Transistor ampliers: Biasing and Small Signal Mo del

Transistor ampli ers utilizing BJT or FET are similar in designand analysis. Accordingly
we will discussBJT ampli ers thoroughly. Then, similar FET circuits are brie y reviewed.

Considerthe circuit below. The operating point of the BJT is shown in the icvce space.
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Let us add a sinusoidal sourcewith an amplitude of Vg in serieswith Vgg. In responseto

this additional source,the basecurrert will becomeig + ig leadingto the collector currert
ofic + ic and CE voltageof Vvcg +  Vce.
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For example,without the sinusoidal source,the basecurrernt is 150 A, ic = 22 mA, and
Vce = 7V (the Q point). If the amplitude of iz is40 A, then with the addition of the
sinusoidal sourceig + ig = 150+ 40cos( t) and varies from 110to 190 A. The BJT
operating point should remain on the load line and collector current and CE voltage change
with changingbasecurrert while remainingon the load line. For examplewhenbasecurrert
is 190 A, the collector currert is 28.6 mA and CE voltage is about 4.5V. As can be seen
from the gure above, the collectorcurrert will approximately beic+ ic = 22+ 6:6cog! t)
and CE voltageisvcg + Vvecg = 7 2:5cos( t).

The above exampleshavsthat the signalfrom the sinusoidalsource Vgg is greatly ampli ed
and appearsas changeseither in collector current or CE voltage. It is clear from the gure
that this happensaslong asthe BJT stays in the active-linear region. As the amplitude of

ig is increased,the swingsof BJT operating point along the load line becomelarger and
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larger and, at somevalue of ig, BJT will enter either the cut-o or saturation region and
the output signalswill not be a sinusoidalfunction. Note: An important obsenation is that
one should locate the Q point in the middle of the load line if we want to have the largest
output signal.

The above circuit, howewer, hastwo major problems: 1) The input signal, Vg, iSin series
with the Vg biasing voltage making designof previous two-port network di cult, and 2)
The output signal is usually taken acrossRc asRc ic. This output voltage hasa DC
componert which is of no interest and can causeproblemsin the designof the next-stage,
two-port network.

The DC voltage neededto \bias" the BJT (establish the Q point) and the AC signal of
interest can be addedtogether or separatedusing capacitor coupling as discussedoelow.

Capacitiv e Coupling

For DC voltages(! = 0), the capacitor is an open circuit (in nite impedance). For AC
voltages, the impedanceof a capacitor,Z = j=(! C), can be made su ciently small by
choosing an appropriately large value for C (the higher the frequency the lower C that one
needs). This property of capacitorscan be usedto add and separateAC and DC signals.
Example below highlights this e ect.

Considerthe circuit belov which includesa DC sourceof
15V and an AC sourceof v; = V; coq! t). We are inter-
estedto calculate voltagesv, and vg. The best method
to solwe this circuit is superposition. The circuit is bro-
keninto two circuits. In circuit 1, we\kill" the AC source
and keepthe DC source. In circuit 2, we \kill" the DC
sourceand keepthe AC source. Superposition principle
statesthat vy = Va1 + Vaz andvg = Vg1 + Vgo.

+15V

Considerthe rst circuit. It is driven by a DC sourceand, therefore,the capacitor will act
asopen circuit. The voltage va; = 0 asit is connectedto ground and vg; can be found by
voltage divider formula: vg1 = 15R;=(R; + R3). As can be seenboth v,; and vg; are DC
voltages.
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In the secondcircuit, resistorsR; and R, are in parallel. Let R, = R; k R,. The circuit
is a high-pass Iter: Vx> = V; and Vg, = Vi(Rp)=(Ry, + 1=j! C). If we operate the circuit
at frequencyabove the cut-o frequencyof the lter, i.e., R, 1=!C, we will have Vg,
Va2 = Vi andvg, Vaz = Vcos( t). Therefore,

Va = Va1 + Vaz = Vi cog! t)

R
Vg1 + Vgo = ﬁ 15+ \/| COi! t)
1 2

VB

Obviously, the capacitoris preverting the DC voltageto appearat point A, while the voltage
at point B is the sum of DC signal from 15-V supply and the AC signal.

