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Lecture 20

Bipolar Junction Transistors (BJT): Part 4

Small Signal BJT Model

Reading:
Jaeger 13.5-13.6, Notes
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Further Model Simplifications

(useful for circuit analysis)

Neglect
Forward Active Small Terms
Ebers-Moll Mode
A AN A
- NN N h

Ves Vee Ves Ves
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Modeling the “Early Effect” (non-zero slopes in IV curves)

*Base width changes due
to changes in the base-
collector depletion width
with changes in V.

Ig5 (theory)

I, (theory)
Ig; (theory)

*This changes o, which
changes I, ope and B

Major BJT Circuit Relationships

] Ves ] Ve V V ] i | Ves
i =1e % =i, =€ %{H—\EE} Jift =,BFO{1+—CE} ip =— s o

= e
A Va Pe Pro
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Small Signal Model of a BJT

Just as we did with a p-n diode, we can break the BJT up into
a large signal analysis and a small signal analysis and
“linearize” the non-linear behavior of the Ebers-Moll model.

Small signal Models are only useful for Forward active mode

and thus, are derived under this condition. (saturation and cutoff are
used for switches which involve very large voltage/current swings from the on to off states.)

eSmall signal models are used to determine amplifier
characteristics (Example: “Gain” = Increase In the magnitude
of a signal at the output of a circuit relative to it’s magnitude at
the input of the circuit).

*\Warning: Just like when a diode voltage exceeds a certain
value, the non-linear behavior of the diode leads to distortion
of the current/voltage curves (see previous lecture), if the
Inputs/outputs exceed certain limits, the full Ebers-Moll model
must be used.
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Consider the BJT as a two-port Network

General “y-parameter” Network
11=Y13Vy + Y1V

1,=Y21V] T Y20V,

i 3
O—— E—
+ I ) +
Uy Y11 Yiglhy Yy Y v,
© 0
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1 I,
\J/f Two Port \J/f
' | Network 2

BJT “y-parameter” Network

Ib:yllvbe + Y12Vce

Ic:yZlVbe + y22Vce
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- 0
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Consider the BJT as a two-port Network

Y T —ib— L
Vbe Vee = avBE Q-point
Ji2 = N LR
1b=Y11Vpe * Y12Vee ‘I Vee |y, =0 JUCE O-point
iCZY21Vbe+Y22Vce Yo = _if_ - d iC
Vbe |y, =0 JUBE Q-point
_ e _ Jdic
V2T =0  9UCE g poiu
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Vi1

Y12 =

Jel =

Yoy ~

ip

Vee =0

Vbe =0

Vee =0

Vbe =0
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Consider the BJT as a two-port Network

dip
aUBE

dip
dUcE

dic
aUBE

dic
aUCE

Q-point

Q-point

Q-point

Q-point

,

dig
yi|= =0
JUcE Q-point
dic IS [ (UBE)” UCE}
Y21 = exp 1+ —
JUBE Q-point VT Vr Va Q-point
Iy Ve ” Ve Ic
ex 1+ — | =|—
Y21 Vr [ P( Vr ) Vi Vo
dic Is [ (UBE
V22 = €X
dUcE Q-point VA d vz JQ-point
Iy [ Ve } Ic
ex ol e —
22 VA p(VT VA ‘5 VCE
yyy = i B [ 1 dic  ic aﬁ;}
JUBE Q-point BF JUBE Bf27 JUBE Q-point
- i dic [1 _ _igf?ﬁF} _ Ic = (I_C%)
Br dvpg Br dic lgpoine  BrFVr Br 9ic Jopoint
. [ 1 dic  ic dBr dic J
BF JUBE ﬁI% dic dupg Q-point
~ .
2 B B, Is most
i1 where B, = often taken
BoVr [ 1 BF >
1 — IC( ) asa
Br dic Qpeint]| - constant, B
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Alternative Representations

I
Transconductance g, =Y, = V—C ~ 401
T
. 1 BV, p
Input Resistance r, =— =—1==°
yu le O
. 1 _Va+Vee
Output Resistance I, = =
Y22 .
Y-parameter Model Hybrid-pi Model
B i, i, C B i, i, C
O] ——0 o—— ~—0
+ Yo Y4 + + +
Vy 1 ;— [ Up, 'n EmVbe Yo U
— — 22 _ _ -
o Y11 . o .
E E
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Alternative Representations

gmvbe — gmrzzlb — lBolb

\oltage Controlled Current Current Controlled Current
source version of Hybrid-pi source version of Hybrid-pi
Model Model

B i, . g B i, . i g
<+
Upe 'm gmvbe? § To 'n % Bots ? § "o

E E
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Single Transistor Amplifier Analysis: Summary of Procedure /\

mportang!

