(d) = (2.6 mA)(1 k)
=26V
(e) VYG == '"' V
()

Vp=Vps+ Ve= 882V +26V =114V
Vp=Vyp — IRy = 20V — (26 mA)(3.3k()) = 1142V

Example3: Find the quiescent point for the network of fig8-11 if(a) RS=100Q, (b) RS=10kQ

b 7, imA)
48
Rg=100 Q 7
Ip=4mAVoy=-04V Q-point §7--1, =64mA
._\____\ wmiil
\'\\ e
Rs =10 k2 1
Vg =—-4 V.75 =04 mA 13
/ 42
Q-point 1
6 3[-4 -3 2 1 [0 VW

VGSQ =-4.6 ¥

Fig-Example 3:

(a)lp scale
Ip, = 6.4mA

VGS"J = - 0.64 V
Vs scale,
Ves, = —46V



Ip, = 0.46 mA

Example4: Determine the following for the common-gate configuration of fig(a)Vaso (b) Ip

(€) Vo (d)Ve (€)Vs (f)Vos

680

Fig-Example 4: he dc resulting Fig - Q-point for the network



Solution:

a) The transfer characteristic and load line appear in fig8-18. The second point for the sketch
of the load line was determined by choosing (arbitrarily) Ib=6mA, solving for Vgs

Vi = —IpRs = —(6 mA)(680 (2) = —4.08 V
As shown in fig8-18. The device transfer curve was sketched using

_ Ipgs o 12 mA e

b4 4 ‘
Vi 6V

Vg = ’-7{ Sk -3V

The resulting quiescent point of fig is:
VIGSQ = _2‘6 ‘7

(b)
Ip, =38 mA

©) V= Vpp — IpRp
=12V - (38mA)(1.5k)) =12V =57V
=63V

(d) V,=0V

(&) V= I,R; = (3.3 mA)(680 (1)

=258V
) Vps=Vp— Vs

=63V -28V
=372V

Voltage-Divider Biasing



- =

Fig- i/oltage-divider bias arrangement Fig-redrawn network for dc analysis

lc =0 A, KCL requires that Ir; = Ir2, Vs found using Voltage Divider Rule as:

Applying KVL in the clockwise direction to the indicated loop of fig

Ve — Vos — VR_, =)
Vos= Vg — Vi
Vi, = I{Rs = Ip R, we have

Set Ip = OMA resulting:



Vos = Vo — IRy

ip

Vee=0V. 1, = VgiRs

Vge=Vg-Iph

1y =0ma, Vas = Vg
o

Fig-the network equation

For the other point, let us now employ the fact that:

Vos = Vo — IpRy
0 V ‘/(; o [I)RS

el
: Rewvpsovw

Increasing values of Rs result in lower quiescent values of Ip and more negative values of Vgs




Increasing

R“". 7 values of Ry

e % _’Fig-effect of Rs on the resulting Q-point

Example 5: Determine the following for the network of fig,(a) lbqg & Veso (b) Vb (€) Vs (d) Vbs
() Voe

Solution: a) For the transfer char-, if Ip=lpss/4 =8mA/4=2mA, then Vgs=Vp/2=-4V/2 =-2V
The resulting curve in fig; the network equation is defined by:



o +16Y

I, (mA)
| 24k0 8 (Ipgs)
S2u1ma 7
‘b
10uF G
Y,
5
e 4
5 uF
! 3
.J_ o lno= 24 mA
gmm 15XQ = 204F _— Ip=1.21 mA(Vge=0 V)
{
i i o I I
| 4 3 =2 -L |0 1 (2 3
(W) Vi, = L8V V=182V
* g . (Ip=0mA)
Fig-Example 5: Fig-the Q-point for the network
R 7
V(; — 2V I
~ (270kQ)(16 V)
C21MQ + 027 MO
=182V

Ves = Vi — IpRy

1.82V — I(L5kQ)

When I, = 0 mA:

Vg = 182V
When Vi = 0 V:
I, = Loty o 1.21 mA
LT sk

The resulting bias line appears on fig with quiescent values of



Iy, = 24mA
and Vig, = ~18V
(b) V= Vo= LRy

=16V - (24 mA)24 k()
=104V

© Ve=1,R = (24mAY1 5K
=36V
() Vs = Vi = L{Ry = R
= 16V - (24 mAJ24K( + 15K()
=664V
V= V= Vo= 104V =36V
=664V

VUU - VD g V(.F
= 1024V- 182V
=842V

Example6: Determine the following for the network of fig8-25, ,(a) lbg & Veso (b) Vbs (€) Vp (d)
Vs



Vpp=20V

*’n

Ry, =18k

I, (mA)

9 (Tpss)

q Rs=15kQ

Vo= 10V 11

3
.
|
[
|
|
e
|
1
|
14
I
!
T
|
Il

1}- 2950,
Veg=—10V (V)

= Vs =035V

Fig-Ex6 Fig-the network Fig-Q-point
Solution:

a) Applying KVL to the input section of the network redrawn in fig 8-26

—Vis — LR + Vi =0
- Vos = Vg — IR

but Fom=

= - Vas = Vo= IRy |

Ves = 10V = I,(15 kf2)
For Ip = O mA,
Vos = Vgg = 10V

For Vs = 0V,
0=10V - 1,(15kQ)
v
( = Y 667mA
and b =15k :

For the transfer char-, Vgos=Vp/2=-3V/2 =-1.5V and Ip=Ipss/4 =9mA/4=2.25mA

Ip, = 69 mA
IfGSQ = _0-35 V
b) Applying KVL to the output side of fig will result



Vit Ik 4 Vg T 1t - =1

Substtuting L = I nd reaanging g1cs

ALY



Depletion =Type MOSFETS

Example 7: For the n-channel depletion-type of fig , determine: lIpg & Veso & Vps

I, (mA)

Ves

I8V

oV,

Jgjo Ma 75042

-

Fig-n-DMOSFET Example 7: Fig-Q-point for the network of ExX7n-DMOSFET

Setting I, = 0 mA results in
Vee=Ys=13 ¥

Setting Vs = 0V yields

Ve = ben Y =2 1A

Ry 7508

Solution: For the transfer char-, Vgs=Vp/2=-3V/2 =-1.5V and Ip=Ipss/4 =6mA/4=1.5mA,
consider the level of Vp and the fact that Skockley's equation defines a curve that rises more

positive. A plot point will defined at Vgs =+1V.

ID =



LIGS 2
Iy =Ipgs| 1 — 7{)

_ +1VY %
=6mA(l ——) =6mA<l +§> = 6 mA(1.778)

3V
= 10.67 mA
Eq[8-15]
10 MO(18 V)
Yo~ Toma < oma Y
Eq[8-16]

Vs = Vo — IpRg = 15V — 1,(750 £})
The plot point and resulting bias line appear in fig8-29 the resulting operating point:

b)Eq[8-19]

3.1 mA
—08V

II J-:J

Vis,

Vs = Vop — ID(RD + RS)
=18V — (3..] mA)(I.S k) + 750 Q)

=101V
Example 8: Repeat Example 7: with Rs = 150Q

Solution: (a) The plot points are the same for the transfer curve as shown in fig8-30,

Vos = Vg — IpRs = 1.5V — 15(150 )



—==efp =T6mMA
IDQ ks

Setting {; — 0 mA results in

Vf_';_g =15V !
setting Vg = 0V yiclds E
I
Vs 1.3V ] | L
ip=—"=——=10mA = 5 = ! ;
>T Ry 1500 EEL I

AR SR Y

Vps = Vpp — ID(RD T Rs)
18V — (7.6 mA)(1.8 k) + 150 Q)

Example 9: Determine the following for the network of fig-, log & Vesg & Vp

anv

6.2 k@

1l
n

= };,r):],f!mA

1M@Q 2410 €
8 T -6 -5 —4 3 -2 - ot 2 Vias
% Vs, =—43V
Fig-Example 9: Fig-the Q-point for the network of Ex9:
Solution:
Vas = —IpR;

For JFET Vgs must be less than zero volts. Therefore no requirement to plot the transfer
curves for positive values of Vgs
]r)jg_' 8 mA

I = 4 = ” = 2 mA
Ve =8V
and Vs = 5 = > = -4V
and for Vg > 0V, since V, = —8 V, we will choose

Vo= 42V



For the network bias line, at Vgs=0V, 1p=0mA. Choosing Vgs = -6V

- _V(_;g_ _=hA _hgmA
: R; 24k00 77
The resulting O-point:
Ip, = LTmA

Vg, = =43V
b) Vo = Vop — IR,
=20V = (1.7 mA)(6.2 kQ)
- 940V



Example 10: Determine Vps for the network of fig8-33

Solution:
Vi =0V

VGS'L, E= 0 Y
I, = 10 mA

Vp = Vop — IpRp = 20V — (10 mA)(1.5 kQ)
=20V - 15V

Fig-Examplel0:

Enhancement-Type MOSFETs



Ip = K(Vos — Vosm)’

e 2
ID{on] - k(VGS(Un) = VGS[Th_])

Ip (MAG

Voo "’1,:’,\. V,'-,: Vig

Fig-Transfer char- of n-EMOSFET

Feedback Biasing Arrangement



Von
o Voo
Ry ;
o

Fig-Feedback biasing arrangement Fig-Dc equivalent of the network

A direct connection now exists between drain and gate, resulting in

Vb= Vs

and

For the output circuit,

Vps = Vop — IpRp
Which becomes the following after substituting

Substituting Ip = 0mA

Vs = VDD!@ = OmA

Substituting Ves = OmA

Vi = 0%

the resulting operation point

I

Vesem)

pp  Vas

Fig-Q-point for the network

Example 11: Determine Ipg and Vpsq for the enhancement-type MOSFET



Vae= 10V, In=11.76 mA

N

>
T &

2k0

o

Toiony -+~

L= B T R - ]

Vs Vs (o

Fig-Example 11: Fig-transfer curve for the MOSFET of Ex 11

Solution: Two points are defined immediately as shown in fig. Solving for k

I
(Vcsiuu;: = If (st'('rhjz)2
6mA _6X10”

BV-3VP 25
= 0.4 x 107 A/V?