Using capacitive coupling, we can recon gure our previous ampli er circuit asis shovn in
the gure belowv. Capacitive coupling is usedextensiwely in transistor ampli ers.
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BJT ampli er circuits are analyzedusing superposition principle, similar to exampleabove:

1) DC Biasing: Input signalis setto zeroand capacitorsact as open circuit. This analysis
establisheghe Q point in the active linear region.

2) AC Respnse:DC biasvoltagesare setto zero. The responseof the circuit to an AC input
signal is calculated and transfer function, input and output impedancesgtc. are found.

The break up of the problem into these two parts have an additional advantage as the
requiremen for accuracyare di erent in the two cases.For DC biasing, we are interested
in locating the Q point roughly in the middle of active linear region. The exact location of
the Q point is not important. Thus, a simple model, suc aslarge-signalmodel of page54 is
quite adequate.We are, howewer, interestedto computethe transfer function for AC signals
quite accurately Our large-signalmodel is not good for the desiredaccuracyand we will

dewelop a model which is accuratefor small AC signalsbelow.

FET-basedampli er are similar. FET should be biasedsimilar to BJT. Analysis method is
alsosimilar and brokeninto DC biasing and AC response.
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BJT Biasing

\Y
A simple bias circuit is shovn. As we like to have only one power “
supply, the basecircuit is also powered by Vcc. (To avoid confu-
sion, we will usecapital letters to denoteDC bias valuese.g.,I¢.) R, R.
Assumingthat BJT is in active-linear state, we have: Jic
+
V V 0 Vee
BE-KVL: Vec=IlgRg+ Vee ! Ig= % N\
B Vee —| —
= .= Vee Ve
C B RB =
CE-KVL: VCC = |CRC + VCE ! VCE = VCC ICRC
R
Vce = Vec R—C(Vcc VeE)
B

For a given circuit (known Rc, Rg, Vcc, and BJT ) the above equationscan be solved to
nd the Q-point (Ig, Ic, and Vqg). Alternativ ely, one can usethe above equationto design
a BJT circuit (known ) to operateat a certain Q point. (Note: Do not memorizethe above
equationsor usethem asformulas, they can be easily derived from simple KVLS).

Example 1: Find valuesof R¢, Rg in the above circuit with = 100and Vcc = 15V so
that the Q-point is ¢ = 25mA and Vg = 7.5 V.

Sincethe BJT is in active-linearregion (Vcg = 75> V), Ig = I¢c= = 0:25 mA. Writing
the KVLs that include Vgg and Vcg we get:

15 07
BE-KVL: Vec+ Rglg+ Vge = 0 ! Rg = =572k
cc BlB BE B 0:250
CE-KVL: Vee = IcRe + Ve ! 15=25 10 °Rc + 7.5 | Rc = 300

Example 2: Considerthe circuit designedin examplel. What is the Q point if = 200.

We have Rg = 572k, Rc =300, andVcc = 15V but Ig, I, and Vcg are unknown.
They can be found by writing KVLs that include Vgg and Vce:

V, V,
BE-KVL: Vec+ Rglg+ Vege =0 ! |B:%:o:25mA
B
lc= Ig =50mA
CE-KVL: Vee=IcRc+Veg !  Veg=15 300 50 103=0
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As Vce < v the BJT is not in active-linear region and the above equationsare not valid.
Valuesof | c and Vcg should be calculated using the BJT model for saturation region.