Steps to Analyze a Transistor Amplifier

1.) Determine DC operating point and - peergm >
calculate small signal parameters (see

next page)
2.) Convert to the AC only model.

*DC \Woltage sources are shorts to ground 2
*DC Current sources are open circuits 5 w% T g;
e|_arge capacitors are short circuits |

eLarge inductors are open circuits -

Step |

3.) Use a Thevenin circuit (sometimes a
Norton) where necessary. ldeally the
base should be a single resistor + a single

source. Do not confuse this with the DC Step .

Thevenin you did in step 1. 4 ol ¢

4.) Replace transistor with small signal w ''''' 8% % % %
model -

5.) Simplify the circuit as much as Step

necessary. 5 [Ee +
6.) Calculate the small signal parameters : % e ng

(r., g, I, €etc...) and then gains etc... =
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Detailed Example: Single Transistor Amplifier Analysis

/\

mportang!
SOURCE

it
LOAD =
: = > B R,
< | |
|- |1 W;"_
1 F 100 k€2
. T < B=100
2kQ 1F = VA=V
1;=3e-15A
Vg
&
I, value not needed for
hand calculations but is
'EIT’ selected so PSPICE
results in Vge=0.7V @
Ic=1.66mA

Georgia Tech ECE 3040 - Dr. Alan Doolittle




/\

Step 1: Determine DC Operating Point W

Remove the Capacitors

Because the SOURCE
impedance of a Tt
capacitor is Z = LT = = R,

1/GwC), capacitors ‘:-’ =y %,—

have infinite | - 100 kQ
impedance or are Rg N

open circuits in DC o @ | :

(0 = 0). 2 kQ

Inductors (not present ‘s ()
in this circuit) have an
impedance Z = joL,
and are shorts in DC.
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Step 1: Determine DC Operating Point /\t
Determine the DC Thevenin Equivalent ik

Replace all connections to the transistor with their Thevenin equivalents.
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Step 1. Determine DC Operating Point \%\K/

Calculate Small Signal Parameters

Identify the type of transistor (npn in this example) and
draw the base, collector, and emitter currents in their
proper direction and their corresponding voltage

polarities.
Applying KVL to the controlling loop

(loop 1):
Ve = lgRrpug = Ve = leERE = 0

Applying KCL to the transistor:
le =15+ 1

Because I = B,
lg=lg+lc=Ilg+Plg=Ig(1+P)

Substituting for I¢ in the loop equation:

Ve = IgRrng = Ve = Is(1TP)Re = 0

Georgia Tech
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Step 1. Determine DC Operating Point mportans?
Plug in the Numbers N

Ve = IsRrye = Vee = lg(1HB)Rg = 0
Viug — Vee — lg(Rryg + (14 B)Rg) = 0
Vg = 12R/(R,+R,) = 3 V

Ryug = R, | R, = 7.5 kQ

Assume Vge = 0.7V

Assume B for this particular transistor is
given to be 100.

3-0.7 — 15(7500 + (1+100)*1300) = 0
g = 16.6 pA

lc = Blg = 1.66 MA
le=Ig+1.=1.676 mA

Georgia Tech
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Step 1. Determine DC Operating Point mportans?
Check Assumptions: Forward Active?

Ve =12 - I.R. = 12 - (1.66 mA)(4300) = 4.86 V/

n i
Ve = I.R; = (1.67 mA)(1300) = 2.18 V | l | J;
C —
Check: LVC ‘
For an npn transistor in forward active: ; 11153,
Ve> Vg ARG
IB .VE
486V >2.88V |+
Vg— Vg = = 1, l e

288V 218V = ‘Q_ =
|
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Single Transistor Amplifier Analysis
Step 1 detail DC Bias Point (Alternative Drawing View)

/\

Vi 12 Vi 124 Vi 12
o o
¥ ¥ + +
R2 é Ri Ri: Ri
o 43K é Y, L3k
Thevenin § =
<
o1 Ve 12 Ak a2 Y 1 Tk I, o3
J E + . - ot > E
S L.
R2
Ry &\b |
Vbe €
R1 EJ’ i Heé’ 1% r1 T Hegj 1% Re é’ 1%
| - | | - |
e 4 =
<«

W

SV=IgRe+VpetlgRyy
3V=15(100+1)1300+0.7+ 157500

15=16.6 UA, 1= I3 B,=1.66 mA, 1.=(B,+1) I/ B,=1.67 mA

Georgia Tech
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Step 2: Convert to AC-Only Model \%\K/

