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Comment: Use of OP-amp at saturation voltages

o—— |+ gradient 4, rail to ral! |
V. characteristics
in \
0 Vin
Compare V;,, with O
Comparator Vv

B © —
. N Vour + A > B?
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Hurwitz criterion

Adolf Hurwitz | S

U(s) vy o—ie W(s) 1859 - 1919
- _ G(s
T — | —(s)— G
1+ h(s)G(s)

Pole equation: (denominator) = a,s" + ap,_18" " + -+ + ag

:an(s_pl)...(s_pn):

Vi=0,1,---,n: a; >0 (or <0) (Otherwise the system is unstable.)
(1 Gng Gps - 0)
Qp, Ap—2 QAp—gq - 0
0 p—1 Ap—-3 - °-° 0

Hurwitz matrix H =

0 ap, QAp—2 --- 0
nXxXn




Hurwitz criterion

Hurwitz determinants  H;

|}J[17°°° Lj;17... 7j]|

Ap—1 0Apn—-3 0Ap—5

Apn—-1 Qap-—3
9 ELSZZ Ay, Ap—2 Ap—4

079 An—2

Hl = Qp—1, Hz —

Hurwitz criterion
f{j:> 0

Hy,H, > 0 s trivial
from the assumption.

Another expression:

Divide the denominator to odd and even parts O(s) and E(s).

If the zeros of O(s) and E(s) are aligned on the imaginary axis
alternatively, the system Is stable.




Disturbance and noise on feedback control

Circuit treatment of fluctuations: « Prepare external power sources
« EXxpress them as transfer functions

D(s)

R(s) + +), Y (s)
%9% Gc(s) —+>O—> G(s) r—
H(s) |«— o<

N(s)T+
G(s)
Y(s) F(s) Ge(s)R(s) + D(s) + Ge(s)H(s)N(s)]



PID control

Compensator P: proportional, I: integral, D: derivative
(controller) . ,
s K
| S | J/
| |
| |
R(s) +_ | N
|

G(s)

Y(s)

>




PID controllers
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4.4 Example of active element: Transistors

Three types of semiconductors
Intrinsic

conduction band

valence band

vacuum
for electrons

dopin
p-type S n-type
electrons
I band gap Eg-=-------~
. EG
R
holes —
: &«
: —_—
E—c—cco==== —
diffusion
vacuum » ----------------------
——>  for holes
+
) b

pn junction



pn junction thermodynamics

B 1+

Vacuum | o® ors g
for electrons : @ & -1 4
é—l- . @ _ : +

diffusion 1 D €~ @ & T

: voltage (polarization) — energy cost

F=U-TS
\oltage (internal energy cost) Diffusion (entropy)

Minimization of F — Built-in (diffusion) voltage Vy;



4.4.1 1-V characteristics of pn junctions

~ —
N + + _
™+, ty
' Forward bi .
Reverse bias orward bias | Minority
enhances V,,; : nogo ~ OVErcomes Vp; 190 | carrier injection
1 ; Rectification
............. SO O N eV _,
77 |Boecet bece .............. ............. ........... | J =Jo|exp kBT
) |rcasec \i' ..... .............. ............. L .
............ $ ... Shockley theory




Injection of minority carriers

v
J = e(vpny + vppy) [exp /:B—T — 1}

minority carrier :
Barrier overflow

current
O : ..
T light emitting
0V j/\/\/\/* hv diode
Fate of injected minority carriers: a

Radiative recombination Nick Holonyak Jr.

Photo: A. M

Isamu Akasaki Hiroshi Amano ShUjI Nakamura



Solar cell (injection of minority carriers with tliumi

0 V

Gerald Pearson,
Daryl Chapin
and Calvin Fuller
at Bell labs. 1954

Jeo = evpny, [exp /:B—VT — 1]
eV
Je = evpny exXp —— T
— evy(n, + Any)
= Jno — ev,Any,

External injection




4.3.2 Discovery and invention of bi-polar transistors

The first point contact transistor

(Dec. 1947
The paper published in June 1948.)

o John Bardeen, William Shockley,

Walter Brattain 1948 Bell Labs.

Bipolar junction transistor

Field effect transistor




Bipolar transistor structures and symbols

base (B) — B —fiih P
Gy i N
I

emitter (E) —
(a) E ) |

PNP type NPN type

Ly < Ly, Ly < L.

Similar characteristics PNP and NPN: complementary



JE

Base-Collector characteristics




How a bipolar transistor amplifies?

Emitter Base Collector
N p N
NS




How a bipolar transistor amplifies?