The above examplesshown the problem with our simple biasing circuit asthe of a com-
mercial BJT candepart by a factor of 2 from its averagevalue given in the manufacturers'
spec sheet. Environmertal conditions can also play an important role. In a given BJT,
lc increasesby 9% per C for a xed Vze. Considera circuit which is tested to operate
perfectly at 25 C. At a temperature of 35 C, I will be roughly doubled and the BJT will
be in saturation!

The problemis that our biasingcircuit xes the valueof | g (independen of BJT parameters)
and, as a result, both I and Vcg are directly proportional to BJT  (seeformulasin the
previous page). A biasing stheme should be found that make the Q-point (I and Vcg)
independen of transistor and insensitive to the above problems! Usenegative feedbak!

Stable biasing schemes Ve
This biasing scheme can be best analyzed and understood if we & e
replaceR; and R, voltage divider with its Thevenin equivalert: ' | ‘
R> , N
Vg = ————V, and Rg = R1 kR Vee
BB Rl + R2 CccC B 1 2 :./
The emitter resistor, Rg is a sneakyfeedba&. Supposelc R, R

becomedarger than the designedvalue (larger , increasein
temperature, etc.). Then, Ve = Rglg will increase. Since
Vgg and Rg do not change,KVL in the BE loop shaws that Thevenin Vee

Equivalent

g should decreasewhich will reducelc badk to its design
value. If 1< becomessmaller than its designvalue opposite
happens,l g hasto increaseand will increaseand stabilizel c.

Analysis below alsoshows that the Q point is independent of
BJT parameters:

le lc= lg

Vee VBE
BE-KVL: Vee = Rglg + Vg + IR I | = —22 "BF
BB B!B BE ENE B RB + RE L
CE-KVL: VCC = R(;'C + VCE + |ERE ! VCE = VCC |C(RC + RE)

ChooseRg sud that Rg Re (this is the condition for the feedbak to be e ective):

VBB VBE

I
B Re
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| Vee Ve
C T Re

Rc+ R
Vee = Vee 1c(Rc+ Re) Ve %(VBB VeE)
E

Note that now both | and Ve are independert of !

One can appreciatethe working of this biasing schemeby comparingit to the poor biasing
circuit of page80. In that circuit, Iz was set by the valuesof Vcc and Rg. As a result,
lc = |Ig wasdirectly proportional to . In this circuit, KVL in BE loop gives Vgg =

Reglg + Vg + IERE. If we chooseRglg leRg or Rg (Ie=Ig)REg Re (feedbak
condition above), the KVL reducesto Vgg  Vge + | R, forcing a constart | g independert

of BJT parameters.As Ic |g this will also xes the Q point of BJT. If BJT parameters
change(di erent , changein temperature), the circuit forcesl g to remain xed and changes

Ig!

Another important point follows from Vgg  Vge + g Rg. As Ve is not a constart and
can changeslightly (can drop to 0.6 or increaseto 0.8 V), we needto ensurethat | Rg is
much larger than possiblechangesin Vze. As changesin Vge is about 0.1V, we needto
ensurethat Ve = IeRg 0:lorVe > 10 0:1=1V.

Example: Designa stable bias circuit with a Q point of Ic = 25 mA and Vcg = 7.5 V.
Transistor rangesfrom 50to 200.

Step 1: Find Vcc: As we like to have the Q-point to be located in the middle of the load
line, wesetVee = 2Veg = 2 7:5=15V.

Step 2: Find Rc and Rg:

75

——== 3Kk
25 103

Vee = Vec Ic(Rc+ Rg) ! Rc + Re =

We are free to chooseRc and Rg (choiceis usually set by the AC behavior which we will
seelater). We have to ensure,howewer, that Ve = IgRg > 1V or Rg > 1=l = 400 .
Let's chooseRg = 1k andRc = 2k for this example.