For Ve = 6 V (between 3 and 8 V):
I, =024 X 1076V - 3VF =024 X 107°(9)

=216 mA

b=

AV

For Vi = 10V (slightly greater than Vgy):
[ =024 X 10710V = 3 V) =024 X 107(49)

= 11.76 mA



For the Network Bias Line:
Vs = Voo — IpRp
=12V — 1,(2kQ)
Veos = Vpp = 12 VIIL, = DmA

Voo 12V
ly=—"=—"——=6mA|,__gv
D RD ) k!l |‘,‘S (1Y
L=y
Ip, = 275 mA
"’qu” =64V ;
U 12 272 5 6,7 x 9 w2 Ve
‘/D-q;? = VGS;_, =64V Yos,= 6.4 ¥ Vo)

Fig-Q-point for the network

Voltage-Divider Biasing Arrangement



Fig8-41 Voltage-divider biasing for n- EMOSFET

Applying KVL around the indicated loop of fig8-41 will result

+VG - VGS = VR: — 0

Vs & Y™ Vg



For the output section:
VR\- + Vs + Vk‘,) —Vop =90

Vos = Vop — VR5 = VR,J

Example 12: Determine Ipg , Vaeso , and Vps for the network

I“ﬂv

In(mA;

22MQ

2ZN4351

. Voymm =3V -
* Tpiom =3 mA =

at VGS (on} = v g 20

18 MQ
i 10
10,87 k£
=67 mA
L3 ‘ ‘
0 3 w15 ] 20 25 Ve
Vaerm  Vas,= 125V V=18V

Fig-Example 12: Fig-Q-point for network of Ex 12:

Solution: Network: RVor _ (18M2)40 V)

I,", — —
“ R/ +R, 22MQ + I8MQ

Vis = Vo — IpRs = 18 V — [,,(0.82 k)

=18V

When Ip = OmA

Vg = 18V — (0mA)(0.82kQ) = 18 V

As appearing on fig 8-43, when Vgs =0V
Vas = 18V — I,(0.82 kQ)

0=18V — ,(0.82 kQ)

1Y 21.95 mA
—1d p—v W B & m
Y 0.82kO)
VGS(Th} =35 V, ! D{on) = 3 mA with VGS((m) =10V

"J'(m' '
b= — ) .
(\ Ii'))G.S {un} “’)GS ['T'Il})

IMA 012 % 107 AV

T {10V - 5VYy

I = k(Vc;'S =¥ GSIL'Th))Z
= 0.12 % 1073V = 5)°
I, = 6.7 mA
Vs, = 125V
Vps = Vop — In(Rs + Rp)

=40V — (6.7 mA)(0.82 kQ2 + 3.0k{})
=40V — 256V
=144V



SUMMARY

1- A fixed-bias configuration has, a fixed dc voltage applied from gate to source to establish the

operating point.

2- The nonlinear relationship between the gate-to-source voltage and the drain current of a
JFET requires that a graphical or mathematical solution be used to determine the quiescent
point of operation.

3- All voltages with a single subscript define a voltage from a specified point to ground.

4- The self-bias configuration is determined by an equation for Vgs that will always pass
through the origin. Any other point determined by the biasing equation will establish a straight

line to represent the biasing network.

5- For the voltage-divider biasing configuration, one can always assume that the gate current is
OA to permit isolation or the voltage-divider network from the output section. The resulting
gate-to-ground voltage will always be positive for an n-channel JFET and negative for a p-

channel JFET. Increasing values of Rs result in lower quiescent values of Ip and more negative

values of Vgs for an n-channel JFET

6- The method of analysis applied to depletion-type MOSFETSs is the same as applied to

JFETSs, with the only difference being a possible operating point with an Ip level above the Ipss

value.

7- The characteristics and method of analysis applied to enhancement-type MOSFETs are
entirely different from those of JFETs and depletion-type MOSFETSs. For values of Vgs less

than the threshold value, the drain current Ip is OA.
8- When analyzing networks with a variety of devices. First work with the region of the network
that will provide a voltage or current level using the basic relationships associated with those

devices. Then use that level and the appropriate equations to find other voltage or current

levels of the net work in the surrounding region of the system.

9- The design process often requires finding a resistance level to establish the desired voltage
or current level. With this in mind remember that a resistance level is defined by the voltage



across the resistor divided by the current through the resistor. In the design process, both of

these quantities are often available for a particular resistive element.

10- The analysis of p-channel FETs is the same as that applied to n-channel FETs except for
the fact that all the voltages will have the opposite polarity and the currents the opposite

direction



SUMMARY TABLE

Tvpe Configuralion Pertinent Cauations Graphical Sclutien
Von ’ [
Ry Lpsy
JEET Yas, = ~Vac Q-point
Fixed-bias Vs = Vi — 1hR; A |
Vil . ‘
O Ve \’,,G:D Vas

JIET Vis = —IpRy
Sclf-bias Vs = Vpp — Ip(Rp + Ry)
R'}"r
JFET Vo= — 0
. - R, + R,
Voltage-divider - ;
ubi’ls v = Vi — IRy
‘ Vos = Vpp — Ip(Rp + Kj)
JFET Vee = Ves — InpRg

Common-gate Vs = Vip + Vs — IlRs+ Ry Q-point
- Gs
) Iy
Q-point § 7,
’ JFL‘/'].‘ g VGSL;‘ o O V /VGEO =0V
[.VGS,;, =0 Ip, = dpgs ’
Ve |0 Vs
Iy
Vis = —IpRq /s
JEET | Vo= Vo
(Rp, =04)) Vo =1Lk | 1,
t’DS - “"DD = ISRS Q-pmnl 13
,'[ I y
Ve Vs |0 Vs

Depletion-type
MOSELT
Fixcd-bias

/ -
Vi 7

7 = 7
65 = =F You

Vos = Viop — InR;

Depletion-type
MOSFET
Voltage-divider
bias

. R:Vpp
Vo=—"—"+—
R, R,
Viy = Vi — LRy

Vs = Vop — In(Rp — Ry)







Enhancement

type MOSFET Ves = Vis
Feedback Vie = Vop — IR,
configuration !
0 Voo . Vi Ve,
| G5y Yo VoD Yo
R?,V’UU
Enhancement Vog=—"—
R, + R,

type MOSLLET
Voltage-divider
bias

Vis = Vi, — bRy




Equations:

JEETs/depletion-type MOSEETS:
Fixed-bias conliguration:

Sell-bias configuration:

Vollage-divider biasing:

Enhancement-type MOSFETS:

Feedback biasing:

Vol,tagé-divider biasing:

Vos= “Vge= Vg

Vg = —IpRs
R,V

Vo = o222
R, + R,

Vos = Vg — IpRg

Vs = Vis

Vas = Voo — 1pRp
R,V

Voo _2°Db
R+ R,

s = Ve — IpRs






MODULE-III
FET Small signal analysis

The gate-to-source ac voltage controls the drain-to-source (channel) current of an FET,
Skockley's equation controlled the level of dc drain current through a relationship

e Yo
AID = .gm‘ AV(:5 VF
Om is a trans-conductance factor using to determined The change in Drain current that will
result from a change in gate-to-source voltage in the following:

Conductance of resistor g = 1/R = I/V

Al
ST AV(’,’S
Graphical Determination of gn,
. Ay B
-

8m = Ny": ) (= Slope at (J-point)

i

Ve 0 Vis

Fig-Definition of g, using transfer characteristics
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Examplel: Determine g, for the JFET with Ipss = 8mA & Vp = -4 at the following dc bias point:
(a) Vgs = -05V,(b) Ves = -1.5V,(C) Vgs =-2.5V

Solution:

b [, (MmA)

gnat=03V G 2.1 mA

0.7V
1.5mA = |

-4 -3 -2 -1 0 Vigs (V)

Fig-calculating gm at various bias points

ajgm = =" """ =35mS
@am = v T uev
" Aip, 1.8 mA .

_ - — e — = 237
(b)gm AV 07V

Af 1.5 mA

= = 1.5

(c)gm AV IRY Ik
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Mathematical Definition of gm

The derivative of a function at a point is equal to the slope of the tangent line drawn at that

point.
.‘ﬁl{) dID {! [1 ( l L;G,S)E -|
gm = — I === J—
AVoslow  dVoslow — dVasl °\° Wy
Vm] d ( ;GS)
=] = 2f — = 1 —
DSS dVGS( Ds{ Vo | dV,q 7,

[ V
= ”DSS| I — GSM
P

I_

1 dV Ve T 1]
(1) - ] = 2,1,,)5.5.[1 - “}' 0——]|

Vs Vp d 1 GS Vp

N

The maximum value of g, for a JFET in which Ipss and Ve have been specified

2pss [ 0 J
lgl‘l'.' ] T e

l‘l

means the value of g, when Vgs = 0V, then becomes
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Example2: For the JFET having the transfer char-of Ex1:
(a) find the maximum value of gnm

(b) find the value of g, at each operating point . compare with
graphical result

Solution:

2pss  2(8 mA)
Vol 4V
b) At Vg = =05V,

Vos | —05V |
Em — ng[] - VP } - 4ﬂ15{l - :'V } = 3.5mS

a) g = =4 mS (maximum possible value of g,,)

4"'\1 VG.S = __I_.S V,

= {1—@J—4 s{; _I'SV}—zs S
Em gml] VP m _4 \)’ = L.aIn
Al VG.S = _2.5 V.,
VGS] [ —2.5 V} .
Em = Em 1 — =4mS| 1 — — | = 1.5mS
g ul Ve v Sm
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On specification sheet, g, is provided as yss where y indicates it is part of an admittance
equivalent circuit. The f signifies forward transfer parameter, and the s reveals that it is
connected to the source terminal. In equation:

Plotting gm VvS. Vgs: When Vgs is 1/2Vp, gm will be 1/2 the maximum value (gmo)

& (S)

0 Vg 1V

Fig - plot of gm vs. Vs

Example 3: Plot gmVs. Vgs forthe JFET of Ex 1: and Ex 2:

Solution:

-l 2 m§

0 Viag (V)

Fig-gm vS. Vgs, with Ibss=8mMA & Vp=-4V

Impact of Ip on gn, :

Fisd &1 i E_D—
Ve N
Subs
tituti

Sin Sl VP : &Sl '\/ 11)55 165




EQ[9-8] into EQ.[9-6] will result in:

(a) If I = Ipgs.

