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Small Signal ac Equivalent Circuit
- ~_— — — ~——

» In order to simplify the analysis, we replace the
Transistor by an equivalent circuit (model)

» An AC model represents the AC characteristics of the
. —_—
transistor.

» A model uses circuit elements that approximate the
behavior of the transistor.

» There are two models commonly used in small signal AC
analysis of a transistor:

* e model X
* Hybrid equivalent model*ﬁ( lﬂa?ﬂfana}’&/)
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Two-port networks

» Suppose that a network N has two ports as shown below.
How could it be represented or modeled?

» A common way to represent such a network is to use one of
6 possible two-port networks.

» These networks are circuits that are based on one of 6
possible sets of two-port equations. These equations are
simply different combinations of two equations that relate
the variables V, , V,, I, , and I, to one another. The
coefficients in these equations are referred to as two-port

I I
parameters. L~ / & ,
— %0

+ +
Network N
\Y% (dependent sources, \% Output
1 resistors) 2 Port

O———  (Nis a 2-port network) —— 0
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ENEE234 — Circuit Analysis

Note that I, , 1,, V,, andV, are labeled as shown
by convention. Often there is a common negative
terminal between the input and the output so the figure
above could be redrawn as:

| V4 |

Network N
(dependent sources,
Input \Y resistors)

Port 1 \Vj Output
(Nis a 2-port network) 2 Port
o— 0
5
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Development of the h-parameter model of BJT:

For A BJT the equivalent h parameter model can be

h - parameter equations:

described by the following equations: V h, - I+h V - v
—h |+h Z‘ &FeeL
N % 2
¢ WV T .
A P L !
D hr. V2 LD ntn § ho V2
_ __l;(:s_j_-_ Va0
° )
hi=ﬁ h Vi Cﬂ; =~ hiTithe \M
l, V, =0 - \2 =0 h= U l vl
— Il
h _|_2 h B I2 l/l"—-t)
f Ilv_o \i V2|—o hF_.- —'_E_
’ b \ Vo =2
: Y

1= ‘\f—l\ e \\o\l“&

ST B %om

Uploaded By: anonymous,



ENEE2360
BZU-ECE

7/13/2021

ENEE236

/\

Summary:

Notewmformation only /

L 1y
W\, M——=
+ +

211 222
\Y \%

1 le' 2 221I 1 2

e} O

z-parameter model

I, —

Sy

©

ot
.
v

1 § Y11 Y12V ¥21V1

+

\%
§y22 2

° y-parameter model

1, —>
=W\,
* h
11
v
1 hiVo hoaly

° h-parameter model

z- param\at\e/equations ;

h - parameter equations :
V= h11 ) |1+h12 -V,

I, :th'Il;_hZZ -V,

SN Ss g om
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BJT Configurations
e st
-ls[ * Common Emitter> c€ | & | C <
~ WY ~ Sa
NT | e CommonBase — <& | E | C 1.
} g Clulﬂl‘
X | |+ common Collector—cc | 2
I - &/ </*
: " Two-port model i 7‘ ’\"'i
,,: - ne?\ggrk ._\‘ 4]1‘ _
Terminated Two port network
Includes source and load

EM( % LIZ-—/'MVJ-Z
3\/?’/;.9’&!

_
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IRy s CEg(CC_

——

- o & :
+ ‘,,rv 3 l’.'l. - )’\lb
.:’\ \VQ"' Ve - hf - "\ re

n 5 "\f(,

ho 5 hoe

Common Emitter Configuration

(inverting configuration, provides voltage and current gain)

- ¢ h - parameter equations:
St -/I'GJ(

Kyt

j*‘"<_‘|_co L1V, hle‘l+hV<

RCL

-1 —hfjem Cg

Detailed Mode

IE

\ ce_a\!

— - E

Typical Data sheet parameter values Slmpllfled Model J&f<
h., ~1600 Q ' '

he

h, =80
h,. ~20.10°° Siemens

E
?
- CE

Juo

Clv(hl'\.
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Common Emitter and Common Collector
Configuration
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de comat — fram de

A LR 478
d N

Value of hie — fiud frion
dc W«/La/( '§
Base Emitter is a pn junction similar to a diode
hie Is the dynamic resistance of the pn junction

In a diode: )' = Ve _
vV Lo
Iog
h, = IV_T Vr zﬂli@.\i lgo dc valueof base current
N~—
BQ e loo dc valueof collector current
hfe :B

V, =25.69 mV @ 25°C
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Common Collector.