Step 3: Find Rg and Vg : We needto setRp Re. As any commercialBJT hasarange
of valuesand we want to ensurethat the above inequality is always satis ed, we should
usethe minimum value:

Rg min RE ! Rg = 0:1 min Re = 0:1 50 1;000=5 k
Veg Veg+IgRE=07+25 10°% 10°= 32V
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Step4: Find R; and R,

R1R>
Re = RikR, = =5k
B 1 2 R1+ Rz
VBB _ RZ _ 3_2 - 021

Vee R;+R, 15

The above are two equationsin two unknowns (R; and R,). The easiestway to solve these
equationsare to divide the two equationsto nd R; and usethat in the equationfor Vgg:

5k
Ry = 021 24k
R
=0 | . =0 | = 6
R+ R, 021 ! 0:79R, = 0:21R; ! R, = 64k

Reasonablecommercialvaluesfor R; and R, areand 24k and 6.2k, respectively.

Other Biasing Schemes

As we will seelater, value of R, = R; k R, appearsin the formauls for the input resistance
(and lower cut-o frequency)of ampli er con guration, greatly reducingthe input resistance
and increasingthe value of the coupling capacitor. A simple, but e ective alternative is to
usethe R. asthe feedbak resistor.

We assumethat the BJT is in active-linear regime. Sincel g lc, by |
KCLI;=lc+Ic Ic. Then: w R,

BE-KVL: Vee = Relc + Relg + Ve

Vee= (Rc+ Rg=)lc + Vae
|~ = Vcc VBE
c= ¢ TBE
RC + RB: _
If, Rg= Rc or Rg Rc, we will have (setting Vgg = V):
I _ VCC V
c= Re

Sincel ¢ is independert of , the bias point is stable. We still needto prove that the BJT
is in the active linear region. We write a KVL through BE and CE terminals:

Vece = Rglg + Vgge = Rglg +V >V
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SinceVce > V, BJT isindeedin active regime.
To seethe negative feedba& e ect, rewrite BE-KVL as:

Vcc \ RCIC
|B = R
B

Supposethe circuit is operating and BJT  is increased(e.g., increasein temperature).
In that caselc will increasewhich raisesthe voltage acrossresistor Rc (Rclc). From the
above equation, this will leadto areductionin Ig which, in turn, will decreasdc = |g and
compensatefor any increasein . If BJT is decreasede.g., decreasen temperature), | ¢
will decreaseavhich reducesthe voltage acrossresistorRc (Rcl¢). From the above equation,
this will leadto an increasein Ig which, in turn, will increaselc = |z and compensatefor
any decreasean

Note: The drawbad of this bias schemeis that the allowable AC signal on Vg is small.
Since Vcc Vcc > V in order for the BJT to remain in active regime, we nd the
amplitude of AC signal, Vcc < Rglg = (Rg= )lc. Since,Rg= Rc for bias stability
thus, Vcc Rclc. This isin cortrast with the standard biasing with emitter resistorin
which  Vcc is comparableto Rclc.

Other Biasing Schemes

cc Thevenin cc

We discussedusing an emitter resistor to stabilize Equivalent
the bias point (Q point) of a BJT amplier asis
shovn (R, canbe zero). There are two main issues
assaiated with this bias con guration which may N
make it unsuitable for someapplications. +V°E

2) Becausé/g > 0, acoupling capacitoristypically Re
neededto attach the input signal to the ampli er

circuit. = =

The combination of the coupling capacitor and the input resistanceof the ampli er leadsto
a lower cut-o frequencyfor the ampli er as we discussedbefore,i.e., this biasing sheme
leadsto an \A C" ampli er. In someapplications, we need\DC" ampli ers. Biasing with
two voltage sources discussedoelow, will solve this problem.