I"V -
¢, =g Hpss _ g
m = &mb \.'} = Bmo
DSS

(b) IL 1) = Ipsy/2,

{
Hpss/2

Em = 8mo '\.’ = 0‘707gm()

I DSS

!
= / / DSS/ 4 _ Em0
Em = 8mo \u’ = ,)_

= ().5g,,
s < B
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Example 4: Plot Ip vs. gm for the JFET of Ex 1: through Ex 3:

Solution;
ﬁ.’r.‘;‘S]

4ms
4 fafe  cmi te hh e ee e e e e ee ee e cee dee e e

P 283 m§
3 28ms

2mS
Flau I g
15l
| O I (S SO (N SN (SO
0 l 2 3 4 5 6 7 8 9 10 £, (mA)
Tnss nss Inss
T4 2
, Z(FET) = = ()
J{PET) S 3 et
- mA)

Yes= Hlg-gm VS. Vas, Ipss = 8MA & Vp = -4V

Vi =constantat -1 V
B

!
O-point _,J') R
- I
AV
-2V

Vos (V)

Fig- rd using FET drain char-
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Example 5: Determine the output impedance for the FET for Vgs = 0V,-2V, 8V

I (mA)

¢ o Vog=0V
h o S Y AL =D2mA
AVpe =5V
Vog ==1V
. T Vgm0V

\‘AID= (.1 mA

Vas=-3V
S O B, T O e e

S PR R R U RS0 "sV) Fig -Drain char-for rg in Ex5:
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Solution: For Vgs=0V, a tangent line is drawn and AVps is chosen as 5V, resulting in a Alp of

0.2mA, substituting into Eq[9-12]

AVps 3V
Yo = 4 =—=2
Al 1y —ov  02mA Sk

For Vgs=-2V, a tangent line is drawn and AVps is chosen as 8V, resulting in a Alp of 0.1mA,
substituting into Eq[9-12]

o~

Fig-FET ac equivalent circuit

la control by Vs is a current source gmVys connected from drain to source to establish a 180°
phase shift

Z; is open circuit at the input

Z, isrq from drain to source

Example 6: y;s =3.8mS and y,s =20uS, Sketch the FET as equivalent model

Solution:
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&
Fig-FET ac model for Ex6:

JFET Fixed-Bias Configuration (Common-Source)

Xr_-_l i Xe, =0Q
/ n /
V; o - " oV,
/ —_— Rr)
Z; “
‘ Z(}

- Battery Vppy
" replaced by

short

Battery Vg,
replaced by ~
short

Fig-JFET ac equivalent

Fig-JFET fixed configuration
Om & rq determined from the dc biasing arrangement specification sheet, Vg & Vpp are set to

zero by a short circuit equivalent
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Fig- Redrawn network

For obtaining Zo Setting Vi = 0V, will establish Vg as 0V also, this result gmVgs = 0OMA

{ °p
. —
8nVes = 0 mA e Rp z,
= 10R,

VO - —gmvgs(rdHRD)
vg.f = Vi

Vu Al gm‘/i(rd ”RD)
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Phase Relationship: the

Yin A, means 180° phase shift between IP & OP
G

Example 7: configuration of Ex1: had Vgsg = -2V & Ipg = 5.625 mA, with Ipss =10 MA & V, = -
8V. The network is redrawn with an applied signal Vi, the value of ys is provided as

40us, Determine (a) gm (b) rq (¢) Zi(d) Z, (e) Ay (f) Ay ignoring the effect of rg
Solution:
2Ipss  2(10mA)

(@) 8w = v, qV = 2.5 m8
_ Ves, . —-2V)
8= gnm(l - v, ) =25 mS(l v ) = 1.88 mS
(b) m=i=—]~= 5k
Yo 40 pS

(©) Z = Ry = 1 MQ

() 7, = Ry |ry = 2kO||25 kQ = 1.85 kQ

(e) A, = —g,.(Rpllr,) = —(1.88 mS)(1.85 k)
= —=3.48

() A, = —g,.Rp = —(1.88 mS)(2 k)) = —3.76

20V

2k&2
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JFET Self-Bias Configuration (Common-Source)

Bypassed Rs

Fig- Self-bias JFET configuration

Since the resulting configuration i.e. Z;, Z, & A, will be the same

Xp ~0Q

% -
Fig - ac equivalent circuit

S'"_,. Rebypassed

by X

= 10R,

r. =108,

o L
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Phase Relationship: the negative sign in A, means 180° phase shift between IP & OP

Un-bypassed Rgs

+ o

Q

lll -4

Fig-JFET with effect of Rs with rg==<Q

Due to the open-circuit condition between the gate and the output network

174



Setting V=0V will result in the gate terminal being at ground potential(0V).The
voltage across Rg is 0V, Rg "shorted out" of the picture. Applying KCL will result

Lyt D= @V
Vo = —(I, + Ip)Rs
1, + In = —gud, + Ip)Rs = —gulRs — 8nlpRs
L[l + g,Rs] = —Ip[1 + guRs]

Vo = -IDRD

Vo= —(_IO)RD = IR,

If rqis included in the network

the equivalent will appear as shown in fig9-18

S o
o % 2 s +
- [O
it
e
Z, 7
K. gR/J ¥
R
o
= _'L [— ——
i I+, I
Vs IpRp 175

7
© Lilvoov L



Fig9-18 rq effect in self-bias JFET

We try to find an expression for |, in terms of Ip applying KCL.:
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Voltag

e
A,: for the network of fig9-18, applications of KVL on the input circuit result in: across
Vi—= V= Vg, =0 I'd
' : applyin
vg.s‘ = Vf a II)RS g KVL
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R R
_ID{I i ngS ng TS' T _—B:I

I = d ry V” & VR;
o R
1 + ngS + _5 ; VO - VRS
rd _[ = —_—
Fy
Applyidg KCL will resulf foRo
@ ] | RS RD
=Ip| 14 G R F — b=
Ty ra
Ry
1+ ngS # ==

Ta V, = Vi

Substituting for Vgsffc);m

RS RD -RS R[)
Forr;= 10Rs (1 + g R +—=]>Land1 + g R +— +
Ty Fy Fa Py

R
=1+ g R, + —and

rd
r iz 10R,
(—II)RD) B (]DRS)
Ip= &’m[Vz = I/)Rs] 22 ry
R, + Ry
II) ] + ngS - )‘(— = ngi
1 . gmv{
p =
Ry + R
1+ g,Re+
The output voltage V, is Fa
_ _ Z.RpV,
= ]DRD = R!) 3 RS
L+ guls + ———
a
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Phase Relationship: the negative sign in A, means 180° phase shift between IP & OP

Example 8: configuration of fig9-19 has Vgsg=-2.6V & Ipg=2.6mA, with Ipss=8mA & Vp=-6V.
The network is redrawn as fig9-20 with an applied signal Vi. The value of y.s is given as 20usS,
Determine (a) gm (b) rq (¢) Zi (d) Z, with and without rq (€},A, with and without ry

Fig-Ex8 Fig-Redrawn Ex8:

Solution:
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2pss 208 mA)

B &=

= 2.67mS

V| 6V

( ! VGSQ-:
(¥ = ¢ pa—
Em Emo Vp

, 1 |
(D) pp=m, o=

Ty 20uS
(c) L:R(;: 1.\'19

«d) With ry

Thereflore,

Ifr, =0

(e) With r,

—6V)

50 kQ

Z,= Rp=33kQ

Z,= R, =33k

o (=26V)
—267m$(1 — ———) = 1.51 mS

A= TBuRo B —(1.51 mS)(3.3 k)
e Rp+ R . . B3RO TRO
L+ g,Rs + = 1 — (1.51 mS)(1 k€2) + e
= —1.92
Without r,:
—g.R —(1.51 mS)(3.3 k{2
A, o Emitn - ( )( ) il "‘1.98

"1+ g,Re 1+ (151 mS)(1kQ)

\
Rs,
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3-JFET Voltage-Divide Configuration (Common-Source)

R.S ICS
= % Fig- JFET voltage-divider configuration

Fié- Redrawn network

V(J == _-gm.Vgs(rdHRD)
V. B _gmvgs(rdHRD)

A = . O
7 Ves
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7= 10R,,

4-JFET Source-Follower (Common-Drain Configuration)

The output is taken off the source terminal and when the dc supply is replaced by it's short-
circuit equivalent, the drain is grounded (hence, the terminology common-drain)
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-

& [ oV,
|
g—
Rg Z

Fig-JFET Source-Follower configuration Fig-JFET ac equivalent model

T

>
~ef—
iRS Z, -

Setting V; = OV will result in the gate terminal being connected directly to ground so that Z,=
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Vo= -Vgs applying KCL at node S

(AT
| %R,
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| 7= Rl

== 10R,

Vo = gmvgs(rd“RS)
Applying KVL around the perimeter of the network of fig9-26 will result in:

V.= Vgs + ¥
Vs = Vi — ¥
Vo = gV = Vo)lral R)
V, = 2.Vi{radlRs) — gnVeolralRs)
V1 + g.(rillRs)] = &nVilrallRs)

Since the bottom of above Eq is larger than the numerator by a factor of one, the gain can
never be equal to or greater than one

Phase Relationship: since A, is a positive quantity, V, and V; are in phase

Example 9: A dc analysis of fig will result in Vgsg = -2.86V & Ipg=4.56mA, Determine (a)
Om (b) rq (¢) Zi (d) Zo with and without rq () Ay with and without rq

Solution:
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a) &mp = \VT = iV = 8mS
B (1 B vc;.s;_,) o B 9(1 (—2.86 V)) 228 mS
& &ty V,J me (‘4 V) = Z. m
1 1
b)ry=—=—5=
) T4 . 2558 = 40 k)

¢) Z;=R; = 1MQ
d) With rz
Z, = ry||Rs|1/g,, = 40kQ|2.2 k] 1/2.28 mS
= 40k02.2 k||438.6 O
= 362.52 O

Without rq
Z, = Rg|[1/g,, = 2.2 kQ2]|438.6 ) = 365.69 O

e) With rg
5 = gnlralRs) (228 mS)(40 k2.2 k)
Y1+ g (rlR) T 1+ (2.28 1115)(40 kQ|2.2 k)
(2.28 mS)(2.09 k) 4.77

1+ (228mS)2.00k0) 1+ 477 08

1l
i T
05 uF : :
glms’ m uF +
%22}\0 - v,
- % -]
Fig- Ex9:
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Without rg:

Lo &R 228mS)22k0)
©o 1+ g,Ry 1+ (2.28mS)(2.2k0D)
- _5.02 — 0.83
1 =502

Depletion-Type MOSFETs

The ac equivalent model for D-MOSFETS is exactly the same as that employed for JFETS as
shown in fig9-28, the only difference is that Vgsq can be positive for n-channel and negative for
p-channel devices, the result is that g, can be greater than gmo

o)

05

Fig- D-MOSFET ac circuit

Example 10: The network of fig was analyzed, resulting in Vgsg = 0.35V & Ipg = 7.6mA,
Determine (a) gm and compare to gmo (b) rq (c) Sketch the ac equivalent network (d) Z; (e) Zo

(f) Ay

Solution:
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g

v,

i

Vs, (+0.35 V) ,
o = g,.in(l e {,L) - 4ms(1 = (_;V) ) =4mS(1 ~0.117) =447mS 7

] I
o _ 1
07 == (g5 ~ 100k 1

10 MQ 150 Q

2nss 26 m_A:J A §
) |
§

Fig-network for Ex10: (C)
See fig9-30 the similarities with the network of JFET fixed bias, self bias (bypassed) &

voltage divider configuration (o) that the same Equation applied

D

-+

— i
Z ) Zr s
k€2 1.8 k(2 v,

10 MQ 110 M

[e]

| o
i+ —AN—

Fig-ac equivalent
Enhancement-Type MOSFETs

For the E-MOSFETS, the relationship between output current and controlling voltage is

In = k(Vgs — VGS(Th_))z
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Fig 9-31 E-MOSFET ac circuit

d} 1 d .-} d 7
e = K(Voe — Vagmn) = & Vs — Vasirn)
& Ve dVgs (Vs GsiTh) ch;s( GS GsiThy)
: d
= 2k(Ves — VGX["TH))F(VGS - V(].S‘(T‘h}) = 2k(Vgs — V, L;,g.;;-l-h;.)(] —0)
GS

