Charge-Stor age Elements:
Base-Charging Capacitance C;,

= Minority electrons are stored in the base -- this charge qyg is a function of the
base-emitter voltage
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m  baseisstill neutral... mgjority carriers neutralize the injected electrons
OrB = ONB
_ Tapg

b '"VBEQ

Base Transit Time

m  Theelectron chargein the baseisfound by integrating the el ectron concentration
in the base -- the areaiis Ag (under the emitter):

Wa
Uor = —Onm = — A=0A=N__()dx = qA-Wgn ooe ™o
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0
m The stored chargeis proportional to the collector current:
_1 a8AD g0 Vee Wy _ @Wp 0.
pg = 5Wa(Wg Dpp)e—r—Mppo T 9p ¢
€ B 9 nB9

= The proportionality constant looks like a diffusion time (it is) and is defined as
the base transit time:

A typical transit timeis tg = 10 ps for an oxide-isolated npn BJT.

m The base-charging capacitance is:
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Complete Small-Signal M odel

Add the depletion capacitance from the base-emitter junction to find the total

base-emitter capacitance: C, = Cg + Gy
Cie = +/2Cjg,
CiEo is proportional to the emitter-base junction area (Ag)

Depletion capacitance from the base-collector junction: C,

Cp= Cro

m
N1+ Ve pe
Cip is proportional to the base-collector junction area (Ac)
Depletion capacitance from collector (n* buried layer) to bulk: C

C - CCSO

CS
J1+ Vs g

Ccso isproportional to the collector-substrate junction area (Ag)
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npn BJT SPICE model

Close correspondence to Ebers-Moll and small-signal models

Name Parameter Description Units
IS transport saturation current [l g Amps
BF ideal maximum forward beta [bg] None
VAF | forward Early voltage [Va,] Volts
BR ideal maximum reverse beta [bg] None
RB zero bias base resistance [ry)] Ohms
RE emitter resistance [re,] Ohms
RC collector resistance [r] Ohms
CJE B-E zero-bias depletion capacitance [Cgo] Farads
VJE | B-E built-in potential [f g] Volts
MJE | B-Ejunction exponentia factor None
cJc B-C zero-bias depletion capacitance [Cyyp] Farads
VIC | B-C built-in potentia [f g Volts
MJC | B-Cjunction exponential factor None
CJs substrate zero-bias depletion capacitance [Ceg] Farads
VIS | substrate built-in potential [f g Volts
MJS | substrate junction exponential factor None
TF ideal forward transit time [t ] Seconds

.MODEL MODQN NPN IS=1E-17 BF=100 VAF=25 TF=50P
+ CJE=8E-15 VJE=0.95 MJE=0.5 CJC=22E-15 VJC=0.79 MJC=0.5
+ CJS=41E-15 VJS=0.71 MJS=0.5 RB=250 RC=200 RE=5
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A Simple MOSFET Amplifier

Amplify = “make something larger” ... something = current, voltage, or power

—_  +Vgyp (positive DC supply)

VouTt
Rs

]
V(™)

VBIAS

1

VIN

—+ -Vgp (negative DC supply)

Vpiasis selected so that Vot is centered between +Vg p and -Vg p:
VOUT =0V ..NOT VOUT =0V!

Find the DC drain current:
Irp = (Vaup - VouT) / Ro =Vaup/ Rp

Irp = Ip = Ipsar .. verify that MOSFET is saturated after finding Vg as

(to find Vg, g, Solve saturation current equation for Vs ... the result is that for
normal device dimensions and DC drain currents, Vgs= V1, + (0.25t0 0.5) V)
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MOSFET Amplifier

Now consider the effect of the small signal voltage:

Vin = VBiast Vs 0 Vgs = Vgias—(-Vaup) *Vs = Vas* Vs

Let v(t) = v cos(wt)

Approach 1. Just use vy in the equation for the total drain current and find vgt

_ . aWVp 2
VouT = Vsup~Rpip @Vgyp— RD("hCox)éig(VGs"Vs‘VTn)

W)
- _ Aoy v y?H s 9O
Vout = Vsup ~Ro(MCol &5 oVas V) gl+(VGs—VTn)b
Ip
v, =V RI a1+ ¢
ouT = Ysup~"D'DY Vas-Vio
Vaup
Expand (1 + X)2 =1+ 2x + X2
.2 W)
® Y o] 2v, & Vv 0
1+—3 & =1+ S+ S :
e Ves~Vrne Ves~Vtn Vs Vne
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Special Case: vgis* Small”

What's small?
2v ® V. 6° 2v
S » ¢ S : . trueif ——2—«1
Ves—Vn &Ves—Vme s~ Vn

For this case, the total output vol tage is

& /( A 2Rp| DV
v l+ =
our @ olof 7, P Ves—Vr

The average output voltage Vo1 = 0V so the total output voltage is the small-
signal voltage in this special case:

2R |1 2V,
Vour = Vo = —20lo [, - [ ZVsue
(Vgs=Vn)

(VGS_an)}VS =AY

EE 105 Fall 2000 Page 7 Week 8

IsThere a Better Way?

Approach 2.
Do problem in two steps.