3) Biasingwith onevoltagesourcerequires3resistors(R1, R,, and Rg), a coupling capacitor,
and possibly a by-passcapacitor. In integrated circuit chips, resistorsand large capacitors
take too much space.lt is preferableto reducetheir number asmuch aspossibleand replace
their function with additional transistors. For IC applications, \current-mirrors" are usually
usedto biasthe circuit asis discussedelow.
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Biasing with 2 Voltage Sources:

Considerthe biasing shemeasis shovn. This biasing scheme
is similar to bias with one voltage source. Basically, we have
assigneda voltage of Vgg to the ground (referencevoltage)
and chosenVee = Vgg. As sud, all of the currents and voltages
in the circuit should be idertical to the bias with one power
supply. We should nd that this is a stable bias point as long
asRg Re. This is shavn below:

BE-KVL: Rglg + Vg + Relge Vee = 0

le lc = Ig Vee
IE VEE VBE
Rg— + Relg = V, V ! lg = — ——
B ETE EE BE E RE n RB:
Similar to the bias with one power supply, if we chooseRg sud that, Ry Re, we get:
V V
lc lg -5 "BE - const
Re

0
m
A
<
r
&
(@]

|

= Rclc+ Vee + Rele  Vee

Vee = Vec + Ve Ic(Rc + Rg) = const

Therefore, lg, Ic, and Vcg will be independen of BJT parameters(i.e., BJT ) and we
have a stable biaspoint. Similar to stable biaswith onepower supply, we alsoneedto ensure
that Relg 1V to accoun for small possiblevariation in Vge.

Bias with two power supplieshas certain advantagesover biasing with
onepower supply, it hastwo resistors,Rg and Rg (asopposedto three),
and in fact, in most applications, we can remove Rg altogether. In
addition, in somecon guration, we candirectly couplethe input signal
to the ampli er without using a coupling capacitor (becausevg  0).
As sudh, sud a con guration can alsoamplify \DC" signals.

Both stable biasing sdhemes,with one or two power supplies,use Re
as a negative feedba& to \x" Ig and make it independert of BJT
parameters. In e ect, any biasing shemewhich results in a constan
le, independen of BJT parameters,will be a stable biasingtechnique.

Sdematically, all these biasing sdhemescan be illustrated with an ideal currert sourcein
the emitter circuit asis shavn. For the circuits which include a current source,resistor Rg
is NOT neededfor stable biasinganymore. For example,Rg can be removed from common
emit tor ampli ers with bypasscapacitors.
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Becauseof elimination of Rg and Rg (or reducing Rg), biasingwith a currert sourceis the
preferred way in most integrated circuits. Sud a biasing can be achieved with a current
mirror circulit.

Biasing in ICs: Curren t Mirrors

A large family of BJT circuit, including current mirrors, di erential ampli ers, and emitter-
coupled logic circuits include identical BJT pairs. In most cases,two idertical BJTs are
manufacturedtogetheron onechip in orderto ensurethat their parametersare appraximately
equal (Note that if you take two commercialBJTs, e.g., two 2N3904,there is no guararty
that 1 = 5, while if they are grown together on a chip, ». For our analysis, we
assumethat both BJTs are idertical.)

Consider the circuit shavn with identical transistors, Q; and
Q.. Becauseboth basesand emitters of the transistors are con-
nected together, KVL leadsto vgei1 = Vgeo. As we discussed
before,BJT operationis cortrolled by vgg. ASVgg1 = Vge2 and
transistors are identical, they should have similar ig, ig andi:

ic e

2i [ 2i + 2.
KCL: Iref_lc+ +E1: f1+ +E1: +1|E
lo 1

o T2 1+ 2=

(We have usedic = ig andig = ( + 1)ig to illustrate impact of .) For 1,10 lref
(with an accurancyof 2= ). This circuit is called a \current mirror" asthe two transistors
work in tandemto ensurethat current |, remainsthe sameas|,ss no matter what circuit is
attached to the collector of Q,. As sud, the circuit beharesasa current sourceand can be
usedto bias BJT circuits.