(provides current gain and no voltage gain)
— —_—

Same Model of Common Emitter will be
used due to the similarities between them
and for simplicity

Yo

. Ac Output
Ac input from Vbe . X
base side l I fromslijrguer Same &S
o ;-, E -—r o C E

ST B %om
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Common-Base Configuration
9 S @) i

o

anu/lfﬂ - D
\ /

_)C

o

e,—""“&’l“’f

+

vcb

o

e 2
\//

hob

: _>.
Ve
rb vcb - hﬂ’ Ié’
\\_/
B J

h - parameter equations:
Ve =hip -l +hy, -V,

1= hfbm_'_ hgs - Ve,

hib:h hrb:% x "’6
g Veg =0 CBlig =0 _l)e_
_ IC | hu(d{
== 1 v R AV
LI_E CBlig=0
Veg =0

glr;mer OAZ{F gg @%6m
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Common-Base Configuration

(pr(%vides current gain and some voltage gain)

gll‘;mer 'ibl/;g%’:gg@ﬂ)m Uploaded By: anonymous,



ENEE2360
BZU-ECE

7/13/2021

Common-Base Configuration

- \I' 7
hibzﬁ / ‘\l‘(—"——v —
IEQ -L'.BQ
he = "/ —
hie= -\-I—-L—”
V. =25.69 mV @ 25°C
?4\
- hie= Vr_(8+) vz (B+)

hie = M(l%ﬂ)

ST B %om
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BJT Amplifier@nalysisj

When Analyzing Amplifier Circuits, we usually

"":u 1) Av=Vo/Vi, small signal voltage gain _ Ay = "l&—
‘7"(;‘\“”‘ 2) Ai=io/ii, small signal current gain &4
)N 3) Zi Input Impedance— ,

4) Zo Output Imped%nzqe_ @

Y o AE = =
MM) '

want to fi me or a following )
quantities, with)and {vithout Rs)*" a

.
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2 C"’PS > Xe Z’T—FC /’ }
Re = — are Vefl@(.ta{ *l;a "“,_g__?}
G 7w

BJT Amplifier Analysis

Solution: (with Rs=0)
We draw the ac small signal equivalent circuit
Capacitors ==> replaced by short circuit

DC sources are killed |

i Zi| E

T :\I
o hf I,
L .

hfb =ag=]1 —

must be calculated from DC analysis

QAO W) =
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DC Analysis
T

g L,
I,

DC Equivalent Circuit:
-Cap ==>open
-Kill ac sources ==>
5kQ
+

l
4kQ)
10\’]:' lev
10=5k.1_,+V., =

~ 10-0.7

= 5 kQ
) Vi | 2569mV _ o0,
I,/ 186mA ~———

—1.86 mMA

; um%ygg%ﬁgf@% m Uploaded By: anonymous,
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Ac ss equivalent circuit
) Zi ie Zo
A, =2 i
Y b T
V. = i . 4 kQ o
0 0 /7VI- @ hib § hﬂ) le
I =h_. 5kQ Vo
0 ble (T 4kQY N
I =i = = l - RBEW
*h, = .
v .
A,=—2=22= 1
v i, iV A, =(4ka).(h, )(h—j
=(4kQ). (1).(—1 j =286>1
13.98 7—'
U”"L‘f( 2‘”-4

ST B %om
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Current Gain Al

)( 5kQ )
5kQ +13.98

ST B %om
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AM\O'Q Frer cmﬁmm; L G

o -

: O heb. o
hie \"Febb hiy fb.re

urcu,ul'

Zi & Z0 © , owechon

3) Input Impedance

‘o7
Le ' I
2 =(h, /I5kQ)=| T2 K |~ e /&
— 5kQ+h, \ %
X_‘J b ni —
4) Output Impedance k Z_ ']. = )
_ le—>? ,hfb-ie 30|,
0 lall independant sources killed (i.e. Vi=0 or short) - 4 kQ ;’ ¢ ﬁ

C—
—
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ForRs=50Q
A, =625 «—
For Rs =10 kQ
A, =04 <«

1\@324"‘?\’

/
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Lo Ay Ze
L,
Example: Common Emitter (CE)
24V
1) From DC Analysis, Bate 7 collecAr
we find Q - point and value of & R aBko3 / zo
. Zi éSOkQ _| R
= Vi : 7~| ) hfe=50 LI
h, =~ Vi a C3 R7
N @ hic N/ | - 1k VO
B o < L>§ R2 - _
J\J" Comed - 1(I)Qki§2 ] 1060 2.F2{|jg l';:2
Thevenin's equivalent circuit =~ ~ - i = |
as seen from the base 2 - Ctoctd t
10 kQ
= . =4V
TH 19..'_(9 + S_(_)_KQ - K:
R., =10 kQQ//5kQ =8.33 kQ \
az 2
c o iq

