1.4 Small-signal models of BJT

Analog circuits often operate with signal levels
that are small compared to the bias currents and
voltages in the circuit. Under this condition,
incremental or small-signal models can be
derived that allow calculation of circuit gain and
terminal impedances without the necessity of
including the bias quantities.
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Carrier concentration ~ B-C depletion region
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Ic = quiescent C current

Ig = quiescent B current

vi; = small-signal 1/p voltage

Total B current, I, = Iz +1;

Total C current, I, = Ic +1,

AQ. = change in the minority carrier charge
AQy = change in the majority carrier charge
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1.4.1 Transconductance (pg. 27)

gn — dIC / dVBE

AIC / AVBE - dIC / dVBE

gnm — AIC / AVBE IC / Vi (190)
dI
(die
S Ve
d Iqexp YBE VBE _ Ig exp VBE _ I

gm =%{%}, 1.e. gn, depends linearly on Ic.

If Ic =1 mA and at 25°C,

1.6x10(C)x1x10*(A) _3¢ 91 mA/V
1. 38><1023(J/K)><298(K)

gm =

irrespective of the type of the BJT (npn or pnp),
size and made of material (S1, Ge, GaAs).
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VRrE+V; V- Vv
I.=1 VBETVi_] BE
S€Xp SEXp VA exp VA
VBE
S1 I~-=1
INCe 'oh SeXp VT
then I,=I.exp_ '] (1.94)
V1

If vi < Vr, equation (1.94) can be expanded in a
power series,

vV 1(v T
=T 1+ Y0+ TRLY 4 U
Vr 2 VT 6| V1

1. = IC-IC
2 3
1—ICV1+IC Vi| glefvi|y
Vr 2 Vg 6 |Vt
IcVi_

Ifvi << V7, 1= =gmV, Wwhich 1s the same

T
as (1.90).

The small-signal analysis 1s valid.
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The criterion for use of small-signal analysis i1s
vi = AVgg <<26 mV at 25°C.

In practice, 1f AVgg < 10 mV, the small-signal
analysis 1s accurate within = 10%.

1.4.2 Base-charging capacitance

Carrier concentration B-C depletion region
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The charge in BE voltage, AVgg = v; , has
caused a change in the minority-carrier charge in
the B, 1.e. AQ. = .. By charge neutrality
requirements, there 1s an equal change, AQy, = qu,
in the majority carrier charge in the B. Since
majority carriers are applied by the B lead, the
application of voltage v; requires the supply of
charge gy to the B. Due to this, the device has an
input capacitance:

Cp = dn / Vi (198)
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Minority-carrier charge in the B,

Q=1 (0)Wyaa (1.39)
I.=qAD, () (1.33)
WB
| 2
1y
%:2D—B:TF (1.99)
C n

Tr = B transit time 1n the forward direction

= average time per carrier spent 1n crossing
the B

Typically, Tz =10 — 500 ps for npn
=1 — 40 ns for pnp

From (1.99), Qc=1.l-

AQe=AQ, =y =TpAl-=Tglc (1.102)
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From equations (1.98) 1.e. C, = g, / v;, and
(1.102), 1.e. qn =T,

Co= Tple / Vi

From equation (1.90), i.e. g = 1./ vj,
lc = gmTele / Cy

Cb=ngm—rF\Ifc _TF%(ITC

Therefore, Cy, oc I .

1.4.3 Input resistance, r, (pg. 29)

Ig = Ic/ Br ,
_ _d !c
Alg /Al = dlg /dIc dIC BF
d Ie
Aly= g AT

Small-signal current gain,
-1

B, =2l —ic = dILJ
Al i | dI-Bg
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If Bf 1s constant, B, = PBr. Typically, B, = Br. A
single value of P is often assumed for a
transistor and wused for both ac and dc
calculations.

Small-signal input resistance,
T=Vi/1p=V;Bo/ 1.

Since g =1./ Vi, x=Bo/ gn=PoV1/ Ic
Hence, r; oc 1/ I¢.

1.4.4 Output resistance, r, (pg. 29)

Small changes AV¢ 1n Vg produce
corresponding changes Al in I, where

‘l A\/CE

AIC ) aVCE

AVep _ Ve
Al. ol
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: ol [ dW
C =_C B
From equation (1.55), 5V W dV

From equation (1.57), V, =-W dVeg

B dW,
Ol _Ie
Vep V,

Hence A4\/111ZXA=1¢
’AIC I ©

Va = Early voltage = 50—100 V.
r, = small-signal output resistance
For Ic =1 mA, r,=50—->100 kQ.
I, oc 1/Ic and g =1Ic/ V7

p= VA =Va- 1 _ 1
ngT ZmkT gka gmn
qQVa
_ Al
Slope AVer 1o
VA _=::::'.'-'-.--' -----------
-i' e
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1.4.5 Basic small-signal model of the BJT

Hybrid-m model:

Bo

Iy

oC

Valid for both npn and pnp in the forward active

region.

Base-charging capacitance, Cy, = T gp

Input resistance, r; = Bo/Zm
Output resistance, 1, = 1/Mgn
Transconductance, g, = I¢c /Vt
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1.4.6 C-B resistance

Increased depletion region
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Since an increase AVcg In Vg causes a decrease
Alg 1n Ig, this effect can be modeled by the
inclusion of a resistor r, from C to B. If Vg is
assumed constant,

C_AVep AV Al Al
HTALL, Al Al CAlL,

If I = Ipy,
I, =T, 411=r .i&:rB
U OAIB olb oo

This is a lower limit for r, as Ig; under this
condition is at its maximum value Ig. In practice,
Ig; = 10%Ig (as Ig; 1s the one that dominates).
Since Ig; 1s very small, the change Alg; in Ig; for
a given AV g and Al 1s also very small.

I, =r00%11‘Tb=10BOr0
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1.4.7 Parasitic elements In the small-
signal model

Technological limitations in the fabrication of
transistors give rise to a number of parasitic
clements that must be added to the equivalent
circuit.

Cross-section of a typical npn transistor:
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All pn junctions have a voltage-dependence
capacitance associated with the depletion region.
Cje = depletion region -capacitance at BE
junction

C, = BC junction capacitance

C¢s = C-substrate junction capacitance
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