Can be determined fr

g point on a specification sheet

1- E-MOSFET Voltage Divider Configuration
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B R A A R
% e S e IS ee s,y ed e
LIS, P g Fg] EPESEes
7 AR s A s
B % rmj@»w" o, ea
Vg ’. . 3
R Rn 7 for! Sy ?‘#\4
1 2 LNy AN,
Rk s, AR IR L T, 5% 1)
Fyaeeres 7 e Lt RSLIE - SLpshs
i L ?%%“‘ﬁl%%\ SR
- - —
o

AV.s Fig9-33 ac equivalent circuit

aMOS
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Designing FET Amplifier Network
Example 12: Design the fixed-bias network of fig9-34 to have an ac gain of 10, that is

determining the value of Rp
Viyn (430 V)

g Rp

V’

0.1 uF
r

R Z
10 MQ

S
i

Fig- circuit for desired voltage gain in Ex11.:

Solution:
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2nss  2(10 mA)
|V 4V
~10 = =5 mS(Ry||7,)

10

Rplry = PR kO

&m0 = = 3mS$

1
Y,e 20X 106§

= 50 k()

Fq =

Ry

ra = Rp||50 kQ = 2kQ
R,,(50 k)

PR

50R, = 2(R,, + S0kQ) = 2R, + 100 k()
48R, = 100 kO
100 k2

— =208 kQ
R 48

The closest standard value is 2KQ, which would be employed for this region, the resulting level
of Vpsq would then be determined as follows:

Vos, = Voo — IpRp = 30V = (10mA)(2kQ) = 10V

Z; and Z, are set by the levels of R, and R, respectively. That is,
Z; = R; =10 MQ

Example 13: Choose the value of Rp and Rs for the network of fig 9-35 that will result in a gain
of 8 using a relatively high level of gn, for this device defined at Vgsg = 1/4 Vp

Solution:
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Lty SR =i
4 r 4k -

4 Vs, v ; (-1V)Y :
]’) = IU&S(I - VF e 10 HJ.A l - (_4 \’!)/ = 5.625 lT‘Iz\

ung g,

4 —_—
Vg, =

Il
o7
&
-
m s
R
p—

) = 3.75mS

Fig-network for desired voltage gain

‘A,‘ = gm(RD “ rd)

8 = (3.75 n]S)(RD”f'd)

| 8
Rpllr, = T ms = 213k

s hose o
rd \; 2 [,L =Ml Kk
2.13 k0

R, = 22k

VCSQ o _]DRS
— 1V = —(5.625 mA)R,

L T
5 5.625mA R
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The closest standard value is 180Q), in this example; Rs does not appear in the ac design
because of the shorting effect of Cs

Example 13: Determine Rp and Rs for the network of fig9-35 to establish a gain of 8 of the by-
pass capacitor Cs is removed

Solution: Vgsg and Ip are still -1V and 5.625mA, and since the equation Vgs=-IpRs has not
changed, Rs continues to equal the standard value of 180Q

ngD
1 + ngS'
—(375mS)R, | (3.75mS)R,

g = | B ———
8] 1+ (3.75 mS)(180 Q) 1 + 0.675

8(1 + 0.675) = (3.75 mS)R,

134
P 375mS
With the closest standard value at 3.6K(Q, we can now test the condition:

A, = -

=3.573kQ

ry = IO(RD * Rs)
50k} = 10(3.6 k2 + 0.18 k{)) = 10(3.78 ka)
50 k) = 37.8 kO
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SUMMARY TABLE

Configuration

™

Fixed-bias
[TFET or D-MOSFET|

High (10 MQ)) |

Medium (2 k)

raze 10 Ry}

Medium (—10)

i

=R

Sell-bias
bypassed Ry

[JFET or D-MOSFET] Vi

Sclf-bias
unbypassed R¢
[JFET or D-MOSFET]
+VDD

Vi

| High (10 M(2)

High (10 MQ)

Medium (2 k{Y)

d =08

A= 10Ry oy =02

Medium (—10)

fit

A in=10 R,

o

)

Low (—

= 10{Ry + R

Vollage-divider bias
[JELT or D-MOSFET]

1

>
¥
=

High (10

)

Medium (2 k)

Medium (— 10)







oo o ; _ Y
Configuration Z 7 A, =

Source-follower ‘
[JFET or D-MOSFET] ‘

+Von

High (10 M)

A =10k

Voltage-divider bias
E-MOSFET

Medium (2 k{2) Medium (—10)

Medium (1 M)

= Rz 1K) =

Important Conclusion and Concept

1- The trans-conductance parameter gn, is determined by the ratio of the change in drain
current associated with a particular change in gate-to-source voltage

2- On specification sheets, gn, is provided as Yss

3-When Vgs is one-half the pinch-off value; gm is one-half the maximum value

4- When Ip is one-fourth the saturation level of Ipss , gm iS One-half the value at saturation

5- The output impedance of FETs is similar in magnitude to that of conventional BJTs

6- On specification sheets the output impedance rq is provided as 1/ yos .

7- The voltage gain for the fixed-bias and self-bias JFET configurations (with a by passed
source capacitance) is the same.

8- The ac analysis of JFETs and depletion-type MOSFETSs is the same.



9- The ac equivalent network for E-MOSFETSs is the same as that employed for the JFETs and

D-MOSFETSs, the only difference is the equation for gn,

10- The magnitude of the gain of FET networks is typically between 2 and 20. The self-bias
configuration (without a bypass source capacitance) and the source follower are low-gain
configurations

11- There is no phase shift between input and output for the source-follower

12- The output impedance for most FET configurations is determined primarily by Rp For the
source-follower configuration it is determined by Rs and gm



Equations 3 .-
fn =05 = Av{r%
o = 2l pss
|Vl
8n = &m0 {1 = VGS}
Ve
Em = &m0 Ifi
DSS
_ 1 _ AV
%= Yos B Alp V= constant
JFETs and depletion-type MOSFETSs (r; = 10Ry, r; = 10R):
Fixed-bias:
Z, = Rq
Z, = Ry
A= —gRp
Self-bias (bypassed Ry):
Z. = R;
Z, = Ry
A, = —g.Rp
Self-bias (unbypassed Rg):
Z; = Rg;
Zs = Bp
A=3 +gi??5
Voltage-divider bias:
Z = R|R,
Z, = Ry
A, —&mfp
Source-tollower:
Z; = Ry
Z, = Rl|1/g.,
- 8nRs
" 1 + g.Rs

Enhancement-type MOSFETs ( 8m = 2k(VGsQ = Vos(m))
Voltage-divider bias:

Av = —ngD



Multistage Amplifiers

Two or more amplifiers can be connected to increase the gain of an ac signal. The
overall gain can be calculated by simply multiplying each gain together.

Input 0— Ay Output

Multistage Amplifier Cutoff Frequencies and Bandwidth

When amplifiers having equal cutoff frequencies are cascaded, the cutoff
frequencies and bandwidth of the multistage circuit are found using .

fc o) Ifézle”' 1

f c1
CL(T) f
21/n1
BW f
C2T) CL(T )

Multistage amplifier configuration

~
%Rcl RB %Rcz
Q2

| £
RN
Vi <“‘;—i Q1

Cascade /RC coupling



e

~Vo
RL ‘

gm T L
| Vo _'| Ii | )_ ~

[ 02 < | s |

| ‘

: !\‘ §Rl _:_:‘:l | b:—‘
§R2 ]
= vi |
ol o——
Vi e I\___—‘N Q1 o —

Cascode Transformer coupling

Cascade Connection

The most widely used method

Coupling a signal from one stage to the another stage and block dc voltage

from one stage to the another stage
The signal developed across the collector resistor of each stage is coupled into
the base of the next stage

The overall gain = product of the individual gain.
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small signal gain is: by determine the voltage gain at stages 1 & stage 2
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Cascode Connection:

A cascode connection has one transistor on top of (in series with)
another -The i/p into a C-E amp. (Q1) is, which drives a C-B amp. (Q2)

-The o/p signal current of Q1 is the i/p signal of Q2

-The advantage: provide a high i/p impedance with low voltage gain to

ensure the i/p Miller capacitance is at a min. with the C-B stage providing

good high freq. operation.

Q




From the small equivalent circuit, since the capacitors act as short circuit,

by KCL equation at E2:

\% 2
Om1V 1 re Im2V 2

2

solving for voltage \/
2

Where

the output voltage is

Vo (@m2V2)Rc//RL)

or

r

2

/IR Vs
1

Therefore the small signal voltage gain:

Vo 2
Ay V%Y. T ¢ /IR
S 2
From above equation shows that:
r
2 2
Hm2 1



So, the cascode gain is the approximately

Av  gmi Rc/IRL

* The gain same as a single-stage C-E amplifier

Darlington Connection

The main feature is that the composite transistor acts as a single unit with a
current gain that is the product of the current gains of the individual transistors -
Provide high current gain than a single BJT

-The connection is made using two separate transistors having current gains of

1 and 5.

B

Q, Op
(073
E 2
So, the current gain D 12

) T

The Darlington connection provides a current gain of D



MODULE-IV

Operational amplifier

An operational amplifier(OP-Amp) is a circuit that can perform such mathematical operations
as addition, subtraction, integration and differentiation. Fig.1 shows the block diagram of an
operational amplifier. Note that OP-Amp is a multistage amplifier. The three stages are :
differential amplifier input stage followed by a high-gain CEamplifier and finally the output

stage.
B R S S S A SR N S S S R A S S~ ST YV SIS SO SO A SR £ VP SO S 1
I |
| |
: ?
: MORE CLASS B !
. DIFF STAGES PUSH-PULL ;
Vin | AMP OF EMITTER L Vou
: GAIN FOLLOWER ;

An Operational Amplifier is basically a three-terminal device which consists of two high
impedance inputs, one called the Inverting Input, marked with a negative or “minus” sign, ( -)
and the other one called the Non-inverting Input, marked with a positive or “plus” sign ( + ).

The third terminal represents the Operational Amplifiers output port which can both
sink and source either a voltage or a current. In a linear operational amplifier, the
output signal is the amplification factor, known as the amplifiers gain ( A ) multiplied
by the value of the input signal and depending on the nature of these input and output
signals, there can be four different classifications of operational amplifier gain.

Voltage — Voltage “in” and Voltage “out”
Current — Current “in” and Current “out”
Transconductance — Voltage “in” and Current “out”

Transresistance — Current “in” and Voltage “out”
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Equivalent Circuit of an Ideal Operational Amplifier
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Op-amp Parameter and Idealised Characteristic

Open Loop Gain, (Avo)
Infinite — The main function of an operational amplifier is to amplify the input signal
and the more open loop gain it has the better. Open-loop gain is the gain of the op-
amp without positive or negative feedback and for such an amplifier the gain will be
infinite but typical real values range from about 20,000 to 200,000.
Input impedance, (Zip)

o Infinite — Input impedance is the ratio of input voltage to input current and
is assumed to be infinite to prevent any current flowing from the source
supply into the amplifiers input circuitry ( lin = 0 ). Real op-amps have
input leakage currents from a few pico-amps to a few milli-amps.

