BASIC SEMICONDUCTOR ELECTRONIC

CIRCUITS

Introduction of two basic electronic elements: diode and transistor

LEARNING GOALS

Diodes
structure and four modeling techniques

Transistors
MOSFETs and BJTs.
MOSFETs in switching and amplification
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PASSIVE DEVICES IN INTEGRATED CIRCUITS

Silicon is the bottom plate!

Spiral
inductor -

Serpentine

resistor ¢

structure

Contact points

Co ntact Contact points

points Inductor

i Capacitor
Resistor
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DIODES

Structure
Symbol ' :
Anode Cathode
Ao Pt oR
A p-type n-tvpe B

material material

(a)

Anode Cathode

(b) Ip

_._*ij
Vp =0 Vy, < 0
fﬂ. = ﬂ lI"” = ﬂ
|-V convention ]
v Ideal diode Ideal diode Ideal diode
Forward bias Reverse bias |-V curve
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Actual diode | - V characteristic

I‘l’ x L I =reverse saturation current

iil' |' " , q =charge of electron

Lo k =Boltzmann' s constant

\_/,f T =Temperatu re in degrees Kelvin
9V n ='ideality' factor

I,=1Ig|e™T —1 Typically : I¢=10""A4, n=1

For high power diodes : I ~10""4, n=2

LT =~ 39 at room temperatur e

A
¢ ™y I”

s Forward-bias Next we develop two

I A region approximations to the
. : actual | - V curve

Reverse-bias
region
~ ) >

VIF Vp
<] [»>] :/\GEAUX



Constant voltage model

o]

¥ Ideal

v

o

Circuit
equivalent

II}‘

» Vb

V.

on

| -V curve

Piecewise linear model

[deal

Circuit
equivalent

I) A

I T

» Vb

Vi

| -V curve

<] [»>]

Diode equation
Constant voltage
w— |deal diode

— Piecewise linear

s

p VD

s

Comparison of models
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LEARNING EXAMPLE | Using the ideal model, find the voltage V¥,

lva’) . " - + |
- 12V 4V lkﬂév. 4V 'kﬂg"”

V,=12[V] .
40 ) 4 -
| ‘4{}*&3 v, . WA—r3 ;

. Forward bias Vi=4V]
Diode is forward biased by the source
! b 0O O
0.1 A I{]-{}ﬂg !
3k 3k
AWAA— ; AWAA——3
i

Diode is reverse biased

Reverse bias

I

(b)

0.1 A (D fi 100 ng :’. V,=10[V] Vi=I1V]




LEARNING EXAMPLE | Analyze the protection circuit using diode models

Vie . . )
3 oslt) Rs - inll) Delicate
- Simplifying |, _, o—WW\ circuitry
, " _____assumption “in s r
a
v4(t) Re When diodes are
Yo A4 | Delicate | reverse biased = v,
circuitry I F
H E}EIf”l .“r . . .
The}’e“'“ " Ideal diode model Under-voltage with piecewise linear
equivalent e
of driving = O<v, <V,
network (a) Using source superposition
r R
Vinu = s Vs — ° VF
, r; + R, R +r,
vs(t) N Delicate
© YW 1 cireuitry . o
+ Using a similar way for over-voltage
L’Inn _ |I'm::lr\.'
- r R
__"d
~ Yon < Vin < Vdc + Von Vino = Vs LA—— (Vd + VF)
+ r;+ R, r;+ R,

Under-voltage protection model i . )
using diode constant voltage model The figure in the next slide compares
the three models
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V,. =3V

c

V., =0.7V (constant voltage model)

V,=0.6V
r; =10Q

}(piecewise linear model)

[nput voltage, v, (V)

4
3.5 E~ jﬁqﬂ
C F
3 Ideal model
- e Constant voltage
B ) ) . &
25 swwenss Placewise linear !i‘
N >
o V4
1.5 : ffi
|k fﬂ"f
- ¢
(0.5 +
B J‘f
0 e O
C &
—{1.5 - af
- it
—I C 1 1 1 I 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1
-2 -1 0 1 2 4 5

Excitation voltage, vg (V)

] [ D>
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Analysis using non linear diode model

Vdr.:
Simplifying Y. =y
R, =« assumption ’'in~ s
+
R When diodes are
vsr) 5 lieate | reverse biased
o AAA . QLhEML
{:IE'{J!.EIII'}-'
Dy X w, (1)

Under-voltage scenario. Top diode open

VS —V. .
- 4+i, =0
R, °
i)=1, [839% _1] I le—39v,.,, —lJ _ v,-nR— Vg
YD = Vin °

1 v, —V

v, =—In| -5 4]
39 R I

Implicit function. Must be evaluated
numerically

<] [»>]

