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Electronic Circuits (A)
Lecture #4

BJT Modeling and r, Transistor
Model (small signal analysis)

Instructor:
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Remember!
Lectures List

Lec#1:

Introduction and Basic Concepts

Lect#2:
Lec#3:

BJT Review
BJT Biasing Circuits

Lec#4:
Lec#5:

BJT Modeling and r, Transistor Model
Hybrid Equivalent Model

Week#4

Lec#6:
Lec#7/:

BJT Small-Signal Analysis
Systems Approach

Lec#8:
Lec#9:

General Frequency Considerations
BJT Low Frequency Response

Week#6

Lec#10: BJT High Frequency Response
Lec#11: Multistage Frequency Effects and Square-Wave Testing
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Remember!
Lectures List

Week#4

e Lec#l: Introduction and Basic Concepts
J
e Lec#2: BJT Review )
e Lec#3: BJT Biasing Circuits )
* Lec#4: BJT Modeling and r, Transistor Model |
e Lec#5: Hybrid Equivalent Model | - Mer‘ged in )
TWO lecTures
e Lec#6: BJT Small-Signal Analysis only © |

: Systems Approach

: General Frequency Considerations
: BJT Low Frequency Response

Week#6

: BJT High Frequency Response
: Multistage Frequency Effects and Square-Wave Testing
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Agenda
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. Amplification in the AC Domain

BJT transistor Modeling ‘

. The r_ Transistor Model (small signal analysis)|

. Effect of R, and R, (System approach)

. Determining the Current Gain ‘
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AMPLIFICATION IN THE AC DOMAIN




Amplification in the AC Domain

n = P,/P; cannot be greater than 1.
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In fact, a conversion efficiency is defined by 1 = P,,e)/Pidc), Where P, is the ac power
to the load and P4 is the dc power supplied.
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FIG. 5.2
Effect of a control element on the steady-state flow of the elecirical
system of Fig. 5.1.

~Y

FIG. 5.1
Steady current established by a

de supply. * The superposition theorem is applicable for the analysis and design of the
dc and ac components of a BJT network, permitting the separation of the

analysis of the dc and ac responses of the system.
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BJT TRANSISTOR MODELING



BJT Transistor Modeling

A model is a combination of circuit elements, properly chosen, that best
approximates the actual behavior of a semiconductor device under specific
operating conditions.
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BJT Transistor Modeling

* the ac equivalent of a transistor network is obtained by: T

1. Setting all dc sources to zero and replacing them by a )
short-circuit equivalent f T |

2. Replacing all capacitors by a short-circuit equivalent {: ﬁ 2

40)
(o
(o
40)
o)
L
-
40)
=
-
<C
©)

3. Removing all elements bypassed by the short-circuit R,

+

equivalents introduced by steps 1 and 2 .
4. Redrawing the network in a more convenient and -1 -
logical form

Transistor small-signal
ac equivalent circuit
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Common Emitter Configuration
Common Base Configuration

Common Collector Configuration
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r. Model in Different Bias Circuits

THE r, TRANSISTOR MODEL




The r, Transistor Model (CE)
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Early Voltage Ay Vat Vg,
To = A1 T
Va
Iy = .I'_
C
¢ F(-[mA}

Slope = -

FIG. 5.8 Ax AV T <t
Finding the input equivalent circuit FIG. 5.12 o
or a BIT transistor. BIT equivalent circuit,
g _ AV N
o aer B
s Vi Ve @)
Jr Bl R /A 1 <
Vie = 1 = (. + Iy, = (Bl + Ipr, :tt
= Q
- (IB T ”'rbrr o ——— QO
Vie _ (B + Diyre _ 0 ’4»
T } b I b : Vit V{'FU N
FIG. 5.15 ;
FIG. 5.13 Zi= (B + Dr. = Br, Defining the Early voltage and the output impedance of a transistor. |

Defining the level of Z; i
ho—; - O
I I A I [I)

b ,—:c o

ﬁre * ﬂ"b L]
B, 4 BI, |
l e o o
eo T o ¢
- FIG. 5.16
FIG. 5.14 ro model for the common-emiiier transisior configuration

Improved BIT equivalent circuit. including effects of r,,




The r, Transistor Model (CB)
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FIG. 5.17 S
fa) Commaon-base BIT transistor; (B) equivalent circuit for configuration of (a). Q
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FIG. 5.18

Common base r, equivalent circuit.
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The r, Transistor Model (CC)

* For the common-collector configuration, the model defined for
the common-emitter configuration of is normally applied rather
than defining a model for the common-collector configuration.

npn versus pnp

* The dc analysis of npn and pnp configurations is quite different in the
sense that the currents will have opposite directions and the voltages
opposite polarities.