Output impedance, (Zout)

o Zero — The output impedance of the ideal operational amplifier is assumed to be
zero acting as a perfect internal voltage source with no internal resistance so that it
can supply as much current as necessary to the load. This internal resistance is
effectively in series with the load thereby reducing the output voltage available to the
load. Real op-amps have output impedances in the 100-20k range.

Bandwidth, (BW)
Infinite — An ideal operational amplifier has an infinite frequency response
and can amplify any frequency signal from DC to the highest AC
frequencies so it is therefore assumed to have an infinite bandwidth. With
real op-amps, the bandwidth is limited by the Gain-Bandwidth product (GB),
which is equal to the frequency where the amplifiers gain becomes unity.
Offset Voltage, (Vio)
Zero — The amplifiers output will be zero when the voltage difference between the
inverting and the non-inverting inputs is zero, the same or when both inputs are
grounded. Real op-amps have some amount of output offset voltage.



Open-loop Frequency Response Curve
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From this frequency response curve we can see that the product of the gain against frequency is
constant at any point along the curve. Also that the unity gain (0dB) frequency also determines the
gain of the amplifier at any point along the curve. This constant is generally known as the

Gain Bandwidth Product or GBP. Therefore:

GBP = Gain x Bandwidth or A x BW.

The Voltage Gain (Ay) of the operational amplifier can be found using the following formula:

‘VOIJ'

V.

In

Vol-ace Gain, /A =

and in Decibels or (dB) is given as:

20log A cr 201lag E" n dB

r



An Operational Amplifiers Bandwidth

The operational amplifiers bandwidth is the frequency range over which the voltage
gain of the amplifier is above 70.7% or -3dB (where 0dB is the maximum) of its

maximum output value as shown below.
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Here we have used the 40dB line as an example. The -3dB or 70.7% of Vmax down
point from the frequency response curve is given as 37dB. Taking a line across until it
intersects with the main GBP curve gives us a frequency point just above the 10kHz
line at about 12 to 15kHz. We can now calculate this more accurately as we already
know the GBP of the ampilifier, in this particular case 1MHz.

Operational Amplifiers Summary

We know now that an Operational amplifiers is a very high gain DC differential amplifier
that uses one or more external feedback networks to control its response and
characteristics. We can connect external resistors or capacitors to the op-amp in a number
of different ways to form basic “building Block” circuits such as, Inverting, Non-Inverting,
Voltage Follower, Summing, Differential, Integrator and Differentiator type amplifiers.

LR [V




Op-amp Symbol

An “ideal” or perfect Operational Amplifier is a device with certain special characteristics such
as infinite open-loop gain Ao, infinite input resistance Rin, zero output resistance Rout, infinite
bandwidth O to and zero offset (the output is exactly zero when the input is zero).

There are a very large number of operational amplifier IC’s available to suit every
possible application from standard bipolar, precision, high-speed, low-noise, high-
voltage, etc, in either standard configuration or with internal Junction FET transistors.

Operational amplifiers are available in IC packages of either single, dual or quad op-amps
within one single device. The most commonly available and used of all operational
amplifiers in basic electronic kits and projects is the industry standard A-741.
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In the next tutorial about Operational Amplifiers, we will use negative feedback connected

around the op-amp to produce a standard closed-loop amplifier circuit called an Inverting

0

Amplifier circuit that produces an output signal which is 180~ “out-of-phase” with the input.

The Inverting Operational Amplifier

As the open loop DC gain of an Operational Amplifiers is extremely high we can therefore
afford to lose some of this high gain by connecting a suitable resistor across the amplifier
from the output terminal back to the inverting input terminal to both reduce and control the
overall gain of the amplifier. This then produces and effect known commonly as Negative
Feedback, and thus produces a very stable Operational Amplifier based system.

Negative Feedback is the process of “feeding back” a fraction of the output signal back to the
input, but to make the feedback negative, we must feed it back to the negative or “inverting input”
terminal of the op-amp using an external Feedback Resistor called Rf. This feedback
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connection between the output and the inverting input terminal forces the
differential input voltage towards zero.

This effect produces a closed loop circuit to the amplifier resulting in the gain of the
amplifier now being called its Closed-loop Gain. Then a closed-loop inverting
amplifier uses negative feedback to accurately control the overall gain of the
amplifier, but at a cost in the reduction of the amplifiers gain.

This negative feedback results in the inverting input terminal having a different signal on it
than the actual input voltage as it will be the sum of the input voltage plus the negative
feedback voltage giving it the label or term of a Summing Point. We must therefore
separate the real input signal from the inverting input by using an Input Resistor, Rin.

As we are not using the positive non-inverting input this is connected to a common ground
or zero voltage terminal as shown below, but the effect of this closed loop feedback circuit
results in the voltage potential at the inverting input being equal to that at the non-inverting
input producing a Virtual Earth summing point because it will be at the same potential as
the grounded reference input. In other words, the op-amp becomes a “differential amplifier”.

Inverting Operational Amplifier Configuration

Virt. a earth
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In this Inverting Amplifier circuit the operational amplifier is connected with feedback
to produce a closed loop operation. When dealing with operational amplifiers there are
two very important rules to remember about inverting amplifiers, these are: “No current
flows into the input terminal” and that “V1 always equals V2”. However, in real world
op-amp circuits both of these rules are slightly broken.

This is because the junction of the input and feedback signal ( X ) is at the same potential as the
positive ( +) input which is at zero volts or ground then, the junction is a “Virtual Earth”. Because
of this virtual earth node the input resistance of the amplifier is equal to the value of the



input resistor, Rin and the closed loop gain of the inverting amplifier can be set by
the ratio of the two external resistors.

We said above that there are two very important rules to remember about Inverting
Amplifiers or any operational amplifier for that matter and these are.

1. No Current Flows into the Input Terminals
2. The Differential Input Voltage is Zero as V1 = V2 = 0 (Virtual Earth)

Then by using these two rules we can derive the equation for calculating the closed-
loop gain of an inverting amplifier, using first principles.

Current (i) flows through the resistor network as shown.
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Then, the Closed-Loop Voltage Gain of an Inverting Amplifier is given as.

e T ; \‘,." = R -
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The Non-inverting Operational Amplifier

Non-inverting Operational Amplifier Configuration
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In the previous Inverting Amplifier tutorial, we said that for an ideal op-amp “No current
flows into the input terminal” of the amplifier and that “V1 always equals V2”. This was
because the junction of the input and feedback signal ( V1) are at the same potential.

In other words the junction is a “virtual earth” summing point. Because of this virtual
earth node the resistors, Rf and R2 form a simple potential divider network across the
non-inverting amplifier with the voltage gain of the circuit being determined by the
ratios of R2 and Rf as shown below.
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Equivalent Potential Divider Network
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Then using the formula to calculate the output voltage of a potential divider network, we can
calculate the closed-loop voltage gain ( A v ) of the Non-inverting Amplifier as follows:
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Then the closed loop voltage gain of a Non-inverting Operational Amplifier will be given as:

We can see from the equation above, that the overall closed-loop gain of a non-
inverting amplifier will always be greater but never less than one (unity), it is
positive in nature and is determined by the ratio of the values of Rf and R2.

If the value of the feedback resistor Rf is zero, the gain of the amplifier will be exactly
equal to one (unity). If resistor R2 is zero the gain will approach infinity, but in practice
it will be limited to the operational amplifiers open-loop differential gain, ( Ao ).

We can easily convert an inverting operational amplifier configuration into a non-
inverting amplifier configuration by simply changing the input connections as shown.
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Voltage Follower (Unity Gain Buffer)

If we made the feedback resistor, Rf equal to zero, (Rf = 0), and resistor R2 equal to
infinity, (R2 =), then the circuit would have a fixed gain of “1” as all the output voltage
would be present on the inverting input terminal (negative feedback). This would then
produce a special type of the non-inverting amplifier circuit called a Voltage Follower
or also called a “unity gain buffer”.

As the input signal is connected directly to the non-inverting input of the amplifier the
output signal is not inverted resulting in the output voltage being equal to the input
voltage, Vout = Vin. This then makes the voltage follower circuit ideal as a Unity Gain
Buffer circuit because of its isolation properties.
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The advantage of the unity gain voltage follower is that it can be used when impedance
matching or circuit isolation is more important than amplification as it maintains the signal
voltage. The input impedance of the voltage follower circuit is very high, typically above 1M
as it is equal to that of the operational amplifiers input resistance times its gain ( Rin x Ao ).
Also its output impedance is very low since an ideal op-amp condition is assumed.

Non-inverting Voltage Follower
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A —CJ‘\'\"‘r nu o ¥,

Feedback Loop
-

In this non-inverting circuit configuration, the input impedance Rin has increased to
infinity and the feedback impedance Rf reduced to zero. The output is connected
directly back to the negative inverting input so the feedback is 100% and Vin is exactly
equal to Vout giving it a fixed gain of 1 or unity. As the input voltage Vin is applied to
the non-inverting input the gain of the amplifier is given as:

Vow = ALY,
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cre Gas _ Veu :
therefcre Gan 1Ay = L0 = 4



Differential Amplifier

R4

By connecting each input in turn to Ov ground we can use superposition to solve for the
output voltage Vout. Then the transfer function for a Differential Amplifier circuit is given as:
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When resistors, R1 = R2 and R3 = R4 the above transfer function for the differential
amplifier can be simplified to the following expression:

Differential Amplifier Equation

) B s -~ o
Very = R—I Ve- Vo



If all the resistors are all of the same ohmic value, that is: R1 = R2 = R3 = R4 then the
circuit will become a Unity Gain Differential Amplifier and the voltage gain of the
amplifier will be exactly one or unity. Then the output expression would simply be Vout
= V2 - V1. Also note that if input V1 is higher than input V2 the output voltage sum will
be negative, and if V2 is higher than V1, the output voltage sum will be positive.

The Differential Amplifier circuit is a very useful op-amp circuit and by adding more
resistors in parallel with the input resistors R1 and R3, the resultant circuit can be made
to either “Add” or “Subtract” the voltages applied to their respective inputs. One of the
most common ways of doing this is to connect a “Resistive Bridge” commonly called a
Wheatstone Bridge to the input of the amplifier as shown below.

Summing Amplifier Circuit
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The output voltage, ( Vout ) now becomes proportional to the sum of the input voltages,
V1, V2, V3 etc. Then we can modify the original equation for the inverting amplifier to
take account of these new inputs thus:
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However, if all the input impedances, ( Rin ) are equal in value, we can simplify
the above equation to give an output voltage of:

Summing Amplifier Equation

R _ _
-Veur = R_P_ V i+ V2+ V3. etc
il

We now have an operational amplifier circuit that will amplify each individual input voltage
and produce an output voltage signal that is proportional to the algebraic “SUM” of the
three individual input voltages V1, V2 and V3. We can also add more inputs if required as

each individual input “see’s” their respective resistance, Rin as the only input impedance.

This is because the input signals are effectively isolated from each other by the “virtual
earth” node at the inverting input of the op-amp. A direct voltage addition can also be
obtained when all the resistances are of equal value and Rf is equal to Rin.