Eralr%ﬁf g =Vih-o? ——

At — R +Re(BH),
- ok

i b eparelet cri
IG‘ - 2~ - A/

gh) (22 Ia(p+t)
/i 7 Isa1ai _
g/l‘;'] JOEN O%Sﬁgf@’-% m Uploaded By: anonymous,



ENEE2360

BZUECE 7, py. Lp Rk _
A b
¥ &= {& Le %:—r \25 i B+
J1g ' oA
1e 20 =k Ewmi Hev . 1/4»/45
v

7/13/2021

§R4

2.2kQ

4V :

/4

4=833KQ. 1+ Vg +2.2kQ. 1,

But, I =1+ p)l;
Solvefor I = 833 kgo.7 =1.4mA
: +2.2kQ
(1+50)
h, - V;  25.69mV _ 9280
lgg 14mMA
51

= Vec Here we have base reflected to emitter
0.7V
VrH ——*JTE> &= I, = 1. =(B+1)l,

RB
p+1

Ry =

/

ST B %om
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RTH Here we have emitter reflected to base

W—.

) Ty
VTH__# Is
it %Rd(ﬁﬂ) R = Relp+1)_

/
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Vo = UX (KL/I Ke)

O Vo T e is (Ru/Re) L= e b

AC small signal Equivalent Circuit - ;’3

—

DV, =—he . (RJIR;) ) :—hfe.(R3//R7).[—j

ie l‘ [%0
i) j, = o 1 )4 7
h — 50.(3.8kQ/1 kQ).(—) Y427
' 928 Q) ~——

=
>
<
[l
<<
<> m
I
<|<
: || o
€.< |U—D |
': |
]
=
~
= r__'
L.
°

(o]
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AC small signal Equivalent Circuit

P S %@* &
&

2) Z, =Rq,llhy
— =
_saskalesa -9 'L‘ (e.
only elements to the right of arrow are considered
according to the given direction of the arrow

3Z,| o =3.8kQ '
all independant sources killed (i.e. Vi=0 or short) \_/ (l.1 ‘Lbb . %4
e

hereh,,.i, =0 sincei, =0 (vi=0 -Kkilled) —=
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AC small signal Equivalent Circuit

Z|

B — ' e c
+ ‘ <J l4_o
Ve h e 3§iQ R Vo
10k9 833kQ - ' kQ
+ E
gll{ﬂ‘lﬂ' Cun/l'bul'-,
J::/wlfq/

ST B %om
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Lb =) Le 7 lj/ﬂd‘\’g gr.\l'l*’/
Le = B1) Lo 15*‘;“ %M"
Vs = Lo o

Eti
Impedance R_eflecti%n Concept

vlv2v3 are all
ac sources

ac ssl/quwalentcwcwt il
i I
b el c o butle—(,B+1)b

I T v=Ri,+h.i,+ R(B+1)i, +V
L
= <= base loop

|
- Ri+h, + R,(f+1)

/ equivalentcircuit equation__
y-

gﬁ%@ﬁ gg@% m Uploaded By: anonymous,
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F—-)\-,Cc

i, = LY < base loop
R +h +R,.(B+1]) ————

equivalentcircuitequation
EC‘F,CL O-I.Il dva EMLH'C/
dage

@ Le —9 vb L B H)
Instead of i, us()

Vv, -V, :
[ < Emitter loop
~ Rl e

+ +R
(B+1) (8+1) °
equivalent circuit equation
R&f/c.u#’ww' f"""“ lDw&(

| Her . -

gﬁ%@ﬁ gg@%ﬁm Uploaded By: anonymoug,



ENEE2360 7/13/2021
BZU-ECE

rb‘“R

fe\‘%

base equivalent circuit

(reflection from emitter to base)

Here we must change i, to i, which
requires division by (hfe +1), but voltage

R2(B+1)
must remain the same and thus the

l
b
'l' resistance must be multiplied
by the same factor (h ot 1)

Emitter equivalent circuit

(reflection from base to emitter)

Here we must change i, to i, which requires
multiplication by (hfe +1), but voltage must
remain the same and thus the resistance must
be divided by the same factor (hfe +1)

gﬁ? obj: 'Qﬁ@%ﬁi’j@.%m Uploaded By: anonymoug,
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Collector Equivalent Circuit

('C) R3

Note: there is no reflection from emitter to collector or
vise versa since the ie and ic are almost the same