* However, for an ac analysis where the signal will progress between

positive and negative values, the ac equivalent circuit will be the same.
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C.E. Fixed Bias Configuration
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! 'FJ: I.-
— ——
o o o : o
+5 b ‘ ¢ fl,_ +
—
V. v,
i Ry fir, + Bl &r, R '
— -— -
Z
FIG. 5.21 1 L 1 J__ L A
Network of Fig. 5.20 following the removal " b - - o
af the effects of Ve, C), and Ca. FIG. 5.22 \|
F“_;' 5.20 Substituting the r. model into the network of Fig. 5.21. -—
Common-emitter fixed-bias configuration. S}
= —_— o ﬂ-‘
i i Vo Z,' = RB"Br(" ohms Vo ﬁI!?(R('""u) :ﬁ:
Phase Relationship cc V. %)
Ih = BT Q)
v, Z; = Pr, ohms “ —
X Rr=108r, v, .
‘ Vo= -8B Br. (Rer.) N
Ry ) Z, = Rellr, | ohms ¢ —
V, | ] ! QO
I/\ I/ v A = E _ _[R(” rrJ:I |
- o ! Z‘, = R(_" N L V,i o . |9
{J‘ \/ t V- I-‘. ra= 108 U
o 7R
| + R
- 7 .,
- Ar = — <
Ty Ko T
FIG. 5.24 ro= 108,
Demonstrating the 1807 phase shift between input and owiput waveforms.
e = -
FIG. 5.23

Detenmining 2, for the network

of Fig. 5.22.




Voltage-Divider Bias
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FIG. 5.27 0
Substituting the r, equivalent circuit into the ac equivalent network of Fig. 5.26. O
FIG. 5.26 .
Voltage-divider bias configuration. :E-‘:
VrJ = _{ﬁ!."?)[R("ju} &)
: D)
R'_RIHRz:ﬂ !rb=£ —
R+ Ry Br. .
o Vi N
Vo = =Bl 72— J(Rellr) —
; Br. p)
Zi=R ”,B}‘{, |
A = Yo — LHJ};. 180° phase shift 6
TV Fe TR
Z(J = RC"].:!
Ve K
Zﬂ = RC v Vr- Fe
ry=10R: v 108,




C.E. Emitter Bias Configuration

Unbypassed

FIG. 5.29
CE emitter-bias configuration.

Vi = IyBr. + LRg
Vi = IBr. + (B + DIRe

i

V
£y = ,f_z ﬁ}‘{, + (ﬁ + 1Rg
b

Zp = PBre + (B + DRg

ZF; = ﬁ're” + ERF

Zy = Blr, + Rg)

Zy, = BRg

2
—— b
o o
+
Z
— —-
Z
V. 'RH
o

FIG. 5.30
Substituting the r, equivalent circuit into the ac equivalent network of Fig. 5.29.

, Z = Rglz,
|
Za = RC
LB
, V;
—- = L
- F
Z) Ry ' Z.l'r
Va ',rJRl‘_ _ﬁ"be
_ Vi
=Bl JRke
FIG. 5.31 “b
Defining the input impedance of a
transistor with an unbypassed A = E _ _|BRC
emitter resistor. 2 Z

vV, R
A'r = -2 - _ C
i P + RF
Zy = PRg
v, R
A, =—2=-=X
Vr RE
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C.E. Emitter Bias Configuration..

40)
(o
(o
40)
o)
L
-
40)
=
-
<C
©

Effect of r,

ERC[ Fe Re

B+ 1)+ Rfr, + — =1 + == —t

Z, = Br. + |: B ) f'f‘ . Z, = R{‘” r, M A = E _ Zh ry i

I + [R( + RE),l)r” -B!‘t. v v -
1 + R_ i 1 + 24
E
Re/r, is always much less than (8 + 1), To <t
+ DRy —
7, = Br. + (B + DRg , Fy S e, Te @)
1+ tR{,' + RE}J"ra Yo = N
8 ‘ 5
Forr, = 10(R¢ + Rp), Z, = Rellr. 1 + = 8
1+ B BRe  Re -
Zy = Bre + (B + DRg ‘ Vo _ %y 1o <
A, =— =
1 1 i R H
zﬁ = R;_'”F“_, I+ 1 r I+ r_ 8
ZJ'J = ﬁ(rﬂ + Rr]' - L - 4 £ “

ro=10(Re+Rg) 5 R .{
Typically 1/8 and r, /Ry are less than one r = 10R N
[ (& —
with a sum usually less than one. p)
|
v, BR o
Z, = Rg¢ Ay = == &)
< ) Any level of r, Vf Z"’ r,= 108, R

Bypassed

|

L Same as CE fixed bias config.