Op-amp Differentiator Circuit

The input signal to the differentiator is applied to the capacitor. The capacitor blocks
any DC content so there is no current flow to the amplifier summing point, X resulting in
zero output voltage. The capacitor only allows AC type input voltage changes to pass
through and whose frequency is dependant on the rate of change of the input signal.

At low frequencies the reactance of the capacitor is “High” resulting in a low gain ( Rf/Xc ) and
low output voltage from the op-amp. At higher frequencies the reactance of the capacitor is
much lower resulting in a higher gain and higher output voltage from the differentiator amplifier.

However, at high frequencies an op-amp differentiator circuit becomes unstable and
will start to oscillate. This is due mainly to the first-order effect, which determines the
frequency response of the op-amp circuit causing a second-order response which, at
high frequencies gives an output voltage far higher than what would be expected. To
avoid this the high frequency gain of the circuit needs to be reduced by adding an
additional small value capacitor across the feedback resistor Rf.

Ok, some math’s to explain what’s going on!. Since the node voltage of the operational
amplifier at its inverting input terminal is zero, the current, i flowing through the
capacitor will be given as:

The charge on the capacitor equals Capacitance x Voltage across the capacitor

Q = C X 1';\""1']1.‘]—



The rate of change of this charge is

dC _ c d Vs,

dt dt

but dQ/dt is the capacitor current i
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from which we have an ideal voltage output for the op-amp differentiator is given as:

dVy
dt

Therefore, the output voltage Vout is a constant -Rf.C times the derivative of the input

voltage Vin with respect to time. The minus sign indicates a 180° phase shift because
the input signal is connected to the inverting input terminal of the operational amplifier.

Verr = -k C

One final point to mention, the Op-amp Differentiator circuit in its basic form has two
main disadvantages compared to the previous Operational Amplifier Integrator circuit.
One is that it suffers from instability at high frequencies as mentioned above, and the
other is that the capacitive input makes it very susceptible to random noise signals and
any noise or harmonics present in the source circuit will be amplified more than the input
signal itself. This is because the output is proportional to the slope of the input voltage so
some means of limiting the bandwidth in order to achieve closed-loop stability is required

Op-amp Differentiator Waveforms

If we apply a constantly changing signal such as a Square-wave, Triangular or Sine-
wave type signal to the input of a differentiator amplifier circuit the resultant output
signal will be changed and whose final shape is dependant upon the RC time constant
of the Resistor/Capacitor combination.
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Op-amp Integrator Circuit




As its name implies, the Op-amp Integrator is an Operational Amplifier_circuit that
performs the mathematical operation of Integration, that is we can cause the output to
respond to changes in the input voltage over time as the op-amp integrator produces
an output voltage which is proportional to the integral of the input voltage.

In other words the magnitude of the output signal is determined by the length of time a
voltage is present at its input as the current through the feedback loop charges or
discharges the capacitor as the required negative feedback occurs through the capacitor.

When a step voltage, Vin is firstly applied to the input of an integrating amplifier, the uncharged
capacitor C has very little resistance and acts a bit like a short circuit allowing maximum
current to flow via the input resistor, Rin as potential difference exists between the two plates.
No current flows into the amplifiers input and point X is a virtual earth resulting in zero output.
As the impedance of the capacitor at this point is very low, the gain ratio of Xc/Rin is also very
small giving an overall voltage gain of less than one, ( voltage follower circuit ).

As the feedback capacitor, C begins to charge up due to the influence of the input
voltage, its impedance Xc slowly increase in proportion to its rate of charge. The
capacitor charges up at a rate determined by the RC time constant, () of the series
RC network. Negative feedback forces the op-amp to produce an output voltage that
maintains a virtual earth at the op-amp’s inverting input.

Since the capacitor is connected between the op-amp’s inverting input (which is at earth potential)
and the op-amp’s output (which is negative), the potential voltage, Vc developed across the
capacitor slowly increases causing the charging current to decrease as the impedance of the
capacitor increases. This results in the ratio of Xc/Rin increasing producing a linearly increasing
ramp output voltage that continues to increase until the capacitor is fully charged.

At this point the capacitor acts as an open circuit, blocking any more flow of DC
current. The ratio of feedback capacitor to input resistor ( Xc/Rin ) is now infinite
resulting in infinite gain. The result of this high gain (similar to the op-amps open-loop
gain), is that the output of the amplifier goes into saturation as shown below.
(Saturation occurs when the output voltage of the amplifier swings heavily to one
voltage supply rail or the other with little or no control in between).

Input Signal
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The rate at which the output voltage increases (the rate of change) is determined by the value
of the resistor and the capacitor, “RC time constant®. By changing this RC time constant value,
either by changing the value of the Capacitor, C or the Resistor, R, the time in which it takes
the output voltage to reach saturation can also be changed for example.
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If we apply a constantly changing input signal such as a square wave to the input of an
Integrator Amplifier then the capacitor will charge and discharge in response to changes in the
input signal. This results in the output signal being that of a sawtooth waveform whose
frequency is dependant upon the RC time constant of the resistor/capacitor combination. This
type of circuit is also known as a Ramp Generator and the transfer function is given below.

Op-amp Integrator Ramp Generator
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We know from first principals that the voltage on the plates of a capacitor is equal to
the charge on the capacitor divided by its capacitance giving Q/C. Then the voltage
across the capacitor is output Vout therefore: -Vout = Q/C. If the capacitor is charging
and discharging, the rate of charge of voltage across the capacitor is given as:
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But dQ/dt is electric current and since the node voltage of the integrating op-amp at its
inverting input terminal is zero, X = 0, the input current I(in) flowing through the input
resistor, Rin is given as:
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The current flowing through the feedback capacitor C is given as:
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Assuming that the input impedance of the op-amp is infinite (ideal op-amp), no
current flows into the op-amp terminal. Therefore, the nodal equation at the inverting
input terminal is given as:
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From which we derive an ideal voltage output for the Op-amp Integrator as:
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To simplify the math’s a little, this can also be re-written as:
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Where = 2 f and the output voltage Vout is a constant 1/RC times the integral of the input

voltage Vin with respect to time. The minus sign ( - ) indicates a 180° phase shift because
the input signal is connected directly to the inverting input terminal of the op-amp.

Amplifier classes:-

Generally, large signal or Power Amplifiers are used in the output stages of audio
amplifier systems to drive a loudspeaker load. A typical loudspeaker has an impedance
of between 4 and , thus a power amplifier must be able to supply the high peak
currents required to drive the low impedance speaker.

One method used to distinguish the electrical characteristics of different types of
amplifiers is by “class”, and as such amplifiers are classified according to their circuit
configuration and method of operation. Then Amplifier Classes is the term used to
differentiate between the different amplifier types.

Amplifier Classes represent the amount of the output signal which varies within the
amplifier circuit over one cycle of operation when excited by a sinusoidal input signal.
The classification of amplifiers range from entirely linear operation (for use in high-
fidelity signal amplification) with very low efficiency, to entirely non-linear (where a
faithful signal reproduction is not so important) operation but with a much higher
efficiency, while others are a compromise between the two.

Amplifier classes are mainly lumped into two basic groups. The first are the classically
controlled conduction angle amplifiers forming the more common amplifier classes of
A, B, AB and C, which are defined by the length of their conduction state over some
portion of the output waveform, such that the output stage transistor operation lies
somewhere between being “fully-ON” and “fully-OFF”.

The second set of amplifiers are the newer so-called “switching” amplifier classes of D, E, F, G, S,
T etc, which use digital circuits and pulse width modulation (PWM) to constantly switch the
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signal between “fully-ON” and “fully-OFF” driving the output hard into the transistors
saturation and cut-off regions.

The most commonly constructed amplifier classes are those that are used as audio
amplifiers, mainly class A, B, AB and C and to keep things simple, it is these types of
amplifier classes we will look at here in more detail.

Class A Amplifier

Class A Amplifiers are the most common type of amplifier class due mainly to their
simple design. Class A, literally means “the best class” of amplifier due mainly to their low
signal distortion levels and are probably the best sounding of all the amplifier classes
mentioned here. The class A amplifier has the highest linearity over the other amplifier
classes and as such operates in the linear portion of the characteristics curve.

Generally class A amplifiers use the same single transistor (Bipolar, FET, IGBT, etc)
connected in a common emitter configuration for both halves of the waveform with the
transistor always having current flowing through it, even if it has no base signal. This means
that the output stage whether using a Bipolar, MOSFET or IGBT device, is never driven fully
into its cut-off or saturation regions but instead has a base biasing Q-point in the middle of its
load line. Then the transistor never turns “OFF” which is one of its main disadvantages.

Class A Amplifier
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To achieve high linearity and gain, the output stage of a class A amplifier is biased “ON”
(conducting) all the time. Then for an amplifier to be classified as “Class A” the zero signal
idle current in the output stage must be equal to or greater than the maximum load current
(usually a loudspeaker) required to produce the largest output signal.



As a class A amplifier operates in the linear portion of its characteristic curves, the
single output device conducts through a full 360 degrees of the output waveform. Then
the class A amplifier is equivalent to a current source.

Since a class A amplifier operates in the linear region, the transistors base (or gate)
DC biasing voltage should by chosen properly to ensure correct operation and low
distortion. However, as the output device is “ON” at all times, it is constantly carrying
current, which represents a continuous loss of power in the amplifier.

Due to this continuous loss of power class A amplifiers create tremendous amounts
of heat adding to their very low efficiency at around 30%, making them impractical
for high-power amplifications. Also due to the high idling current of the amplifier, the
power supply must be sized accordingly and be well filtered to avoid any amplifier
hum and noise. Therefore, due to the low efficiency and over heating problems of
Class A amplifiers, more efficient amplifier classes have been developed.

Series-Fed Class A Amplifier

This is similar to the small-signal amplifier except that it will handle higher
voltages. The transistor used is a high-power transistor.

Vee

Load

RC/
Rp
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Power
transistor
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When an input signal is applied the output will vary from its dc bias operating voltage
and current. A small input signal causes the output voltage to swing to a maximum of

Ve and a minimum of OV. The current can also swing from OmA to Icsat (Vec/Re).



S
.—,\%
&'\.
A I /\.5.\
"
o
Output -
current swing o < Vee Vee
| >\ Output
voltage swing
Input power:

The power into the amplifier is from the DC supply. With no input signal, the DC current
drawn is the collector bias current, Icq.

P A

i(dc) CC CQ
Output Power

r VL C(rms)
o(ac) P V IC(rms)
Re
Efficiency
Po(ac)
—100
P
i(ac)

Transformer-Coupled Class A Amplifier:

This circuit uses a transformer to couple to the load. This improves the efficiency of the
Class A to 50%.



DC Load Line

As in all class A amplifiers the Q-point is established close to the midpoint of the DC load
line. The dc resistance is small ideally at 0 and a dc load line is a straight vertical line.