/I | @— B Diffusion
<0 e+ .\e—&e;_ .fe— /
S et S e+ 1 ::;
o .\e)‘—\e\_ J —
<ot - 4
Toft | e& e
Emitter Base Collector
N p N
VEC JC




JE

Base-Collector characteristics

n
P
o e+ ~~e+ e 1
E— < T
«0 et N e
ot D
a ¢



/| n | p.n
4 E Bl C
I
4 : . :
2N222A Jp=-20pA
3 —16pA
< —12uA
E -
= —-8uA
1
—4uA
0
0 I :
0.5

Ver (V)

Jc

Collector-Emitter characteristics

Jc (A)




Current amplification : Linearize with quantity select

VBE/Il/ — T T T T T T 1
||
B AL 2N222A ]
electrons__) v (__JC
C L VCE:6V
EH on (P " 6V
—_— 3_
T <
g
= 2r [lof
Jc = hreJp _ .
— <
= | . <
Emitter-common current gain
107 107
I | I |

1 L | ) L 2 1
0 50 100 150 200 250 300
Jp (LA)



Linear approximation of bipolar transistor
Hybrid matrix

Vlw (HH HIZ
HII HZZ

|

h-parameters

(lower case:
local linear approximation)

— Vi _ Hyy

‘Vz J2 Hoyy
J2 v} _ hi1 hio J1
j2 ha1  haoo (%)

H12 Jl
H22 V2

. hz hr jl
\hs ho) \w

| |1

h, 2SC373

2 MA
=
’i

™ ‘g‘

—

:-'
=

Normalized value at J,

1
Collector current (mA)

10




Concept of bias circuits for non-linear devices

Common emitter amplifier

{ £C+V

T4
R, Rc c,
1
c, 1l
| |
R, . Ry
@ R, Rg
! |

For small amplitude (high-
frequency) circuits

All the capacitors can be viewed as
short circuits.

For bias (dc) circuits

All the capacitors can be viewed as
break line.




Concept of equivalent circuit




Concept of equivalent circuit: Where is feedback?

Jb Jo

b, Jo Ba_Jb
L J L C
hie G hee Jb hle% &fejb
R//R, E o
R¢
Vi RE Vo
h(s)

U R
_ _  hie + Re(1+ hyo)
C Jb hfe]b> Re
N — hfe > 1
Rg




Current amplification: Emitter follower

Vo _ jb(l + hfe)(RE | Ro)

Vi Jjplhie + (1 + hse)(Re 1| R,)]
~ 1 (hfe > 1)

Input o

10k

10
||

v, does not depend on load
resistance
= Very low output resistance

1l
10k

T \Vcc +15V

25C2458

|]
——

o output

680Q2




Complementary transistors

* Vcc +5V
10k = 10u
—_> 25C3668
10
|1 1
! Input 10u
2SA1428

=

o

~
. ]

Vce -5V

Symmetric characteristics: Complementary

® =
.

Symmetric: Small collector current
(idling current) for zero input.



Example of transistor datasheet
TOSHIBA

2SC1815(L)

TOSHIBA Transistor Silicon NPN Epitaxial Type (PCT process)

Unit: mm

4.7 MAX,

0.45 ]

1.8

0.55 MAX.
045 |

1.27 1.27

.. 0.45

&
&
8
4. 1MAX.

1. EMITTER
2. COLLECTOR
3. BASE

12.7 MIN.

JEDEC T0-92

JEITA SC-43

TOSHIBA 2-5F1B

2SC1815(L) $

Audio Frequency Voltage Amplifier Applications
Low Noise Amplifier Applications

e High breakdown voltage. high current capability
:VcEO =50 V (min), Ic = 150 mA (max)
o Excellent linearity of hFE
: hFE (2) = 100 (typ.) at VcE=6 V. Ic = 150 mA
:hrE (Ic = 0.1 mA)/hFE (Ic =2 mA) = 0.95 (typ.)
e Low noise: NF = 0.2dB (typ.) (f = 1 kHz).
e Complementary to 28A1015 (L). (O, Y. GR class).



Example of transistor datasheet

TOSHIBA 2SC1815(L)
TOSHIBA Transistor Silicon NPN Epitaxial Type (PCT process)
Electrical Characteristics (Ta=25°C)
Characteristics Symbol Test Condition Min Typ. Max Unit
Collector cut-off current lcBo Veg=60V,Ige=0 — — 0.1 LA
Emitter cut-off current leeo VEg=5V.Ig=0 — — 0.1 pA
hFE (1
™ Vee=6V.lc=2mA 70 — 700
DC current gain (Note)
hrE (2) Vece=6BYVY, lc= 150 mA 25 100 —
Collector-emitter VCE (sat) Ilc =100 mA, Ig = 10 mA — 0.1 0.25
Saturation voltage vV
Base-emitter VBE (sat) lc=100mA, Ig =10 mA — — 1.0
Transition frequency fr Vece=10V, Igc=1mA 80 — — MHz
Collector output capacitance Cob Veg=10V, Ig=0,f=1MHz — 2.0 3.5 pF
Base intrinsic resistance 'bh’ Vee=10V, l[e=-1mA, f=30 MHz — 50 — Q
Vee=6V, lc=0.1mA
NF (1) — 0.5 6
Rg =10k, f= 100 Hz
Noise figure dB
Veg=6V,Ilc=0.1 mA
NF (2) — 0.2 %!
Rg =10k, f=1kHz