Is=1le-14;% MATLAB SCRIPT TO ANALYZE

n=1; % UNDER-VOLTAGE
Rs=40;

vs=[-2:.2:2]";

vin=[];

for k=1l:length(vs)
x0=[vs (k) ;vs(k);Rs;Is];
kcl=inline (' ((x(2) -

x(1))/x(3)+x(4) * (exp(-39*x(1))-1))"2");
x=fminsearch (kcl, x0) ;
vin=[vin;x(1)];

end

plot(vs,vin, 'bo',vs,vin, 'r'),

title ('UNDER-VOLTAGE WITH NONLINEAR

DIODE')

xlabel ('Source Voltage(v S) [V]"'),

ylabel ('Input Voltage(v {in}) [V]'),grid

UNDER-VOLTAGE WITH NONLINEAR DIODE

2 T T T T T T

=
wn =
T T

Input Voltage(v; V]

o
T

0.5

1 i | i i i i

|
-2 -1.5 -1 -0.5 0 0.5 1 15
Source Voltage(vs)[V]




TRANSISTORS

'STRUCTURE OF MOSFETSs

. . . . MOSFET 1
The oxide is an insulator allowing zero
current into the gate
G MOSFET 2
o ate -
4 -
Oxide cDD”:3r N
- : MOSFET 3
P
Bulk

The gate voltage controls resistance
from source to drain (in linear range) D DI_? Bulk internally
I

G —O B G connected to source

58 3!

G
_ G
lG Vos = Vi = Vg = V-[-:
ST D L. 1.
n n S b |D S| 11D
— — n n, | | e
LERNET EXaarY

II—OE -
+||_.i -
||—»E -

Cutoff state threshold

_ conducting
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N - channel MOSFET in the linear range VDS:RonID

S ig - Vs
GS T =— G F 5.0V
S D ~ 50 F—Slope =1/Ry — / 40V
Iihlr:rctmns 1 | = Vps 'E 40 ; “'/f 35V —
D T :5 30 - ! — 3.0V
B 20 z FZ.SV ]
10 20V
= N — |15V
(a) 0 0.25 0.5 0.75 1 1.25
Vps (V)
Complete characteristics of n-channel
MOSFET Linear characteristic
: Sataration Ve Threshold voltage V, =1V
15 = 50V |
150 _
— - Linear 45V :
< B¢ v — A cutoff region
= 100 =By ¢ 40V — : :
2 : _— -~ B linear region
75 / 35V — : :
¥/ 2 C saturation region
S0 E 30V
25 E 25V—
A 20V
n Y —_—— .. 1 Ll
0 2 4 6 8 10
Vps (V) pomy—
<] [>] :>




STRUCTURE OF BJTs (Bipolar Junction Tansistors)

oy
o0

Py

3
|
<

oF

Linear model for BJT in active mode

Co 11
+
Bo—, % NPNtransistor
i
- V., ~constant
Active mode : Io=al,, I.=f1, :ﬁ:li
—

[ =common emitter current gain (>>1)
o = common base current gain

120

100

80

60

Ic (mA)

40

20




MODELING MOSFET SWITCHING APPLICATIONS

Cutoff
VWA—r ’ o]
H A
D
l\ Ré {_3 : 1
5
Viis
! * O

Basic switching circuit

D

R

on

o

R, depends on gate voltage.

Typical values range from a few hundred Ohms

for low-current applications to milli-ohms for
currents in the tens of Amperes

Linear
Region
vWW——or 0
R |
CDP& RS V)
. o
Cutoff

(switch open)

In the next slide we quantify
this non-ideal behavior

<] [»>]

‘Switch closed’

V, =

2 Ar——

on

|deally, V, =0
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0.6 | |
| 006 ¢ 5
i 0.05 =
0.5 0.04
0.03
i 0.02
E‘f 0.4 0.01
Lﬁ L ] ] ] ] ] i
-:15; i 0 001 002 003 004 0.05 006
2]
2 I _
i 0.3
S -
E
5 ol 20%
“ %
TO10%
0.1
D.D 1 1 1 I 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12

Normalized resistance, R, /R

The ratio, Rl‘é”,is more important than the actual value of R,
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LEARNING EXAMPLE ‘ The MOSFET is used as switch to energize and de-energize an

R,
ATAYA
--q---
I |
| R; :
<+> Inductor , ! v
= model : I e
Vg . !
| L !
! ol
-
VWA —orp ’ O
R 4
G ]
Vs Rg N V,
S
Viis
- * O

Circuit after all transients have
subsided (R=1 Ohm)