; amost the same
N

/L

/ um%ygg%ﬁg@ﬂ)m Uploaded By: anonymous,
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Common Collector Amplifier
wWee =3\ Glven
h,=1kQ
h,=f=50 «
RS ) Find Av, Ai, Zi,Zo
Ve > Flm:l'l"_’s AC small signal Equivalent Circuit
Vo ) ?
k0
A, ==
\—ys—/
v. =1kQ .1, 0,
L3 @ s 55 of et

ST B %om
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R, = 20 kQ// 250 kQ

LT stk ) O

N Ye @

" Ry +(Ry, /My, +1kQ(h, +1)))
~ C—

..- N N _- /
T - .
_ (k@) (h, +1)( : R ][ J

R, )+ (h +1kQ(h +1) \ R, +(Ry, //(h, +1kQ(h, +1)))

=0.915<«1
~———

Vo l‘/"jrc, jérm
)

/ %C a,««ré%ptu Uegp.'/' P,/adtclé

gﬁ%@ﬁ gg@% m Uploaded By: anonymous,
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_e

i iy

i
I

_b
I

Rry

.
—

=1(h,, +1{
Ry

+ [hie + 1k (hfe +1)]

|

=13.39>1

R3
5kQ

—_—

glr;mer OAZ{F gg @%{)m
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Sz iy (6)
3)Z, =Ry (0, +1k2(n, +1)) =
~13.66kQ (high) s "

Emitter Equivalent Circuit s < ‘Zﬂf{wkm
&V, =0 |::> An /
\f“h/z
Z o (R, //RTH)+h,e KO e
+1) /‘l'.
=) | Zo
—7 "
fe+1) hfe+1) ay?) v,
—36 SQ (low)
Cc
—

¢ed of LY

gﬁ%@ﬁ gg@% m Uploaded Byﬂﬁs
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CC Amplifier as a Buffer

» The value of load resistor RL affects the voltage gain Av,
» This effect is called loading effect and can be substantial

+ CE +
V. "
! Amplifier Rug Vo
h, =1000Q

hﬁ:140
» A buffer (interface) can be used between the amplifier and
the load to reduce this loading effect and keep the high gain

« CC Amplifier is also known as Emitter Follower

Uploaded By: anonymous,
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A, =1
A >1
Z, >>high
Z, <<low

CE
! Amplifier

CC Amplifier as a Buffer

« The buffer must have the following characteristic:

« The above characteristic are present in the CC amplifier
the load to reduce this loading effect and keep the high gain

Zi

Zo

>

h, =1000Q)
hy =140

Buffer

(CC Amplifier) Re

4, =1
4, =1

ST B %om
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Vi

Example

* First we consider effect of load (RL) on amplifier voltage gain
+ Then we use a buffer and see its effect on reducing effect of RL
+Vce

Rc

RL

- +

1) with R, = oo
v :_hfeib'(RC)

0

Ay :\\I/_(_) :(_hfeRc)hi_ =-140

2)with R, =50Q

Y/ 1
A, =-2=(-h R, /IR )— =687
Vi hie
Av have been reduced from -140
to -6.87

ST B %om
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Amplifier + Buffer + Load

Now let us look at the new circuit with the buffer

+Vee +Vee
@

|
I
|
|
I
|
hfe1=140 : hfe2=140
hie1=1kQ | hie2=2.24kQ
Stage 1 I Stage 2

ST B %om
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ac ss equivalent Circuit

B2 ibE
Bl «— C1 - «— (2

Vi$ RT'% hm% @hfelibl % T E’ffk% By . hfeiibi J'SFf(’z
- -  El l - +
. Re2 vo
Vo = Iez' (REZI/RL) 330> -

ie2 = ib2 (1+h fe2)

o (R /IR,,)
v o ((RCl I RBZ)+ (hieZ + (REZ I R, )(1+hf62)))
L avVe Yo B By By gg g

Vi Ie2 IbZ Ibl Vi

This is much better than the case without buffer

lgﬁ?mer 'Qﬁ@%ﬁi’j@’ﬂ)m Uploaded By: anonymous,
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Multistage Amplifiers &5 -

« The previous example of a CE amplifier with a CC buffer
is an example of a multistage amplifier (two-stage
amplifier)

» Multistage amplifiers can be used to get more gain and
to improve the performance of the amplifier

« These amplifiers such that the Output of first stage is
connected to input of second stage

« Capacitor C3 is a decoupling capacitor that separates
the two stages for DC bias point stability, this makes the
two stages completely separate in DC analysis and their
Q-points are not affected by each other