Short the Capacitors and DC Current Sources

DC voltage sources are

shorts (no voltage e

drop/gain through a LOAD o
short circuit). :;3
DC current sources are i
open (no current flow Ry C

through an open —f’\N\/——H—

circuit). 2kQ) 1F
Large capacitors are

shorts (if C is large, Vs C)
1/joC is small). T /
Large inductors are

open (if L is large, joL
Is large). =

<
= I R,
A

1 F 100 k€2
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(Optional) Simplify Before Thevenizing

Step 2: Convert to AC-Only Model Nm}é\i{

Iy
kQ
, o i M rin
S 1
- re <100 2kQ 412 kQ
2kQY b kg rlr,
VS 10 kQ - VS 75 kQ
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Step 3: Thevenize the AC-Only Model wﬁi{

}) ling = Fellrellr
r-c”rL

— *
thB — Vs

Georgia Tech

(rallrp)/(r+[ryfIr2])

r'[hC = I’c”rL

4.12 kQ
Ve =10 V

rthE: O Q
Vie= 0V

Vi = 0.789v,
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Step 4. Replace Transistor With Small Signal I\/Iodel/\

mportang}

N ALKy oy

lhg = Fsllrllrs

After replacing the transistor, apply Ohm’s
Law: V =IR to find v

out*

_ ro.e=0Q
thB_Vs* thE

[(rLlIE,) (4 IF)] Vo= 0V r, and ryc are in parallel, so that Ohm’s
S

Law becomes: Vout = -IR = '(ngBE)(rOHrthC)

Because Iy, = r|r,
-\Yout = '(ngBE)(rOHrcllrL)

Vout/VBE = 'gm(ro”rc”rL) Is the
+ gain from transitor input (Vgg)
to transistor/circuit output v,

out

Vi = 0.789v,

l'h

Ving o + I

TRANSISTOR
EXTERNAL
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Steps 5 and 6: Calculate Gain and Small Signal
Parameters

l'h

/\

mportang}

As previously determined:

Gain = v, /v, =
TRANSISTOR

+
Ving n y ‘o The=Vou Applying a voltage divider:
BE
! ] Vee/Ving = T/ (Mt Ming)

(Vee/Ving) (Vou/ Vee)

Gain factor:

EXTERNAL

Vout/VBE - 'gm(ro”rc”rL)

Because calculating the DC operating point was done first, we have equations for g,
r., and r, in terms of previously calculated DC currents and voltages.

Gain=v

I
Transconductance £, =V, :?‘ ~ 401 .
T
: L Ak B
Input Resistance 7, =—= = =
.«FII !(' gur
+ 1 V4V,
Output Resistance 7, = = 7
22 C

Georgia Tech

Plugging in the numbers:

Iv,=-94.8 viv

out
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Single Transistor Amplifier Analysis /\

Step 6 detail Calculate small signal parameters Ve =Ve- Ve mportang}
| =4.86V-2.18V
Transconductance g, = y,, = V—C =0.0641S =268V
T

: V.

Input Resistance r, = yl = '8;’ L= '§° =1560 Q
11 C m
1 V,+V.E Vv, 75V

I . = — _A CE x A =
Output Resistance I, V., I . 16.6mA

out

Y
TR ' Z_:lz r 4% R.= Re| Rl
TH
V7,=0.88 Vs vil § OmV be |

Vou =—0,V R, and v, =vy 5 and Vo, = 0.789v
Ry, +1,
U
Vv Vv v, |V r
=Voltage Gain =2t =| -t | be |t /—(_g R z 0.789
A ) Vs (Vbe J[Vth ](Vsj ( o L{RTh‘H‘;J( )

For Extra Examples see: 1560
Jaeger section 13.6, and A, =(-(0.0641)(45,200| 4300 | 100,000))(mj(0-789)

pages 627-630 (top of 630)
Georgia Tech A =-94.81 v/v (or —95.2v/v) ECE 3040 - Dr. Alan Doolittle




/\

Interpretation/Analysis of Results wﬁi{

Gain = v, IV, = (Vipa/Ve) (Vee/Ving) (Vou/Veg) = -94.8 VIV Ving/Vs = (Fallr)/([rallre] + 1)
I Vee/Ving = I (Nt ing)
Both terms are loss This term is the gain factor _

Vol Vae = -0 (| IrIr
factors, i.e. they can and is responsible for oufVee = ~Gm(TolIell")
never be greater than 1 amplifying the signal. _ _
in magnitude and thus The AC input signal has
cause the gain to been amplified ~95 times in
decrease. magnitude. The negative

sign indicates there has been
a phase shift of 180°. A
phase shift implies a time
delay.
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/\

Interpretation/Analysis of Results mportany

Time
Delay t,

A phase shift implies a time
delay. But signals that have

2 V2NN multiple Fourier
SN NN NN N\ components have their

ANNAAAANAANANANANANANAN Fourier components delayed
SR ‘\JH/ vV VIV VIV VYV by different amounts
Time resulting in time domain
Delay t, . .
distortion.