V,, =
2+£
Ron

inductor. Determine the output voltage with the “switch closed”
R =R, =1QV, =10V ,R,,

MNormalized voltage, V,/ V5

<] [»>]

IEY =

0.1
\ 0 .
N 0 001 }'.02 003 004 005 006

=0.25Q

06 |
|06 -
| oos 2

05— 004} /
I L}T 2

o AV, <01V:>Rn_001R—10mQ

Rt

20%

0% /

0.1

K =0.17=V, =17V
V

02

04 06 08 10

Normalized resistance, R, /R

=0.25
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LEARNING EXAMPLE [The MOSFET is used to switch 10A of current. The voltage drop
across the FET in the on state must be less than 4% of the supply

1]

V..

voltage. Find the maximum value of R_on

_10A
A

=104A%X R, <0.04x40

on —

R,, <0.16Q

<] [»>]
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MODELING AMPLIFIER APPLICATIONS | MOSFET in saturation

200
- Saturation Vs
R — | 50V |
150 F _
— - Linear 45V .
« 125F — - g
T v A Linear model : i, =g, v,
= 100 —B¢A : 40V —
— ~ - f""—_ r_ o
75 ¢ /f' 3sv—Veg T (by vgs):>ID T (by ise)
soe 7 30V
25 & ,sv_ isapplied to aresistor, R,will generate
A 2.0V
0 . ! v. =(R V
0 2 4 e 8 w (RS )Vsgs
Vps (V) Rg, >1—= amplificat ion
Due to non-zero slope of | -V curves in saturation
D G D
9 °—o
_|_
G0—< I |:> .Ugl.' gmt]g.': Fas
! 5
S S

Linear (small signals) model for MOSFET
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Common Source Amplifier MOSFET in saturation range

Define drain-source current.
- Together with bias voltage they define operating point

— - Saturation Vg
e B = 50V
150 F |
— - Linear 45V
- 125F —]
E 05 / ¢ 40V
o Lt - i_ s Tu -
E a 35V
Bias voltage. sob Af“’ .
: : W E 3.0V
Helps to define location on | - V curve. - 55y
25 F SV —
A 20V
. ﬂ — — . —— — 1 [
i 0 2 4 6 8 10
) ° Vps (V)
LT Vay  BmVps Fs ERD vy
_ - The operating point determines the
' e o values of the parameters &,
rast/Rp in the linear model

Linear model relating changes in
gate voltage to changes in output
voltage

R, also helps to determine gain
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LEARNING EXAMPLE | Given : g, =50mA/V, r, =2kQ.

Determine R, to produce a gain of -50

i

_ ! r; ﬂ_ Vo :_(rds ”RD)gmvgs :>A:_(rds ”RD)gm
"1'\1.{.1' Vay  BmVes Fs Hﬂ U
5 ¢ % % ) 2 0.05 V2R _ 50— p =2k
ras/{Rp

(b)

LEARNING EXAMPLE

If r,, =2k +25%, what are the expected minimum and maximum gains

F, ds min

F, ds max

PROBLEM

=2k(1-0.25)=1.5kQ = A_._=—-0.05(1.5k || 2k) =—42.9
=2k(1+0.25)=2.5kQ = A, =—0.05(2.5k || 2k) =—55.5

If one must assure a gain of at least 50 in absolute value what should
be the value for Rd?
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LEARNING EXAMPLE | Find the value of R_d such that maximum average power is

transferred to the load at 30krad/s — w=13x%10*

o Zpy =R— joL =1- j3kQ

Voo

% LOAD
H?;]}F Ro f__\ Because there are dependent sources we
[t must determine open-circuit voltage

| / / ' and short-circuit current
| - 0.1 H g Voc

v+ Ly =—"
in - v, ISC
K
Vi = 1 ki) 3 fwC Open circuit
/ -1
T - _ I
e— R= rds ” RD i\

O
=1.5mS, r;, =110kQ2 .
gm . Vin <+> V(_;_ﬁ- g R Vi
{?| R = rn’.i.-":.-":RI? zf} = z'l'h Em rl'?.'i'
[ . / - \ AR — ! o
\ I
+ - = %
Cj) Uy Zon Uy grn,-,.. R“g v, ERL KCL % . nggS + oc 1 8S — O
JC,
Small signals model ” (joC,— g, )R

Voc =V C R +1
For maximum power transfer the Thevenin Y

impedance of the amplifier must be the
complex conjugate of the load :>
GEAUX
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EXAMPLE (continued)

Determination of short-circuit current

Y I."-{'

ISC = _nggs + ijlVgs = (.]a)Cl — 8m )Vgs

#  joCR+1

Voc =

Voc R 1-jwC,R
ZTH=I = X .
__ R oC,R*
1+(wC)* 1+ (@C,)*
S OCR=3=>R= 43 _9=10k£2
3x107" %10
10kQ=r, || R, =110kQ|| R, R, =11kQ

<1 5] [GEATx >
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CASCADING COMMON SOURCE AMPLIFIERS

Voo N
%H’ S
G e
:,—lf LM,
DI{m + D
G I—M !
:—h 1 .'rpz
5 +
Vin V| R“g .
Vas =
(a)

Tin

Emi 1"',1;.\:1

rl.lrll.]

