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4.5 Field Effect Transistors (FETSs)

Ch.5 Distributed constant circuits
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5.1.1 Coaxial cables
5.1.2 Lecher lines
5.1.3 Micro-strip lines
5.2 Wave propagation through transmission lines
5.2.2 Connection and termination of transmission lines



Combination of an OP-amp and discrete transistors
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Depletion layer width with reverse bias voltage

r Poisson equation
Voi vV 2¢ )
75 = —ad(z) (o= (eq0)™)

'eeg@@- P(—o0) =0
" 0%t " ]
¢
—Wp Wip ¢(—wp) =0, dz| =0,
b)) =V Vs PF| =0
¢(x) = <( (aeN4/2)(x + wp>2 (—w, <z <0),
B \V + Vi — (aeNp/2)(z — w,)? (0 <z < wy)




Effective capacitance and reverse bias voltage

1/ Cgff"
1 2
= V + Vi
Cgﬁ 6606ND ( bl)
Doping profiler
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v Y, Varicap diode
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R R
Anode I Cathode :EI:I—OWM“,Q :El:l—ewmning
| fm fm
(a) (b)
D1,D2 Varicap diode
R Typically 10k - 47k or RF choke

Frequency modulation
Phase lock loop



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



Static characteristics of FET
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Space-charge limitation of source-drain current

V(y) = Ve + Vii — Vau(y)

wq(y) = \/ 262{,/])@)

. D dVen
Jon = eNp iy, o - 2[wy — wa(y)|W
conductivity =~ =—— channel width

y electric field

L L dV Vi Wy
Jn L = Jendy = 2eNpu, W [ (wy — wg)—dy = 2ue Npu,W 1——)dV
0 0

dy Vo Wy
. . ] eNDwf
pinch off (internal) voltage:wy(V,) = w; V. = ;
€€p
2Npep, Ww, 2 . . ]
Jon = Vi —Vo+ V(Vo)32 — v (V)32
= STy Vit T V(Y = V)Y

Only valid for w, < w,/2.



Static characteristics of FET

.......

JD JD L a
< < .| Vis=0V |
E°r 2SK104 g°
= = | 02V |
% 4r Vis =10V % ar 04V A
£ = 06V
2 2 3 2+ 0.8V
-1.0V
28 -1.2V ]
0—3 s . 03 0 0 ' 5 =AY 10
(a) Gate-Source Voltage Vas (V) ®) Drain-Source Voltage (V)
Jg ~0
G=% G, = 0Jp transconductance
JD = f(VG, VD) 8VGS Vo =const.
Low bias current; oVp . .
small power consumption Td = ( 57 Drain resistance
D Vag=const.
: : : : Uq
Locally linear approximation Jd = GmUgs + —
T'd

Vg = —Td9mUgs + TdJd
g — Amplification factor (voltage gain) = U



Biasing circuits for FETs

- S - R
Fixed bias circuit Vi 2 Vop, Vbs = Vop — RpJb

¢S = Ri + R,

Generally
more stable




Equivalent signal circuits for FET




MES-FET

Grille
Co Contact ohmique Schottky Contact ohmique
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Substrat semi-isolant



Metal electrode (a) {IET!;T‘E"{%
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MOSFET switching characteristics

From datasheet CSD87381P power MOSFET (Texas Instr.).
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More than 7 orders change in J, within 3 V change of V.
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Distributed constant circuit concept

1. In what case we need to consider distributed constant circuits?

Characteristic sizes of devices = wavelength of electromagnetic signal l

2. A typical scheme to make the shift for distributed circuit

Lumped constant 1. Connection of unit circuits Distributed constant
circuit 2. Taking the infinitesimal limit circuit

3. Distributed constant circuits : transmission lines

Coaxial cables, Lecher lines, micro-strip lines, waveguides, optical fibers




5.1.1 Coaxial cable

COPPER
WIRE
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Transmission line as a series of infinitesimal termina

L S
Transmission line — divide into four terminal circuits ‘

—

Each unit should have delay. Ignore energy dissipation.

Oliver Heaviside

— T — VOV — TV — TV — TV — TOW-9—  1850- 1925

Width - 0, Number » oo

>

/ /It AV = —JZds, dJ = —VYds

Zdx
0 4 - d2J
14 V +av ke YZJ, | |
ﬂde 1 2v Telegraphic equation
— =YV
— — - dx?




Characteristic impedance

k=+vVYZ (dimension: L71)
J(z,t) = J(0,t) exp (£kx), V(x,t)=V(0,t)exp (Lkx)

—: Progressive, +: Retrograde

V_Z__ T
7 = :FK; = F v aracteristic Impedaance

Pure reactance Y = iwC, Z = iwlL For L and C model

W
k =V —w?LC =1—, wy= dimension: velocit
Vv o =TI ( y)

L
Zo =4[ =
0 C




Coaxial cable setup




Maxwell theory

E = EO (ZU, y)eiwt—"yz7 H = HO (.CU, y)eiwt—'yz
From Maxwell equations

2 2 Ea: _ _78w _iw,uay Ez
raEar) (Ey) N (—vay iwopd, ) (H) |
2 2 H:B _ iw:uay _7890 Ez
Wep+7) (Hy) B (—iwu@m _'78?;) (HZ) |
However in TEM (transverse electric and magnetic) mode:

E,=H,=0 e, the RHSs are zero.