FIG. 5.35

An emitver-lias configurarion with a

poriion of the eniiter-bias resistance
brvpassed in the ac doriair,




Emitter Follower Configuration
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VC'C' Vo= REVE
Zﬂ' — RB ||ZJ': a RE +r,
Zy = Pr. t (B + DRg A _ Ve Re
' VJ' RE + Te
Zy = B(r, + Rg)

_ Because Ry is usually much greater than r,,
£y = BRE Rp==r, <t
Y—
R.E + Fe = RL'; o
v N
le=(B+ iy =(B+1)" j3)

li]
FIG. 5.36 vV, @)
Emitter-follower configuration. [ = B+ DV A, = F = | >
“ Bro+ (B+ DRe : <t
v in phase :EE
[ I =
] © BB+ DI+ Re 9
B+ =p 3
Bre _ Bre_ -
B+1 B on
I
o8
V:
j(, = : U
Fes + RE m
- Zn = R.F.'"rr J
FIG. 5.37 FIG. 5.38
Substituting the r, equivalent circuit into the ac Z, =r, Defining the output impedance fo

equivalent network of Fig. 5.36, the emitter-follower configuration.




Emitter Follower Configuration..

© Ahma& ELBanna

Effect of r,
- (B + DRe
Zy = Pr. * Ry 7, =R ”7&# 4, = 8 DR/
1 + r_ 5] el NE (IB+ 1) ¥ | RF
[l + —
7o )
Y—
Fa = ]URE Zﬁ = rﬂ|RF”rw o
N
Zy = Br, + + DR; -—
y = Br. + (B E . BRg &
Z‘* = R;:-"l} Any r, b Z;, O
Zb = Bl:}'t. ar RE} = 10R, :E":‘
Zy = Blr, + Rp) Q
» =B E o
4 = PR =
Y Blr. + Rp) |
—
_ _Re 7
=
e v Re | ook K
rl__ |r
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Common-Base Configuration

40)
(o
(o
40)
o)
L]
-
40)
=
-
<
©

1,
— e
=
| b+
——
f al, Ry v, Z
| L3
<¥
FIG. 5.42 FIG. 5.43 .
Common-base configuration. Substituting the r, eguivalent cireuit into the ac eguivalent network CC\)]
Fig. 5.44.
of Fig —
S
|| Ie' o 'ra ﬂ:
Z = RF {ry
; RS I, = —wal, = —al; :ﬁ:
Q
"{P Q)
Z, = Re¢ Ai=—=—@a= -1 —
I; A
\|
—
on
|
V‘., _— _IHR(" _— _{—j(}R(“ —_— CEL,R(_" . i ) . N ) m
Vi Phase Relationship The fact that A, is a positive number shows that V,, and V; are in @)
I, = - phase for the common-base configuration. 7R
P
1;".
v, = a(r—r)Rc Effect of r, For the common-base configuration, r, = 1/h,;, is typically in the megohm
¢ range and sufficiently larger than the parallel resistance R to permit the approximation 20
P |Rf._' = R(",

|y gl S



Collector-Feedback Configuration

40)
(o
(o
40)
o)
L]
-
40)
=
-
<
©

Vi=10 Br Bl,=0A R .‘/_
FIG. 5.47
Defining Z, for the collector feedback configuration.
<
Z, = RclRr —
@)
N
V, = "'ﬂRl‘_ = 4 .B"J:.}Hf “5
FIG. 5.45 FIG. 5.46 re) O
Collector feedback configuration. Substituting the v, equivalent circuit into the ac = ( Bf;, + ﬁf;,)R( R
equivalent network of Fig. 5.43. R + Ry <
v, = gl (1 (Re + r‘“)ﬁ- 3+
(R + 2 o = TP T hn . C
I" = lrh - = "-l'r + ’bec—r] R[' + RF 8
1’,, = .rr + -Gll!) R(- + RF ’4
vV, -V, (R{-' + rpj -
Pt i ;.:;h(] F B————— (Re + r.)
! Ry ' Re + Ry —BiK\ 1 - ﬁ Re N
f A = Lo _ c t Ry —
Vo = =1,Rc = =" + Blp)R¢ 7 Vi IpBr, Br. v v Br. K on
_ i = — = = I
Vi = IyPre Lo (1 B(Rr + 7, )) L gt r) (Re + re) B
_{F + ﬁjb}R(" — 1P, _ _"”RC o BIIJR(_ o !hrgrf' b Re + Rp R(_' + Ry i Rf' + Ry ’_-e' &)J
Ry R Ry Ry
Re == r, ;- Br. 4 ( Re ) R
R R~ + Fe (A . b == —_—_———
I’(l + ‘) ,B.-’,,Q | 4 PR Re + Rp
R R Rc + Rg
A = (RE + R — RORe
(RC f J‘“,} 7. = Fe RC + R.F Fe
= _ﬁfn—R TR A R¢ A = _Re
Y Pl R R Y I e
¢ _r ' Rc + Rp 180° phase shift