0

g Rl P_!:'.'\ .

g !!?21"‘,5,’.\'3

Fas2

Eml & 2-; ITIS gz &

Fast = 80 k€ Fasz
R 1 = R kﬂ R:

Ves2 = —(Pgs |l Rl)gmlvgsl = _Alvgsl
Vo = _(rds2 ” R2)gm2vgs2 = _A2vgs2

v, = A Ay

<] [»>]

gsl

I1.5mS
= 80 k)
= 40 kQ)
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ANALYSIS OF A DC-DC CONVERTER When S2 is open and S1 closed, the inductor
stores energy. A large capacitor helps to keep
vt _ 5, output voltage constant

e o o _ When S2 is closed and S1 open, the inductor
i (1) transfers energy to capacitor
Vin = = 4 » ; »
— g{‘i C T R g 1__. T E
— }

M C == R g v,

¥l

Idealized circuit

w o—Lrp2. 1 = Vilon D =duty cycle _
L=o™p P | T, =switching period

2 22 1
DT
t,n = DT, > W _Vu D71y fst
2L s Turns FET on or off. When FET is off
diode becomes direct biased

Practical implementation of booster

W, = %C(Vo2 —V)=energy transferre d to

capacitor Assuming W, =W, +W,,, and solving for V,
= voltage at end of cycle v _\/2WL W, e
)= voltage at beginning of cycle C  RouCf, °

Energy transferre d to load

2
I/Vload = Vo— T

Rload E IE GEAUX >




Vin[V] 5
L[H] 1.00E-05
C[F] 1.00E-06
D 0.6
fs 1.00E+05
Rioad 200

n Time(ms) WI

0 0.00E+00
1 1.00E-02
2 2.00E-02
3 3.00E-02
4 4.00E-02
5 5.00E-02
6 6.00E-02
7 7.00E-02
8 8.00E-02

9 9.00E-02
10 1.00E-01
11 1.10E-01
12 1.20E-01
13 1.30E-01
14 1.40E-01
15 1.50E-01
16 1.60E-01
17 1.70E-01
18 1.80E-01
19 1.90E-01
20 2.00E-01

4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05
4.50E-05

Vo

0
9.486833
13.0767
15.6173
17.5929
19.19789
20.53541
21.66871
22.64022
23.48024
24.21135
24.85097
25.41286
25.90815
26.34595
26.73384
27.07819
27.3844
27.65709
27.90024
28.11727

USING EXCEL TO COMPUTE OUTPUT OF DC-DC CONVERTER

Excel formula to compute W _L

=$B$1"2*($B$4)"2/(2*($B$2)*($B$5)"2)

Excel formula to compute Vo (cellD10)

=SQRT(2*C10/$B$3-2*D9/2/($B$6*$B$3*$B$5)+D9A2)

40

el

L

oe (V)

20 -

Output volta

0

0.00 0.20

Ll
(.60

Time (s)

1.20

Plot of DC-DC converter output voltage

<] [»>]
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MATLAB SCRIPT TO COMPUTE AND PLOT THE BOOSTER OUTPUT

%$booster.m

%Solves the booster circuit in BECA 7th Ed, page648

%%%%%%%%% define circuit parameters

Vin=5;
-5

.
I
°
I

]
*n/fs; %time in msec
%% initialize vectors and do one-time computations
Wl=Vin“2*D"2/ (2*L*fs"2) ;
t1l=2*W1/C;
kt2=1-2/ (Rload*C*fs) ;
vo=zeros(size(n)); %initialize output array
%%%% do the iterations
) =

o

)
)

%
for k
vo

o

=2:1length(n)

(k) =sqrt (t1l+kt2* (vo(k-1)) *2);

%%%%%%%%% display results

plot (tms,vo, 'bo',tms,vo, 'r'),title('DC-DC CONVERTER OUPUT')
xlabel ('Time (ms) ') ,ylabel('V o(V) '), grid
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DC-DC CONVERTER QUPUT

DIODES
MOSFETS

(L I | |
0 0.05 0.1 0.15 0.2 0.25 0.3

-

Time(ms)
[«