Note: hrg (1) classification O: 70~140, Y: 120~240, GR: 200~400, BL: 350~700




Example of transistor datasheet

hFE — IC
o h¢, linear model availability
COMMON EMITTER e
i Vog=6V in the range of /.
_E' === VCcE=1V
z 500
é 300 Ta_L=lll}{Il'C
E |25 KT
Z ane il fr - IcC
8 100 =25 g ‘k\ 3000
= e c COMMON EMITTER
< 50 R g VeE=10V
= ;.T ;;, 1000 Ta=25°C
b ] T
W, 500 e
Z  300| g X
81 03 1 s 10 80 100 800 &
pa
COLLECTOR CURRENT I¢ (mA) g _,../
m 100 i
=
. g 50
Cut-off frequency as a function of J. SR
z
K
1 03 1 3 10 30 100 300

COLLECTOR CURRENT I¢ {(mA)



Common emitter (grounded emitter) amplifier ci

AVe R
00 AVe = ReAJo & RoAJg = Ro—= = 2 AV

}_gut R4 R4

2N k2

| [ |
idanf Lt

vz
—lm/ 1wV

01
- ZNEZzzh

tkHz

[=][e3



4.4 Field effect transistor (FET)
Junction FET (JFET)

Dl G (gate)
S n D
(source) ff (drain)
Pl G (gate)

Circuit symbols

D D
GAP‘ 64—‘
S S

n-channel p-channel

Pinch-off



MES-FET

Grille
Co Contact ohmique Schottky Contact ohmique
> — o= —0c Lg .
o= - (Source) (Drain)
Wy
© 0O © ;7
‘Couche active © © @ © ©

Substrat semi-isolant



Metal electrode (a) {IET!;T‘E"{%
Oxide film [~—] ?Va Memlel“tmd; Oxide film .o
T// | \ [ ¥ E,
7 \ [ | .
V:l.(i r‘.’ i
E ——E
e enhancement
| A
P i - ar a \
n source N drain
V \K (b) THi7eE
; Conduction channel . E -
p-Si Oxide V(PO \i_“—“Ec
Ep
......... E
N Simplified v -
o depletion

CMOS inverter

circuit
\
j_ _@>PMOS _|_|_ (¢) K #

= o, LOw leakage Err
current ol 1\
@)NMOS Vlclw R
_ . e E
Single gate input SN g
e both on/off switch - inversion



Static characteristics of FET

g Jp |
” = Vos=0V
g 6 2SK 104 E 6
= 5 02V
§ 4r V. =10V % 4 -0.4V
§ g —0.6 V
5 2+ 5 2 -0.8V
-1.0V
v, -1.2V
1 1 L 1 . L . L _14 V
0—= 15 1 05 0 0 . 5 10
(a) Gate-Source Voltage Vos (V) ) Drain-Source Voltage (V)
0J
J~~0 _ o transconductance
G 9 dm 8‘/ 9
GS Vp=const.
Jp = f(Va, Vb) PAY
D . ]
Ty = (&]) Dralin resistance
D Vo s=const.

Uq

Locally linear approximation Jd = gmUgs + rg
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Exercise C-1

V+

v

In the circuit shown in the
left, at point P, a waveform in
the lower panel was
observed. Here V+ and V- are
power source voltages for +
and — respectively.

Draw a rough sketch of the
waveform for V.

“Rough sketch” should
contain the levels and the
timing of folding points.
Write a short comment why
V,,: Should be in such a form.



Exercise C-2

A Consider a differential amplifier with

the open loop gain

A0w1W2
A(s) = .
- (5) s(s+ w1)(s + we)
(1-y)R
YR So the gain diverges with s — 0 but here we ignore this
Instability. The input impedance is oo, and the output

Impedance is 0.

It is now placed in a circuit with a feedback shown in the
left.

Obtain the stability condition for y.

(hint) Apply the Hurwitz criterion for zeros of even and
odd parts of the denominator.
Or just calculate H,.



Let us view a bipolar transistor plus
an emitter resistance as a four
terminal circuit as shown in the left
figure.

Obtain the Y (admittance) matrix
defined below for this circuit.

Calculate each element in the Y
matrix for
. =25Q, hj, =500 Q, hs,= 200