ECEGOL Lecture Notes, Spring 2004 96



Value of |, canbe setin many ways. The simplestis by using
aresistor R, asis shovn. By KVL, we have:

Vee = Relvet + VBE1  VEE

Vee + V V,
|ref - CcC EE BE1 = const
R
C

Current mirror circuits are widely usedfor biasingBJTs. In the simplecurrent mirror circuit
above, 1, = |, with a relative accuracyof 2= and |,¢ is constart with an accuracy of
small changesin vgg;. Variation of currert mirror circuit, sud as Wilson currernt mirror
and Widlar current mirror (SeeSedraand Smith) are available that leadto 1, = |,¢ with
a higher accuracy and compensatefor 2= and changesin vgg € ects. Wilson mirror is
especially popular becauset replaceR. with a transistor.

The right hand part of the currert mirror circuit can be duplicated sud that one current
mirror circuit canbiasseeral BJT circuits asis shavn. In fact, by coupling output of two of
the right hand parts, integer multiples of |, canbe madefor biasing circuits which require
a higher bias currert.

iilo ii"’ i2|0

&

=Y

l

Biasing FETs: Biascircuits for FET ampli ers aresimilar to BJT circuits. Someexamples
areshawvn in belov. (Exercise Find the biaspoint of the FET in ead of the circuits below.)

EE

Voo VDD o VDD
[
|
Voo RD :
R Ry
’ _ vip R L | et : ‘ Io
L ID RD I
Rs
e A——
Rl Rs Rl RS
p— Vss p—

Standard Bias  Bias through Rp Bias with 2 power supplies  FET Current Mirror
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BJT Small Signal Mo del and AC ampli ers

We calculated the DC behavior of
the BJT (DC biasing) with a sim-
ple large-signalmodel asshaowvn. In
active-linear region, this model is
simply: vgg = 0.7V, ic = .
This model is su cient for calcu- Vg VBE Vaat VeE
lating the Q point as we are only ) \

interestedin ensuringsu cien t de- Ver = Vero Vero

sign spacefor the ampli er, i.e., Q
point should be in the middle of
the load line in the active linear re- |
gion. In fact, for our good biasing /VQ // VQ
sdhemewith negative feedbag, the 0 _.« e 5 It ——
Q point location is independen of AV AV

BJT parameters. (and, therefore,
independent of model used!)

i
Alg Ipop----mmemmean X i Iso

Ic (mA) Ic (mA)

Ale

I T :}’

A comparisonof the simple model F | |
with the iv characteristics of the e feo 7 sy Yico|[ 7
BJT shows that our simple large- l% l

signal model is very crude and is

not accuratefor AC analysis.

0 Veeg Vee (V) o] I Vegp Vee (V)

(©) i<—AVCE_“’
i '

(]

For example,the input AC signalresultsin small changesin vgg around0.7V (Q point) and

correspnding changesin ig. The simple model cannot be usedto calculate these changes
(It assumes/gg is constart!). Also for a xed ig, ic is not exactly constart asis assumed
in the simple model (seeic vs vce graphs). As a whole, the simple large signal model is not

su cient to descrike the AC behavior of BJT ampli ers wheremoreaccuraterepresetations

of the ampli er gain, input and output resistance etc. are needed.

A more accurate, but still linear, model can be dewloped by assumingthat the changesin
transistor voltagesand currerts due to the AC signal are small comparedto correspnding
Q-point valuesand using a Taylor seriesexpansion. Consider function f (x). Supposewe
know the value of the function and all of its derivative at someknown point, Xo. Then, value
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of the function in the neighborhood of x, canbe found from the Taylor Seriesexpansionas:

B d ( x)2d*f
f(Xo+ X)=1(Xp)+ x& + > Wx:

X=Xo

Xo

Closeto our original point of xo, X is small and the high order terms of this expansion
(terms with ( x)"; n= 2;3;:::) usually becomevery small. Typically, we consideronly the
rst orderterm, i.e.,

d
f(Xo+ x) f(xo)+ x&

X=Xo

The Taylor seriesexpansioncan be similarly applied to function of two or more variables
sudh asf (x;y):

@ @
f(Xo+ X;yo+ y) f(Xoiyo)+ X@ oy —
X0:Yo @ X0:Yo

In a BJT, there are four parametersof interest: ig, ic, Vge, and vcg. The BJT iv charac-
teristics plots, specify two of the above parameters,vgg and ic in terms of the other two,
ig and vcg, i.e., vge is afunction of ig and vce (written asvge (ig; Vcee) Similar to f (X;y))
andic is a function of iz and vcg, ic(ig;Vce).