AC Load Line

The saturation point (Icmax) is at Vee/R | and the cutoff point is at V2 (the secondary voltage of the
transformer). This increases the maximum output swing because the minimum and maximum
values of Ic and Vcg are spread further apart.
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Signhal Swing and Output AC Power

The voltage swing:

V

\% \%
CE(p p) CE max CE min

The current swing:

c(p p) C max C min

The AC power:

v v )

P CEmax  CEmin Cmax Cmin (maX imum)

o(ac) 8

Power input from the DC source:

P A

i(dc) CC CQ

Power dissipated as heat across the transistor:

P p P
Q i(dc) o(ac)

Maximum efficiency:

\/ Z
CEmax

\/ \/
CEmax CEmin

50




Class B Amplifier

Class B amplifiers were invented as a solution to the efficiency and heating problems
associated with the previous class A amplifier. The basic class B amplifier uses two
complimentary transistors either bipolar of FET for each half of the waveform with its
output stage configured in a “push-pull” type arrangement, so that each transistor
device amplifies only half of the output waveform.

In the class B amplifier, there is no DC base bias current as its quiescent current is
zero, so that the dc power is small and therefore its efficiency is much higher than that
of the class A amplifier. However, the price paid for the improvement in the efficiency is
in the linearity of the switching device.

Class B Amplifier
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When the input signal goes positive, the positive biased transistor conducts while the
negative transistor is switched “OFF”. Likewise, when the input signal goes negative,
the positive transistor switches “OFF” while the negative biased transistor turns “ON”
and conducts the negative portion of the signal. Thus the transistor conducts only
half of the time, either on positive or negative half cycle of the input signal.

Then we can see that each transistor device of the class B amplifier only conducts
through one half or 180 degrees of the output waveform in strict time alternation, but
as the output stage has devices for both halves of the signal waveform the two halves
are combined together to produce the full linear output waveform.

This push-pull design of amplifier is obviously more efficient than Class A, at about 50%, but the
problem with the class B amplifier design is that it can create distortion at the zero-crossing point of
the waveform due to the transistors dead band of input base voltages from -0.7V to +0.7.



We remember from the Transistor tutorial that it takes a base-emitter voltage of about 0.7
volts to get a bipolar transistor to start conducting. Then in a class B amplifier, the output
transistor is not “biased” to an “ON” state of operation until this voltage is exceeded.

This means that the the part of the waveform which falls within this 0.7 volt window will
not be reproduced accurately making the class B amplifier unsuitable for precision
audio amplifier applications.

To overcome this zero-crossing distortion (also known as Crossover Distortion)
class AB amplifiers were developed.

Class AB Amplifier

As its name suggests, the Class AB Amplifier is a combination of the “Class A” and the
“Class B” type amplifiers we have looked at above. The AB classification of amplifier is
currently one of the most common used types of audio power amplifier design. The class
AB amplifier is a variation of a class B amplifier as described above, except that both
devices are allowed to conduct at the same time around the waveforms crossover point
eliminating the crossover distortion problems of the previous class B amplifier.

The two transistors have a very small bias voltage, typically at 5 to 10% of the
guiescent current to bias the transistors just above its cut-off point. Then the conducting
device, either bipolar of FET, will be “ON” for more than one half cycle, but much less
than one full cycle of the input signal. Therefore, in a class AB amplifier design each of
the push-pull transistors is conducting for slightly more than the half cycle of conduction
in class B, but much less than the full cycle of conduction of class A.

In other words, the conduction angle of a class AB amplifier is somewhere between
180° and 360° depending upon the chosen bias point as shown.

Class AB Amplifier
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The advantage of this small bias voltage, provided by series diodes or resistors, is
that the crossover distortion created by the class B amplifier characteristics is
overcome, without the inefficiencies of the class A amplifier design. So the class AB
amplifier is a good compromise between class A and class B in terms of efficiency
and linearity, with conversion efficiencies reaching about 50% to 60%.

Class C Amplifier

The Class C Amplifier design has the greatest efficiency but the poorest linearity of
the classes of amplifiers mentioned here. The previous classes, A, B and AB are
considered linear amplifiers, as the output signals amplitude and phase are linearly
related to the input signals amplitude and phase.

However, the class C amplifier is heavily biased so that the output current is zero for
more than one half of an input sinusoidal signal cycle with the transistor idling at its
cut-off point. In other words, the conduction angle for the transistor is significantly less
than 180 degrees, and is generally around the 90 degrees area.

While this form of transistor biasing gives a much improved efficiency of around 80% to
the amplifier, it introduces a very heavy distortion of the output signal. Therefore, class
C amplifiers are not suitable for use as audio amplifiers.



Class C Amplifier
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Due to its heavy audio distortion, class C amplifiers are commonly used in high frequency
sine wave oscillators and certain types of radio frequency amplifiers, where the pulses of
current produced at the amplifiers output can be converted to complete sine waves of a
particular frequency by the use of LC resonant circuits in its collector circuit.

Amplifier Classes Summary

Then we have seen that the quiescent DC operating point (Q-point) of an amplifier determines
the amplifier classification. By setting the position of the Q-point at half way on the load line of
the amplifiers characteristics curve, the amplifier will operate as a class A amplifier. By moving
the Q-point lower down the load line changes the amplifier into a class AB, B or C amplifier.

Then the class of operation of the amplifier with regards to its DC operating point can
be given as:



Amplifier Classes and Efficiency
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As well as audio amplifiers there are a number of high efficiency Amplifier Classes relating
to switching amplifier designs that use different switching techniques to reduce power loss
and increase efficiency. Some amplifier class designs listed below use RLC resonators or
multiple power-supply voltages to reduce power loss, or are digital DSP (digital signal
processing) type amplifiers which use pulse width modulation (PWM) switching techniques.



Feedback amplifier

Feedback is one of the fundamental processes in electronics. It is defined as the
process whereby a portion of the output signal is fed to the input signal in order to form
a part of the system-output control.

Feedback is used to make the operating point of a transistor insensitive to both
manufacturing variations in as well as temperature.

There is another type of feedback called positive or regenerative feedback in which the
overall gain of the amplifier is increased. Positive feedback is useful in oscillators and
while establishing the two stable states of flip-flop.

The feedback system has many advantages especially in the control of impedance levels,
bandwidth improvement, and in rendering the circuit performance relatively insensitive to
manufacturing as well as to environmental changes.

These are the advantages of negative or degenerative feedback in which the signal
feedback from output to input is 180 out of phase with the applied excitation. It
increases bandwidth and input impedance, and lowers the output impedance.

Block diagram of a basic feedback amplifier
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Block diagram of a basic feedback amplifier



Basic elements of feedback amplifier

Input Signal.

The signal source is modeled either by a voltage source Vs in series with a resistance
Rs , or by a current source Is in parallel with a resistance Rs.

Output Signal:

The output can either be the voltage across the load resistance or the current through
it. It is the output signal that is desired to be independent of the load and insensitive to
parameter variations in the basic amplifier.

Sampling Network:

The function of the sampling network is to provide a measure of the output signal, i.e., a
signal that is proportional to the output. This configuration is called shunt connection.

Measurement of the output voltage & current:

Voltage Current
sampler sampler
— I <— 1 I, ~<—
Basic : Basic
amplffier Vo| Load amplifier Load
Fesdback Feedback
network network

(@) (b)



PROPERTIES OF NEGATIVE FEEDBACK:

Negative feedback has the following advantages:

* Negative feedback increases the input impedance of the voltage amplifier.

The output impedance of the voltage amplifier can be further lowered by negative feedback.

The transfer gain Af of the amplifier with a feedback can be stabilized against the
variations of h or hybrid parameters of the transistors, or the parameters of the other
active devices used in the amplifier.

Negative feedback increases the frequency response and the bandwidth of the amplifier.
Negative feedback increases the linear range of operation of the amplifier.
Negative feedback causes reduction in noise.

Phase distortion is reduced.

Table 9-1 Signals and transfer ratios in feedback amplifiers

Feedback Topology

Series-Shunt Series-Series Shunt-Senes Shunt-Shunt
Signals (Voltage-Series) (Current-Series) (Current-Shunt) ~ (Voltage-Shunt)
X, Voltage Current Current Voltage
X, X, X Voltage Voltage Current Current
Ratio or Gain
A Vv, IV 1/ Vil
B V.V Vi, I IV

A Vv LV, 1, Vi

! 0§




CALCULATIONS OF OPEN-LOOP GAIN, CLOSED-LOOP GAIN & FEEDBACK
FACTORS:

The input signal Xs , the output signal Xo , the feedback signal Xf and the difference
signal Xi each represent either a voltage or a current.

The symbol indicated by the circle with the summation sign enclosed within , represents
the summing network whose output is the algebraic sum of inputs.

Thus, for a positive feedback, we get:
Xi=Xs + Xf

The signal Xi , representing the output of the summing network is the amplifier input Xi .
If the feedback signal Xf is 180 out of phase with the input Xs—as is true in negative
feedback systems—then Xi is a difference

signal. Therefore, Xi decreases as | Xf | increases.
The reverse transmission of the feedback network is defined by:
=Xf / Xa

The transfer function is a real number, but in general it is a function of frequency. The
gain of the basic amplifier A is defined as:

A=Xo /Xi

Now, we get: Xi =Xs / Xf
Substituting the value of Xf we get:

Xi =Xs+ Xf = Xs+ Xo
we get:: Xo= A*Xi
Substituting the value of Xi we get:

X0 = A*Xi = A(Xs+ X0) = AXs+A Xo
or, Xo (1-A)=AXs
Or, Xo/Xs=A/(1-A)

The feedback gain Af is obtained as:



Af = Xo /Xs = A/(1-A )

we can represent the feedback gain as:

TOPOLOGIES OF THE FEEDBACK AMPLIFIER:

There are four basic amplifier types. Each of these is being approximated by the
characteristics of an ideal controlled source. The four feedback topologies are as follows:

1. Series-shunt feedback

2. Series-series feedback

3. Shunt-series feedback

4. Shunt-shunt feedback
The alternative nomenclature used is as follows:
» Voltage-series or series-shunt feedback

+ Current-series or series-series feedback

« Current-shunt or shunt-series feedback

» Voltage-shunt or shunt-shunt feedback

Voltage amplifiers with voltage-series feedback:
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Voltage-series feedback:

Input Impedance with the feedback is:
Zif=Vs/l|

andVg=1;Z;+Vs =1iZ;i+ Vo

Using voltage divider rule, we get:
Vo =AW, Z 1Zo+ZL =Av i Z_

Where, li =V /Zg +Z|
Now, Vo = Ay | Z| =Avy V;
Or Ay =Vo /l;
The input impedance without feedback is:

Zi =Vili.

Current-Series or Series-Series Feedback:

+ % T
v V. Transconductance
A l‘ amplifier
Bi,
+
T Feedback
V; network
l B=Vill,

i Transconductance amplifier with current-series feedback




Current-series feedback:

In a similar manner as for voltage series, for current series feedback we obtain:
Zit=Zi (1+ Ym)

where, Yy is the short-circuit trans-admittance without feedback considering the
load impedance, and is given by:

Ym = lo [V
Ym Zo I(Zot+ Z1)
where, Y , is the short-circuit trans-admittance without feedback.
it is clear that for series mixing

Zif>Z1.