Collector-Feedback Configuration..

Effect of r,
Re|r,
1ot cl
Rg
Z =
L l RC”-ra + Rfl|rf1
;Bre' R.!" lBrr.*RF R.F'rr.'

Fo = lORC
R R
|+ =< r[[l + —F]
P Rg B Ry
i | ]+ Re +RC ]+] +RC+R:|
- 4+ — — 4 =y 4 =€ c
ﬁrc' RF ﬁre'RF RF’"F B F ¢ B
: R¢
Applying R == r, and E
R Rp + R
r;{l + —C} rt.[u]
7, = RF o R'J: o Fe
e l+& Ry + BRe 1( Ry )+ Re
B Rg BRF B\Rr + R¢ Rc + Rp
R
but, since Ry typically == R, Ry + R = Ry and —F =
Rp + Re
z, = &
& _ R .
4o e
B Rc+Rp v Re, R Ry

Zu = || Rl’.”RF

For r, = 10R,

Z, = Rc|Re

i

ro=10R,

ZH = RC'

r= 108 RS Ry

A, = _( RF )R('“rﬂ
' Rellro + Re/  re

For r, = 10R,

and for Rp == Ry

Le
I
|

o= 10Re Re=Re

r= 108

© Ahma& ELBanna
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Collector DC Feedback Configuration

FIG. 5.50
Collector de feedback configuration.

Z; = Rg,|Bre

Z, = Re|Rg,| v,

Z, = RelRy,

r,=10R,

. Z, Ry, pr, + B, &r, Ry, R v
i
i ! T
R
FIG. 5.51

Substituting the r. equivalent circuit into the ac equivalent network of Fig, 5.50.,

v =gy
[l l[-}r{.
o _ Yo __nlnlke
v Vf L
R' = r,|Rp[Re
Vi, = =BIR'
Vi
I, = — Re | R
[l A = % _ F | Re
C Te = 10R 180° phase shift
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EFFECT OF R, AND Rq
(SYSTEM APPROACH)
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o, SR
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Eftect of R, and R,

Vee Vee
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L
-
q0)
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B
ng ng
— it °
—H— —]—
2
<
B —{
L L i S
v, -+
A, = v, i, 8
{a) (] () -
FIG. 5.54 <
Amplifier configurations: (a) unloaded; {b) loaded, {c) loaded with a source resisiance. :E):
Q
A = E —_— E v” ’4
VNI ',-‘: A"'.’. = V. f"l\.\ = ? -
1 withr, ¥ | with R and R, N
—{
* The loaded voltage gain of an amplifier is always less than the no-load gain. ull
* The gain obtained with a source resistance in place will always be less than that obtained under @)
loaded or unloaded conditions due to the drop in applied voltage across the source resistance. R

e  Forthe same configuration A >A,>A,..

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

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

*  Forany network that have coupling capacitors, the source and load resistance do not affect the dc
biasing levels.
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Effect of R, and R, ..

; Ri = r,|Rc|R. = Re|R,
R + _}b -T' Vc} = _B‘i.l')-R; = _Bll.l'}(R(”-RI_}
+ s -
1 1 Z ' f = i
v, (] — Ry 3 + B, r, Re QR v, Iy B
' ! e
o sV, =Bl — l(R-|R,
_i_ il L L J;_ Fi) B(ﬁf} ( (_l !_.}
L —
Ry =r IR-R, =R-AR, V, Re| Ry
AI.' = e == _f
FIG. 5.55 - Fe
The ac equivalent neiwork for the network of Fig, 5.54c.
Z; = Rylgr, Z, = R|r,
Voltage-divider ct.
S =y ek, Ve KR
- —_ | Iy L ro
v, 0y Sk R, pr, } Bl, 2, g Re R, V
-~ Z; = Ri||Ry| Bre
- - « | d1
= R + -;L Z:; = RC”rn
Z; = Rgl|z,
Emitter-
Z, = BRe|Ry)
Follower

Ct.