« C2is used as a bypass capacitor for stage 1 and allows
stabilization of the Q-point, if C2 is removed the input

impedance of the amplifier can be improved

gﬁ?mer 'Qﬁ@%ﬁi’j@.%m Uploaded By: anonymous,
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cc Ve
|
I
R |2 R
Re 1k |
200
s
e s
o |
| R RL

vi 330
Rl |
sk R |
B! |
|

| ’
|

Cascaded Systems

» The output of one amplifier is the input to the next
amplifier

* The overall voltage gain is determined by the product of
gains of the individual stages

» The DC bias circuits are isolated from each other by the
coupling capacitors

» The DC calculations are independent of the cascading

» The AC calculations for gain and impedance are
interdependent

gﬁ?mer 'y/;g%igg@.%m Uploaded By: anonymous,
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R-C Coupled BJT Amplifiers

Voltage gain:

A=A A,

Input impedance,
first stage:

Zi = Rl ” Rz ” hiel

Output impedance,
second stage:

g/l‘:mer 'ygg%gg@%)m Uploaded By: anonymous,
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Darlington Connection

» The Darlington circuit provides
very high current gain, equal to
the product of the individual R
current gains:

* Bo= B b B o, |
Q,

» The practical significance is that
the circuit provides a very high SE
input impedance.

/gﬁ?mer 'Qﬁ@%ﬁi’j@’.%m Uploaded By: anonymous,
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V.

cc _VBED

RB + (ﬂD +1)RE

Base current: |

BD:|B1:

Emitter current:

DC Bias of Darlington Circuits

g2 = 1a (B, +D(6 +1)

ED — ﬁD BD

|

|

|

IE1 - IBl(ﬂl +1)

|

R
Emitter voltage: |

Ve = IR
Base voltage:

IBD

V, =V, +V,.
Vieo =V, +Vae, =14V

KVL for input loop :
Ve = 14, Ry =V, — Vi

B1" "B
V. — IR, -V RE:O

BED I

ST B %om
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Darlington Pair
o +Ve Bl _

Vi .
l/( Rs h, hﬂ,llbl
Ry I E1=B2 c2 1
G i.=i,
c1 ‘ ' el [} l
L. h:’e"
o )
Vi g

C2 i
[l ¥ RE 9 vo

§RA Vo

!j oo = Ipy (N +D (N, +1)
Find Ratio of :Lzand A, iy =hyiy

b1

i, =i, (h,,+1) Nieg = (Niey +D)(hye, +1)
l, = 1oy =3 (P P
iel = ibl(hfel +1) = hf62 ' (If hfel = hfe2 = hfe)

gﬁ?mer 'Qﬁ@%ﬁi’j@’ﬂ)m Uploaded By: anonymous,



ENEE2360
BZU-ECE

7/13/2021

2)Find A, =0
Vv

i Bl — c1__
v =i.R i <§ .
.o -e2 E v R hzel% hfellbl
Iy, =1, (N, +D (N, +1) |LE=e2 c2 1
L=y l
ibl — i h, hfel!ibil
Z E2
I.ell S "
RE 9 vo
-

ST B %om
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3)Find Z,
base equivalent circuit is needed

from emitterl to basel

RE = RE (hfel +:I')(hfez +1)
since it is reflected twice
1)FromE2 toB2(B2=E1)
2) FromElto Bl

h., = hg,((h, +1) sinceit is reflected

i, =i, l

ZI = hiel + hiez(hfel +1) + RE (hfel +1)(hfe2 +1)

Zi

h,(1+ )

R (I+ 1, )A+Af,,)

ST B %om
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4) Find Zo|\,s:0

iel hie2

0= + I Re
(Ner DN, +1) (e, +1)

¢ Av'm_"__'
%;3"'
[
N

Z0
Emitter equivalent circuit is needed
Bl c1 = h.
? h % h § RB (1+hﬂalxl+hﬁa2)
L Re iel <: ; i, =0
‘el b1 |
E1=B2 C2 h(e2
I =1y l
h:‘ez hﬁzibz =0
E2
Zo R R
| £ notel,, =1,,=0 me
Re 3 v, the two dependant
current sources dissappear
h

o

ST B %om

Uploaded By: anonymoug,



ENEE2360 7/13/2021
BZU-ECE

Darlington Simplified Model

sC B C
o—
B 0 § 1
: h ieD. feD I b
0
o
£ E

|eD — 2h

feD — hfel her
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Base To Collector Feedback

Exercise : Find Av, Zi and Zo
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( RFVi - hie (Vo _Vi)

RF hie
Vi RF hie

(RFVi o hie (Vo _Vi))

(Re +h,)-h.A)
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