= s .
=E 0|fR:mEE7[O
~ Electric Circuits for P

ICIsts -

. :. “’\\
%@* B RETIR

e A
g - H#ZK{E =
g Shingo Katsumoto




e, VP 0 T B . e T W
":2;;‘ i b s : "',":: <

o ..*..‘ L :
S 5 VAN

P Ch 5 Distributed constant circuits
2 5.1 Transmission lines
3 S 5.1.1 Coaxial cables
5.1.2 Lecher lines
5.1.3 Micro-strip lines
5.2 Wav&prop“agatlon through tra,nsmlssmn lines
'5.2.2 Connection ang- termination of transmission lines

A

N

X
N\
ES
Ry
iy
S
&
=
E
E

2
- 1
v
4

)
:
S
=N
X ',,:{‘?"
9
R4,



Combination of op-amp and discrete transistors

10k
10 Complementary
© | — push-pull
10
10k

Inversion
amplifier

\oltage, current booster



pn-junction in reverse bias region

Solution;

-]

Space charge density: {

Built-in potential — Depletion layer

d2¢

Poisson equation —— = —aq(z) (a = (660)_1)

dx?
q:_eNA (—TUPSCUSO),
g=eNp (0<x<w,)

Boundary condition: ¢(—w,) =0, ¢(—o0) =0

do B B - do|
o . =0, ¢(w,) =V + Wy, o . =0
(aeN4/2)(x + wp)2 (—w, <z <0),

V + Vi — (aeNp/2)(x — w,)? (0 <z < w,)




Varicap diode

N
]./Cgﬁ' wd:wp—l_wn:A\/V_'_Vbl
Reverse bias voltage widens depletion layer.
1 2
= V + Vi
’ C eeo eNp ( bi)
_Vbi 7/
// >
) Vv
/7
/7 D1
% % -
/ Varicap diode [” f”
(0)
D1,D2 Varicap diode
R Typically 10k - 47k or RF choke
KB505

Frequency modulation (FM), Phase lock loop (PLL)



4.4 Field effect transistor (FET)

(source)

Circuit symbols G G

S S
n-channel p-channel



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

< »
« »

D+ | Travel distance (y)

|
1 dependent potential
w 2ee0V (y)

~N Depletion layer width =
N sl o v - 2

dVe
ol Jo = eNojin S22 -2~ wa ()W
| | v

V(y) = Vg + Vii — Ven(y)

G vy Y conductivity electric field channel width

L L dV Vi Wy
JonL = / Jepdy = 2eND,unW/ (wy — wq)——dy = 2wre Np p, W (1 — —) dV
0 0 dy Vo

eNpw?

wa(Ve) =wy Vo=
2€€

Approx. for g 2Npep, Wwy
wg < wy/2 ch = L

[vL — Vo + (V (V)32 — V(VL)3/2)]

2
3V Ve



Static characteristics of FET

¥ / Ja~0, Jp= f(V(;, VDS)
;E? 6F 2SK 104 ? e
= = 02V | ( 0Jp )
E = ' Jm =
Q:; 4+ V. =10V g —0.4: GVGS Vs =const.
= = -0.6 1
& | 5 Y transconductance
-1.0V
e S [ OVpbs
= 14 1 05 0 ' 5 10 rq = a
(a) Gate-Source Voltage Vas (V) (b) Drain-Source Voltage  (v) JD Vas=const.
drain resistance
. L Uds
Local linear approximation: 74 = gmVgs + -
d

VUds = —Td9mUgs t+ TdJd
_E Amplification factor (voltage gain) U= Tqqdm




Biasing circuits for FETs: Fixed bias circuit

Local linear approximation — action point (the center of parameters)

The action point is determined by resistors and dc power sources.

Vbp Biasing circuit
© Vbs = Vpp — RpJp
Ry Rp
JD .
R Voo — 2y
l GS = R R, PP
Vas| Ro




Biasing circuits for FETs: Self-biasing circuit




Equivalent signal circuits for FET




Example of source-grounded FET amplifier

R is working as a negative feedback circuit.
r 5VGS = 5VG — R55JD

Ry
120k 4 0Vps = —u(6Ve — RsdJp)  ignore ry
CHI | L 6Vp = 6Vps + RsdJp Ay
© 11 —/JJRD Rp
vi 1 oVp = Vo ~|—V;
a o Rp + Rs(1 — ) ¢ Rg T
R2 EE 35 I
40k S 30
e STk UL 2l St
o 20R=1.3kQ (A,=20dBF}m“ﬂ‘
— S, 15 A (i 3a8) :
DL 10 PR T T #
(@) R=co (Ar_-ﬁds)
8 5
S O o v iom F(H2)



Simulation by LTSpice
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Metal-Semiconductor (MES) FET

Walter Schottky
1886-1976

Grille

Contact ohmique SChf ttky Contact ohmique

depletion layer (Source) (Drain)

e
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© o ©
© e@@ () © @‘%
Couche active © © © © © ©

Substrat semi-isolant




Metal-Oxide-Semiconductor (MOS) FET

Metal electrode
Metal electrode

Oxide film __|_/ Vg

Oxide film

] A\
n+source J/ _\L N'drain

p-Si Conduction channel Oxide

/ AN
| (b) WS (¢) K #
(a) BHERE g -
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Complementary MOS logic gates

T Simplified
CMOS inverter g _
circuit e R\
_ﬂ_ @) S —|_|_ e 14-nm FInFET by Intel
g | ., Low leakage I
= current I structure
N MOS

Single gate input
both on/off switch
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lps = Drain-to-Source Current (A}

0.0001

0.00001

MOSFET switching characteristics
From datasheet CSD87381P power MOSFET (Texas instr.).