_ ZJ'VN
' Z + R,
o Zf
V.\: ZJ' + R.l.'
_ v, _ Vo Vg = A
5 5 B VI' Vﬁ B
IR )
Vg ZJ' 4 R_.\- L/
Vo _RelRi_

““V, Rg|R,+r.

Z-l’ o

I
o
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DETERMINING THE CURRENT GAIN
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Determining the Current gain
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40)
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L
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40)
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©

5 S
t - t
Z; Z,
System §f'-'r.

i <t
FIG. 5.60 —
Derermining the current gain using the voltage gain. (@)
N
——
S
*  For each transistor configuration, the current gain can be determined directly from the Stht
voltage gain, the defined load, and the input impedance. 3
—
N
V —
T on
A= g =t R Vo 7 i
r - .,-’ !‘I’- - fr le'f ll';l RJ‘ 6
Z; 9B}

— Z‘I

',- _ Iill"-I' d l: o ‘"‘rp Af!. - _A":I.R_L

Tz M TR
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SUMMARY TABLE



Unloaded BJT Transistor Amplifiers

Configuration Z; Z, A, A

Fixed-bias: Medium (1 k) | Medium (2 k{2) High (—200) High (100)

= RC"’(J o (R(‘"-F},) BRgr,

: h iy | o+ RORy + Br)
—

SAvae '

40)
o
C
cﬁ%
4 | ; -[7]
S z, _ (Ry = 10Br,) (r, = 10Rc) =|-=< “ ]
2 L (r, = 10Re,
(r, = 10RQ) Ry = 10Br) 0
Voltage-divider Medium (1 k€) | Medium (2 k£)) High (—200) High (50) g
bias:
= | RilR:lBr. = &dr. | _Relra || _ B(Ri| Ry, -
. 2 v, + ROR Ry + Bro) <
N | =
Ry| R
. (r = 10RQ) = (S _ | _P®i|Ry) @
v Z; Te lQI" Ry + Br.
— (r, = 10Rg) (r, = 10Rc)
Unbypassed High (100 k£}) Medium (2 k{)) Low (—35) High (50) ﬂq
emitter bias: v
s _ _ —{
> < + Rg -
] R”:’ +——— Zy = Blr, + Rg) | (any level of r,) Te 8 ks + 2, (Q\|
.I(\ | I +
-— ) -—
AV 7 |BRg ~ [EE 3
V 'RE
i 5" Ry (Rg == 1) O
i (R == 1) -
Emitter- High (100 k{1) Low (20 1) Low (=1) High (—50) :ﬁ:
follower: Ve
, "'n:E = =| Relr. _ Re ~| __PRa 8
A —y 3 Rg +r, Ry + 2, p—
p i
V+ 7 =[] 1] -
Vi 7- (Rg == r,.) a . N
! —
- on
Common-base: Low (20 €)) Medium (2 kL)) High (200) Dll
I;
JA ?}} It /\ = = = Re U
V + | eRe t v % 9B}
e L M L -[7]
' =, = Vo
- EE cc (Rg == r,)
Collector Medium (1 k{}) Medium (2 ki) High (—200) High (50) ]
feedback:
_ Te E| RelRg | | _Rc | PR
1 Re | Ry + BRc
—+=< || ¢, =10r) ‘ v+ BRe
A B R
\7 (r, = 10Re)

(r, = 10R) (Rp == R¢)




BJT Transistor Amplifiers Including the Effect of R, and Ry

Configuration Ay, = VoV Zi %
—(Re[IRo) RolBr ke
i-(“'
Including r,:
(RI_" "'-’r'”f'o) R.q”ﬁr Relr,
P
_(RL"RC:' R|"R2"ﬁrr R€
A
g U l.-
Including r,:
+ R.r.
v, ~(Rul Rellro) R IRy | Br. Relr,
- i'c,
Ry = R.|Rg R = R|R IR

It

R|[R:|B(r, + RE)

Including r,:

Ri|R:||Br, + RE)
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* For more details, refer to:

© Ahma& E_Lbanna

* Chapter 5 at R. Boylestad, Electronic Devices and Circuit Theory,
11t edition, Prentice Hall.

* The lecture is available online at:
e http://bu.edu.eg/staff/ahmad.elbanna-courses/11966

* For inquires, send to:

e ahmad.elbanna@fes.bu.edu.eg
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