For the fields along x and y to survive, w?ep +~v* =0 .. v = tiw/el

W 1
Propagation velocit V= — =
P39 y WA/EWL  AJEUL

In such a case, from Maxwell equations:

rotgy,H =0, roty, B =0
— Potentials are conceivable for H and E.



Maxwell theory

E =V, U/ve H=V,V/\i

ou _ov o _ _8_V Cauchy-Riemann theorem

9r 0y’ Oy  Ou
U, — U
Jy/€

If we can express IV and J in the form of distributed constant
circuit model (L and € model), the equivalence is certified.

Characteristic impedance: Zy =

Capacitance part

b
q dr q b ¢
= — —_— = — 1 — =
4 27T 2me 05 a C

2TE

~ log(b/a)




Maxwell theory

Inductance part Core current J, shield current —J

J o
H(r) = Y. B(r) = -
b
J. b
Flux per length: ® = / drB(r) = g—ﬂ log -

Self inductance per length: [ = ,u log(b/a)

e 5= (3

cf. Characteristic impedance of vacuum Zp = e_ ~ 376()
0



Coaxial cable 2
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Radio frequency coaxial cable (RIENE)

General purpose




Coaxial connectors

R#h0 % &7 2 O (5 &1)
B#—7 U AR-IVARD B AR D[

N | REM LR X 7 2 OREERB RS
e e e e e e e e e es O \\ é V B X ﬂ%ﬁﬁﬂﬂ’\]?ﬁ b i R A T2
T o BNC # 7mm 2~ 4GHz
XXX XXX XXX 7 Frr— Ty
| 7 mm 7 mm ~ 18 GHz
S K2 - ORHAL SMA 4.15 mm 18 GHz
Sl Sz 35 mm 35 mm 265 GHz
K 2.92 mm 40 GHz
24 mm 24 mm 50 GHz
vV 1.85 mm 65 GHz
W 1.1 mm 110 GHz
1.0 mm 1.0 mm 110 GHz




Coaxial connectors

LIRS

BNCEI 24
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Coaxial connectors 2

SMAEIO % &

SMA-type
Sy s
jack .
K-type +

KBy 4 &ED vrazxv4

(a) Yvvo (b) 754 (@) JvwsH (b) 754



LEMO cables and connectors

http://www.lemo.com/

MFBET JL i —— T
High-energy physics experiment,

etc.

MSBET /L




| echer line




Micro strip line

L
‘e 8 & & 0 8 8 0 @
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h 7 h

(a) (b) (¢)

Wide (W/h>3.3) strip

Zrog (W 1 e +1 me (W € — 1 er2) !
Z(W, h,¢,) = ~log 4 log | 75 (2 4 0.94 log T
W R, er) 2\/_er{2h+7rog i Og[z (2inr )] omez ° 16}

Narrow (W/h<3.3) strip

Zro [4h (4h)2 ] 1er—1( T 1 4)
Z(W,h,e.) = log | — + — | +2 | —= log — + — log —
( ) T 2(er—|—1){ g[W \/ |44 J 2¢,+1 &9 €y S




Connection and termination




Connection and termination

~ ] =], +J_ (definition right positive)
Atx = 0: | progressive retrograde

- V=Vi+V=2Z,(s = J-)

V Jr —J_
Z = — = Z
T I+ g
. . V_ J_ /1 — 2y
Reflection coefficient: = = e =

Z1 = Z, . no reflection, i.e., impedance matching

Z, = +oo (opencircuitend) : r =1, I.e., free end

Z1 = 0 (short circuitend) : r = —1, I.e., fixed end



Connection and termination

Finite reflection — Standing wave
14 r|
1 —|r|

\oltage-Standing Wave Ratio (VSWR):

Atx=—1
V =Vigexp(kl) + V_gexp(—kl) = [J1oexp(kl) — J_g exp(—«l)]|Z
J = Jipexp(kl) + J_g exp(—kl)

V . J_|_()€nl — J_()G_Hl

=" = Z
"T T Jeoert + J_ge—rt 7Y

Reflection coefficient;
V_ V_oe_"’l

V_|_ V_|_06K“l

= rexp(—2kl)



SWR measurement

SWR Meters:

Desktop types

Handy type




Connection and termination




Connection and termination

Transmission line connection.
Characteristic impedance Z,, Z,'

At the connection point, only the local relation between
V and J affects the reflection coefficient.

The local impedance from the left hand side is Z,".

 Zy— 2o
- Z{+ Zy

r