Let's assumethat BJT is biasedand the Q point parametersare lg, Ic, Vge and Vece. We
now apply a small AC signalto the BJT. This small AC signal changesvce andig by small
valuesaround the Q point:

ig=1lg+ g Vce = Vce + Vce
The AC changes, ig and vce resultsin AC changesin vge and ic that can be found

from Taylor seriesexpansionin the neighborhood of the Q point, similar to expansionof
f(Xo+ X;yo+ Y) above:

@BE iB + @BE Vee
@B Q @CE Q

@c . @c

icllg + ig;Vee+ Veg)=lc+ = Is VcEe
@B Q @CE Q

Vee(lg + ig;Vece+ Vce) = Vee +
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whereall partial derivativesare calculatedat the Q point and we have noted that at the Q
point, Vge(lg;Vce) = Vee andic(lg;Vce) = Ic. We can denotethe AC changesin vge
andic as vgg and ic, respectively:

Vee(lg + ig;Vee+ Vee) = Vee + Vae
ic(lg + ig;Vee+ Vce)=lc+ ¢

So, by applying a small AC signal, we have changedig and vcg by smallamourts, ig and
Vce, and BJT hasrespondedby changing, vge andic by small AC amourts, vgeg and
ic. From the above two setsof equationswe can nd the BJT responseto AC signals:

@se . |, @ge : @c . @c
Vgg = —— ig + VcEe; Ilc= —= It \Y
ET @ 0 @ce “T@ ° @
wherethe partial derivativesare the slope of the iv curvesnearthe Q point. We de ne
@BE @BE @C @C
h; ; h ; h —; h
© @ " @ce @ * @ce

Thus, responseof BJT to small signalscan be written as:
Vge = hie ig + hre Vce ic = hte i+ hoe Vce

which is our small-signalmodel for BJT.

We now needto relate the above analytical model to circuit elemens sothat we can solve
BJT circuits. Considerthe expressionfor vgg

Vge = hie g+ hre Vce

Ead term on the right hand side should have units of Volts. Thus, hje should have units of
resistanceand h,. should have no units (theseare consistem with the de nitions of h;e and
h;e.) Furthermore, the above equationis like a KVL: the voltage drop betweenbaseand
emitter is written as sum of voltage drops acrosstwo elemeits. The voltage drop acrossthe
rst elemen is hie ig. So,it is resistor with a value of hie. The voltage drop acrossthe
secondelemen is h,e Vce. Thus, it is dependen voltage source.

Di, Vy=hDj
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Now considerthe expressionfor ic:
ic = hte i+ hoe Vce

Ead term on the right hand side should have units of Amperes. Thus, h; should have no
units and hye should have units of conductance(these are consistem with the de nitions of
hoe and hs¢.) Furthermore, the above equationis like a KCL: the collector currert is written
as sum of two currerts. The currernt in rst elemen is h;e ig. So,it is dependen current
source. The currert in the secondelemen is proportional to hoe= Vce. Soit is a resistor
with the value of 1=h,e.

-— C -< C
l i,=heDls il heD :
DvCE 7> Uhpe DVCE
l i= hoeDVCE
E E

Now, if put the modelsfor BE and Pl

B i?:» hie -C c
CE terminals together we arrive at * he Dig
the small signal\h ybrid" model for DV, heDve lhe Dv
BJT. It is similar to the hybrid
model for a two-port network (Carl- E- -

sonChap. 14).