OSCILLATOR

Oscillators: are the sources of sinusoidal electrical waves for electronic communication

systems .

* They are supplied from a dcsource and they generate alternating voltages of high or low
frequencies.

Operation of an Oscillator

e Oscillator :is a circuit that changes dc energy from the power supply into ac energy.

e An amplifier provided with a positive feedbackbecomes an oscillator and it produces an
output signal even thought there is no external input signal as shown.

No input
required
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A voltage sourceVin drives the input terminals of an amplifier. The amplifier output voltage is
AVin and it drives the feedback network producing a feedback voltage Vf = A Vin . If the circuit
of the amplifier and the feedback network provide correct phase shift, then this feedback
voltage Vf will be in phase with signal Vin that drives the input terminals of the amplifier. Now,
if switch is closed and simultaneously the voltage source Vin is removed, the feedback voltage
Vf will drive the input terminals of the amplifier.
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-If A'is less than 1, A Vin will be less than Vin ,the signal feedback is not sufficient to drive the
amplifier and the feedback circuits and the output will die out.

-If A >1, the output signal builds up resulting in oscillations with growing magnitude .

-If A=1, A Vin =Vin and the output voltage is a sine wave whose amplitude remains constant.

From the basic feedback equation

A
1+ BA

A(-_-

¢ with A = -1and the term in the denominator becomes zero , then Af becomes infinite.

e Therefore, an infinitesimal signal (noise voltage) can produce an output signal even
without an input signal and the circuit acts as an oscillator.

* The oscillations will not be sustained if, the magnitude of the product of the transfer gain
amplifier and the magnitude of feedback factor of the feedback network is less than unity.

e The condition IA | = 1is called the Barkhausen criterion.

e It implies that when IA | =1, there exists an output voltage even in absence of any externally
applied signal.



If IA | = 1precisely ,then after sometimes it is found that the A will either become lower or
higher than unity .this due to change in the characteristics of active devices with voltage ,
temperature or ....

» Therefore, A is kept slightly larger than unity so that any variation in circuit parameters may
not cause A to become less than unity otherwise the oscillation will stop.

So, we can summarize the requirements of an oscillator circuit as:
e 1. Initially, the loop gain must be greater than unity at oscillator frequency.
e 2. After the desired output level is reached, A must decreaseto 1

e 3. At oscillator frequency, net phase shift around the loop must be zero or integer multiple of
360°so that the feedback signal is in phase with the starting infinitesimal voltage.



Phase Shift Oscillator:

+VDD

Amplifier

A phase shift oscillatorconsists of a single stage of amplifier that amplifies the input signal and
produces a phase shiftof 180°the input and its output signal.

e If a part of this output is taken and fed back to input, it results in negative feedbackcausing
the output voltage to decrease.

* But we require positive feedbackwhich means that the voltage
¢ signal feedback should be in phase with the input signal.

e The output of the amplifier should taken through a phase-shift networkto provide it an
additional phase shift of 180°.

o Amplifier provides a phase shift of 180°and the phase-shift network also gives a 180°and
therefore, a total phase-shift of 360°(which is equivalent to 0°) results.

The RC network provides the required phase shift by using three RC



® Each having some value of R and C. these values are selected so as to produce 60°phase shift
per section,resulting in total of 180°phase shift as desired .

e But in actual practice each RC-section does not provide the same phase shift because each

section loads the previous one but the over all phase shift is 180°which is the requirement .
e The O/P of the phase shift network is connected to the I/P of the amplifier

.» The frequency at which phase shift is 180°is :

1
27RCA6

This the frequency of oscillation

f=

1
/= 27RCA6
At this frequency =1/29
e For loop gain A to be greater than unity,gain of amplifier stage
e must be greaterthan 29 ; A>1

=>A>1/

=>A>29.



Wein Bridge Oscillator

The principle

This type of oscillation uses two stages of amplifiers each providing a phase shift of 180.

The O/P of second stage is fed back to the I/P through a feed back network without producing
any further phase shift .
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The wein bridge oscillator uses two stages to provide 180 phase shift per stageand a bridge
network to control the frequency of oscillation.

The bridge network consists of two parallel branches, each of which acts as a voltage divider
for the feed-back voltage.

One branch contains R3 and R4, and the other contains R1, C1, and R2, C2 e

The feedback voltage developed across R4 of R3 R4 branch is applied to emitter of Q1, and
the portion of voltage across R2 C2 of R1 C1,-R2 C2 branch is applied to base of Q1,.

The polarity of feedback applied to the baseis such that it is regenerative (positive), and the
feedback applied to emittertends to be degenerative (negative).

For the circuit to oscillate, the positivefeedback must be greaterthan the negative feedback.

At the frequency of oscillation, fo, the voltage across R4is less than that across R2C2 e So, the
circuit oscillates.



As the frequency increases, reactance of the capacitor C2decreases.

e Since C2shunts R2, the impedance of R2C2combination decreases, reducingthe
positivefeedback applied to the base below the level of negative feedback applied to emitter.

e |f the frequency tends to decrease, the reactance of Clincreases causing more of the
feedback voltage to be dropped across C1.

e This results in a corresponding decrease in positive feedbackdeveloped across R,C,. Hence,

the positive feedback again becomes less than the negative feedback, preventing the circuit
from oscillating.

The frequency of oscillation of the oscillator can be varied by varying C1, and C2
simultaneously.

* The frequency of oscillation of the oscillator is given by :
1

° 27JRR,CC,




RC oscillator using op-amp

Phase shift oscillator which consists of an op-amp as the amplifying stage and three RC cascade
networks as the feedback circuit is shown.
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RC oscillator using op-amp

e The feedback circuit provides feedback voltage from the output back to the input of the
amplifier.

® The output of op-amp is shifted by 180°at the output. An additional 180°phase shift required
for oscillation is provided by the cascaded RC networks.

* Thus the total phase shift around the loop is 360°.

e At some specific frequency when the phase shift of the cascaded RC networks is exactly
180°and the gain of the amplifier is sufficiently large, the circuit will oscillate at that frequency.



This frequency called the frequency of oscillation fo and is

g ate ke 806
°2xJ6 RC- RC

The circuit produces a sinusoidal waveform of frequency foif the gain is 29 and the total phase
shift is exactly 360°.

e For a desired frequency of oscillation, choose a capacitor C, and then calculate the value of R.

Hartley Oscillator :-

This oscillator has two parts of coil .The first part is in the input circuit of cthe transistor and the
other part is in the output circuit .The first part is used to supply ac voltage and the other part
develops the positive feedback signal to sustain oscillation. The capacitor Cland the tapped coil
L1 determine the frequency of the oscillator . The two sections of tapped coil are L1a and

L1b. L1ais in the base circuit and L1bis in the collector circuit of the transistor.

O 4 Ve




When V¢ is applied ,the collector current begins to flow. The drop in collector voltage is
coupled through C3 and developed across L1b.

e This act as initial excitation for the tank causing a circulating current to flow in the tank.
e This circulating current induced voltage across L1awhich drives the base of the transistor.

e The amplified signal at the collector is coupled back to the tank circuit by C3and developed
across L1b.

e The feedback voltage L1bis in phase with the input voltage across L1aand hence results in
oscillations.

O + Ve

™R

Lib v

The F.B voltage is in phase with the input voltage as180°phase shift occurs between

signal at base and collector, and another 180°is being provided by the fact that the two ends of
coil L1 are of opposite polarity.

® The capacitor C3 blocks the dc components of collector circuit but couples ac signal.

* The dc components flows to Vcc supply through r-f choke which also prevents ac components
from following this path as RFC acts as a dc short and ac open.



The value of L,C determine the frequency of oscillation:

P
272’\/E
Remark

Radio frequency inductor

¢ (RF), inductors have radio frequencies , particularly high frequencies At higher resistance and
other losses. In addition to causing power loss, in of the circuit, broadening Q factor this can
reduce the resonant circuits .RF inductors, are specialized construction techniques bandwidth
the which used to minimize these losses.



Hartley Oscillator:-

Description:

e The Hartley oscillator is designed for generation of sinusoidal oscillations in the R.F range
(20 KHz -30 MHz).

e |t is very popular and used in radio receivers as a local oscillator.

H.O

e The circuit diagram consists of an CE amplifier configuration.

e Rland R2form a voltage divider.

* The coupling capacitor Cc blocks dc and provides an ac path from the collector to the tank
circuit.

* The feedback network (L1, L2and C) determines the frequency oscillation of the oscillator.
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H.O

* When the collector supply voltage Vcc is switched on, due to some transient disturbances in
the circuit the collector current starts rising and charges the capacitor C.

e |t discharges through coils L1and L2, setting up oscillations in the tank circuit.

® The oscillatory current in the tank circuit produces an a.c voltage which is applied to the base
emitter junction of the transistor and appears in the amplified form in the collector circuit.
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* The phase difference between the voltages across L1and that across L2is always
180°because the centre of the two is grounded.

¢ A further phase of 180°is introduced between the input and output the voltages by transistor

itself.

* Thus the total phase shiftbecomes 360°(or zero), thereby making the feedback

positive or regenerative which is essential for oscillations. So continuous oscillations
are obtained.
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The Crystal Oscillation

» A crystal oscillator is a tuned circuit using a crystal as a resonant circuit. Oscillator provides
great frequency stability.

* They use crystal slices, usually made of quartz. The crystal materials exhibits the piezoelectric
effect. When the voltage is applied across a piezoelectric (usually quartz),

e The crystal oscillates in a stable and accurate manner. The frequency of oscillation is
determined by the crystal dimensions.

e Commercial quartz crystals are ready available with frequencies from a few kilohertz to a few
hundred megahertz.

e |[f mechanical pressure is put on such a crystal, electrical charges appear across

its faces, and an ac voltage can be generated.

e If a crystal is excited by an ac voltage the crystal generates a significant ac voltage. For use in
electronic circuit , the crystal is cut and mounted between two metal plates.



Consider that an acsource is connected across it . when the mounted crystal is not vibrating ,it is

equivalent to a capacitance Cm because it has two metal plates separated by a dielectric .

* When ac voltage is applied to the crystal ,it starts vibrating .
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the natural resonant frequency depends on the type of material, how it is cut and its physical
dimensions.

* The natural frequency of a crystal is inversely proportional to its thickness.

e This property of crystals make them highly useful in the oscillator circuits.
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The crystal has two resonant frequencies. The crystal behaves as a parallel resonant circuit at a

frequency at which the series LCR branch has an inductive reactance which equal to the
capacitive reactance of Cm.

* This parallel combinationoffers maximum impedance . The series resonant frequency fsof

crystal is the resonant frequency of LCR branch. At this frequency, the impedance of LCR
branch is minimum.



Colpitts Crystal Oscillator

e This figure shows a Colpitts crystal oscillator .

e The input signal to the base of the transistor is inverted at the transistors
output.

* The output signal at the collector is then taken through a 180° phase shifting
network which includes the crystal operating in a series resonant mode.
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