1. DC voltages and currents (ignore small signals sources): set bias point of
of the MOSFET ... we had to do this to pick Vg s aready

2. Substitute the small-signal model of the MOSFET and the small-signal models
of the other circuit elements

Rs C

g‘]d
L%

Vs T ?gmvs % fo
- \

/
/

~ V
>~ /7
~ /

Where are the DC supplies??
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Small-Signal Models of Two-Terminal

4

VR R

Circuit Elements

Small-Signal Model
> VR

iR
isup
A

4’—Vsup
isup
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Small-Signal Output Voltage
Don't bother with capacitors ... wait until Chapter 10 to put them in

Vout = ~ImVs(Rp | | o)

Small-signal voltage gain:

Av = _gm(RDHro)

Transconductance of MOSFET in saturation

_ MG _ _2lpsat
9m = MCoxe o(VBIAsS™VTn) = Vaine_ Vs
n

Small-signal voltage gain:

& 2lpgpat 0
A, = ——BSAT_J(Roiir )
eVBias~ Vo [fo

... dmost identical to “brute-force result,” but the small-signal model includes

the effect of channel-length modulation (through rg=(1/1 ylpsat))
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Generalized Transistor Amplifier

= Perspective: look at the various configurations of bipolar and MOS transistors,
for which asmall-signal voltage or current is transformed (e.g., usually
amplified -- increased in magnitude) between the input and output ports.

n  Amplifier terminology:

Trypui Inirire i Lims |
L Ampikiier
Virlege: Topuit I
& Soppily
Y Carian

Vi
6ty e
= Fepom =iy
Vos| T ) l—c
: Y™ Vi + 1, LI" +

: 5 Inpi Al e
Cumrent Irgiil o Sl i Tl

- [ ity
[ 1' “'sﬁf ILLJ"....-

B

Abstractions:
Sources include precisely adjusted bias voltages or currents
Source resistance is associated with the small-signal source

Load resistance typically models another amplifier, speaker, actuator, etc.

Amplifier Biasing

= Input bias voltage V| sets the DC device current, I to precisely equal
the supply current Igp

(note -- D =“device’ here)

m Likewise, if theinput isthe sum of small-signal and DC current  sources, then
theinput bias current Ig pgis chosen so that it sets

Ip=lsup
The DC output currentislgyt=1p - Iqyp = 0A,
which implies that the DC output voltage Vot =0V also.

Note: both positive and negative DC supply voltages are used so Vot =0V does
not mean that the DC voltage drop is zero!

KEY IDEA: the small-signal voltage or current source perturbs the amplifier bias,
through ip = f (input), which resultsin asmall-signal output current

iout =ip -isup=(Ip +id) - lsup =ig
since the supply current isDC (igp = g p)

A small-signal output voltage is generated

Vout = - R iyt » Where Ry isthe load resistor
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Source and Load Models are“ One-Ports’

n Whatisa“port”?

aterminal pair ,7'
acrosswhicha v Circuit
voltage and associated ab Block
current are defined Tle———

m If the circuit block contains only linear elements, then it can be represented as
(according to Thevenin’s and Norton’s Theorems)

i Rehey [
ab ab
— —
+ T
v .
v, VThev ab Rrhev iThev
al
- R

We have “one-port” models for the source and load ...

what about for the amplifier block?

Small-Signal Two-Port Modelsfor Amplifier Blocks

lin lout
— -«
L — —e

V.

n Vout
i -

Linear Flf Vin:O'iin:O
and ¥ and
Unilateral b iinavin
Yino g

Iin n
But, output depends linearly on what’s connected both at input and output: (a s are
constants)

- a
€0, igyt =a1ViptagVoy @10

or gy =azlintagVo (2) T ALL EQUIVALENT
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or Vout = agVipt agiogur  (3) : (only need one)
Or Vout = a7lin T agloy 4 Ip
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Two-Port Amplifier Models

m  How do we characterize an amplifier' s response to a general input signal
(Thévenin or Norton source)?

the controlled source is determined by output signal
(voltage or current ... we select which is of interest) and by the input signal

Therefore, there are FOUR types of amplifiers:

Voltage
Current
Transconductance (voltage in, current out)

Transresistance (current in, voltage out)

»  We need methods to find the parameters for these four models for a particular
transistor amplifier configuration:

R =Input Resistance R, = Output Resistance

A, =Voltage Gain A = Current Gain
Gp, = Tranconductance R, = Transresistance

Two-Port Small-Signal Amplifiers

1

Voltage Amplifier % Tw R

Cument Amplifier "} sze

Ah
]
b
uy
A
A
=

Transconductancs
Amplifisr

Transresistance
A kar

=
ihh
LLLY
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Input Resistance R;, Output Resistance Ry

= Define systematic procedures to find the two-port parameters = Remove R ; leave the source resistance attached when finding Ry
= Key idea leave the load resistance R_ attached when finding R,

= Apply asmall-signal test source (voltage sourceor current source) and compute
(using KVL, KCL, or inspection) the resulting current or voltage:
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Voltage Gain A, and Current Gain A;

= Voltage gain: open-circuit the output port (R_ --> infinity) and short the source
resistance (Rg--> 0 W) to find the unloaded voltage gain A,

sz\ﬂ

in

Rs=0,R ® ¥

= Current gain: short-circuit the output port (R_--> 0 W) and open-circuit the
source resistance (Rg --> infinity) to find the short-circuit current gain A;:

" I Two-Port Amplifier

lout
Pl

i
- lour
A=

in

Rs® ¥,R =0
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Transresistance R, and Transconductance Gy,

= Open-circuit the source resistance (Rg --> infinity)and open-circuit the output
port (R --> infinity) to find the transresistance R

v
_ out
R =

MR.® ¥, R ® ¥

= Short-circuit the input resistance (Rg = 0 W) and short-circuit the output port
(R_=0W) to find the transconductance G;:

lout
P

= Note that the source resistor Rgand the load resistor R, are disconnected for
determining the bias point
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