S(l'[.lfll'e wave

] I |
1 Input “Output
ERE —>
é 0.5 \ 8T
: & 3
Til—'“'e _> - - 0.00 | DI05 0.10 015 0.20
Use Signal Processing “Transfer
Function” to describe the behavior
of an amplifier
A M | Xl f" / \At
F Ar|sinc| fr)| / t\lfnlamg‘lh
T ECE 3040 - Dr. Alan Doolittle
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Completing the Small Signal Model of the BJT
Base Charging Capacitance (Diffusion Capacitance)

In active mode when the emitter-base is forward
biased, the capacitance of the emitter-base junction
Is dominated by the diffusion capacitance (not
depletion capacitance).

Recall for a diode we started out by saying:

Neglect charge

Sum up all the
P _dQ, injected from the

minority carrier Cbiusion =
charges on either
side of the junction -

Georgia Tech

dvp, base into the
_dQ, dt emitter due to p+
emitter in pnp

/T 1]e%n dx

\ dt dv,
Qp = quOOO Py [eV%T —1]e%" dx + qA_[:n

Excess charge stored is due almost entirely to the
charge injected from the emitter.
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Completing the Small Signal Model of the BJT

Base Charging Capacitance (Diffusion Capacitance)

*The BJT acts like a very efficient “siphon”: As majority carriers
from the emitter are injected into the base and become “excess
minority carriers”, the Collector “siphons them” out of the base.

*\We can view the collector current as the amount of excess charge
In the base collected by the collector per unit time.

*Thus, we can express the charge due to the excess hole
concentration in the base as: _

Qs =17k
or the excess charge in the base depends on the magnitude of
current flowing and the “forward” base transport time, t, the
average time the carriers spend in the base.

oIt can be shown (see Pierret section 12.2.2) that:
2

Te W where,
2D,

W = Base Quasi — neutral region width

D, = Minority carrier diffusion coefficient
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Completing the Small Signal Model of the BJT
Base Charging Capacitance (Diffusion Capacitance)

Thus, the diffusion capacitance is,
o _ Qs ‘ (w? ) aig
B Q-point Q-point
OV e 2D; ) ovge
I

Cg :TFV_:TFgm
T

The upper operational frequency of the transistor is limited by

the forward base transport time: £ < 1

27T

Note the similarity to the Diode Diffusion capacitance we
found previously:

[pnoLp +N, L, JqA

I

Coimusion = 947, Where 7, = IS the transit time
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Completing the Small Signal Model of the BJT
Base Charging Capacitance (Total Capacitance)

In active mode for small forward biases the depletion
capacitance of the base-emitter junction can contribute to the
total capacitance

C JEo

V
1+ =B
Vbi for emitter —base
where,

C e, = zero bias depletion capaci tan ce
Vv

Cp =

= puilt in voltage for the E — B junction

bi for emitter—base

Thus, the total emitter-base capacitance is:

C, =Cy +C
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Completing the Small Signal Model of the BJT
Base Charging Capacitance (Depletion Capacitance)

In active mode when the collector-base is reverse biased, the
capacitance of the collector-base junction is dominated by the
depletion capacitance (not diffusion capacitance).

C, = Se

y7]
1+ Ves
Vbi for collector—base

where,
C = zero bias depletion capacitance

L0
Vv

= puilt in voltage for the B—C junction

bi for collector—base
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Completing the Small Signal Model of the BJT
Collector to Substrate Capacitance (Depletion Capacitance)

In some integrated circuit BJTs (lateral BJTs in particular) the
device has a capacitance to the substrate wafer it is fabricated
In. This results from a “buried” reverse biased junction. Thus,
the collector-substrate junction is reverse biased and the
capacitance of the collector-substrate junction is dominated by

the depletion capacitance (not diffusion capacitance).  Emitter
| | I
Ces = Cos P
V n-base
\/1 + = p-collector
bi for collector —substrate
where, n-substrate

C.s = zero bias depletion capaci tan ce
V = puilt in voltage for the C — substrate junction

bi for collector—substrate
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Completing the Small Signal Model of the BJT
Parasitic Resistances

*r, = base resistance between metal interconnect
and B- E junction

or. = parasitic collector resistance

*r., = emitter resistance due to polysilicon contact
*These resistance's can be included in SPICE
simulations, but are usually ignored in hand
calculations.
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Completing the Small Signal Model of the BJT
Complete Small Signal Model

base collector
b Cy -t
| || PO
[ 4 * -9
—\Wy | W=
b + ¢ S

:Q
¥
11
FF:
:__‘*l
<>
oo
3
a\".
Qﬂ
|
IQ
o

substrate

emitter
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