The small-signalmodel is mathematically valid only for signalswith small amplitude. But
the model is so usefulthat is often usedfor sinusoidal signalswith amplitudes approading
those of Q-point parametersby using averagevaluesof \n" parameters.\h" parametersare
given in manufacturer's spec sheetsfor ead BJT. It should not be surprising to note that
even in a given BJT, \h" parameter can vary substarially depending on manufacturing
statistics, operating temperature, etc. Manufacturer's' specsheetslist these\h" parameters
and give the minimum and maximum values. Traditionally, the geometric mean of the
minimum and maximum valuesare usedasthe averagevalue in design(seetable).

+

Sincehie = @c=@%, BJT = ic=ig is sometimescalled hrg in manufacturers' spec sheets
and has a value quite closeto hs.. In most electronictext books, , hgg and hs are used
interchangeably
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Typical hybrid parameters of a general-purp ose 2N3904 NPN BJT

Minimum Maximum Average*
r = hie (k) 1 10 3
hre 05 104 8 104 2 104
ht e 100 400 200
hoe ( S) 1 40 6
ro = 1=hee (k) 25 1,000 150
re = hie=hte () 10 25 15

* Geometric mean.

As h, is small, it is usually ignored in analytical calculations as it makes analysis much
simpler. This model, calledthe hybrid- model, is most often usedin analyzingBJT circuits.
In order to distinguish this model from the hybrid model, most electronictext books usea
di erent notation for various elemens of the hybrid- model:

1
r = hi ro= — = hte
hoe
* heDis " bDig
DVge < Me Uhoe =) Dvge <'p o
! e

The above hybrid- model includesa currert-controlled current source. This implies that
BJT behavior is cortrolled by ig. In reality, vge cortrols the BJT behavior. A variant of the
hybrid- model can be deweloped which includes a voltage-cortrolled current source. This
can be achieved by noting it the above model that vge = he ig and

Di _
; VBE 5 o
hie ig = hfeh—_ = On VBE B 5 ¢ ¢
h e n ng%E -
Om # Transfer conductance v, ST ‘.
e
1 hie . . _
re —=.— Emitter resistance J
gm hfe e

ECEGOL Lecture Notes, Spring 2004 102



FET Small Signal Mo del and AC ampli ers

Similar to BJT, the simple large-signalmodel of FET (page72) is su cient for nding the
bias point; but we needto dewelop a more accurate model for analysisof AC signals. The
main issueis that the FET large signal model indicatesthat ip only dependson vgs and
is independernt of vps in the active region. In reality, ip increasesslightly with vpgs in the
active region.

We candewelop a small signalmodel for FET in a mannersimilar to the proceduredescriked
in detail for the BJT. The FET characteristicsequationsspecify two of the FET parameters,
ic and ip, in terms of the other two, vgs and vps. (Actually FET is simpler than BJT as
ic = 0 at all times.) As before,we write the FET parametersas a sum of DC bias value
and a small AC signal,e.g.,ip = Ip + ip. Performing a Taylor seriesexpansion,similar
to pages89 and 90, we get:

ic(Ves + Ves;Vbs+ WVWps)=0

. . @ @
in(Vos + Ves:Vos+ Vps) = ip(Ves;Vbs) + —— D Vb s
@GS Q @DS Q
Sinceig(Ves+ Ves;Vbs+ Vps) = lg+ igandip(Ves+ Ves;Vbst Vps) = Ip+ ip,
we nd the AC componerts to be:

ic=0  and = 2 e B
@GS Q @DS Q
De ning
@b @b
and r
o @es ° @os
We get:
ic=0 and ip = On Ves t o Vbs
. . . Di_=0 Di
This results in the hybrid- model for c % -D p
the FET as is shavn. Note that the + 9mD¥%s
FET hybrid- model is similar to the BJT Dv ro

1 GS

hybrid- model with r !
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