Vos =5V %

. —f Te=125°C
= = — T.=25°C
7 ——F Te=-55°C
7 P i
0 0.5 1 15 2 25 3

Vs - Gate-to-Source Voltage (V)

L=t

More than 7 orders change in J, within 3 V change of V.



Summary of chapter 4 Amplification circuit

Feedback (feedforward) Transfer function diagram
Stability criteria

Operational amplifier

Elements for amplification Bipolar transistors (Semiconductor physics)
(non-linear treatment. Field effect transistors
Bias circuits + signal circuits.)

OP amp selection BT input FET input
High precision Low bias current/ High input
Low voltage noise Impedance

Large power output Low power consumption



mCh.S Distributed constant circuits
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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

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

INSULATION
COPPER MESH




Transmission line as a series of infinitesimal terminal-pairs

Transmission line — divide into four terminal circuits

)

Each unit should have delay. Ignore energy dissipation.

Then take the infinitesimal limit

Width - 0, Number » oo

dV = —JZdx, dJ = -VYdx
Z,Y : Impedance, Admittance per unit length

1850- 1925

Oliver Heaviside



Characteristic impedance

d?V d?.J
¢ _yzv, &2
dx? " dx?

J(z,t) = J(0,t) exp(+rz), V(r,t)=V(0,t)exp(trz) r=VYZ

—: Progressive, +: Retrograde
Imped vz |z
mpedance: =T =Ty

Pure reactance Y = iwC, Z = iwL for L and C model

k=1 —w2LC = ii, Wy =

Wo

=Y Z.J :telegraphic equation

(physical dimension: velocity)

S
Q

Characteristic impedance: 7, =

Ql &




Maxwell theory for coaxial cable

a: inner metal radius, b: radius of outer cylinder,
e: Insulator dielectric constant, pi: magnetic permeability

E = Eo(x,y)e™"™ "%, H = Ho(z,y)e™* 7"

From Maxwell equations

2 o (Ez\ (70, —iwudy\ (E.
. 2 H:Jc _ iwﬂay _7833 Ez
(Wiep +77) (Hy) - (—z’wu@m —v0, ) \H. /)"

In TEM (transverse electric and magnetic) mode: F, = H, =0

For the fields along x and y to survive, w2eu + 72 =0 . .v=Zdiweu

: . W 1
Propagation velocity v = —
W

3
3



Maxwell theory for coaxial cable
In TEM mode: rot,, H = 0, rot,,FE =0 - potentials ¢/, V areavailable.

Thatis E=V,U/\e, H=V,V//u
au v U o

— — Cauchy-Riemann condition
oxr Oy Oy Ox Y

f(w) =U + iV Isananalytic function of w =z + 1y
Characteristic impedance: 7, = K _ Us — Uy

J /e

This expression represents the equivalence of distributed constant circuit model
and the Maxwell theory for coaxial cable.

U, - potential at a, b

Capacitance part

b
q dr q b ¢ o 2me
V=2 — log — = = SO0 = ——
G/G 2rr  2me Oga C log(b/a)




Maxwell theory for coaxial cable

Inductance part Core current /, shield current =] H (r) = i, B(r) = ﬂ
r 27
b
Flux per length: & — / drB(r) = g‘] logé
a T

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

S NNNO

cf. Characteristic impedance of the vacuum  Zp = , /@ ~ 3762
€0
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Coaxial connectors

FIEA % 7 2 O (&)

Rgr—7 FR = A2l AR DURBE
N | REM LR X 7 2 OREERB RS
Yo e e e es e \\ é V = SREBEARINEE | fii (1A
T e B o BNC 7 om S~ 1 G
KX KK KX KX XXX = = p— e
| 7 mm 7 mm ~ 18 GHz
S AR - ORHA SMA 4.15 mm 18 GHz
(F37) Sy o) 3.5 mm 3.5 mm 26.5 GHz
K 292 mm 40 GHz
24 mm 24 mm 50 GHz
Vv 1.85 mm 65 GHz
44 1.1 mm 110 GHz
1.0 mm 1.0 mm 110 GHz




Coaxial connectors

NEZ 74

BNCEO%7 4

uSMleES eyl (b) 3L

JI

(a) 2

(@) BB/ vV (b) Z72VINEIvYDH
(BRERICANL)

\ ‘lii;'(ll'.'.l,'.‘:".‘;il:i‘:h‘u
]

T D
(c) 754 [(b) 25HR]




Coaxial connectors 2

SMARITI % &

SMA-type

plug

(@) Jvvo (b) F24

K-type V-type
KEIO% 4 &ED vrazxs

(@) Jvvo (b) 734

(@) Jvvo



LEMO cables and connectors

WSS i —— i

http://www.lemo.com/

MSBETJL mma i —

High-energy physics experiment,
etc.




Transmission lines with TEM mode

Transmission lines with two conductors are “families”.
Electromagnetic field confinement with parallel-plate capacitor

WL A2, roltup o coniacai

@

‘7%\\

N

N

(,D AT
S

Shrink to dipole (Lecher line)

Commonly | TEM is the primary mode.



Lecher line




Micro strip line

(a) (b)
Wide (W/h>3.3) strip

Z(W,h,e.) =

ZFO W
2./€
Narrow (W/h<3.3) strip

ZFo

m/2(€er + 1)

Z(W., h,er) =

1 !
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Waveguide

Electromagnetic field is confined into a simply-

Cross section connected space.
metal \ J‘]' .
TEM mode cannot exist.
hollow Maxwell equations give
0? 0? 5 5
TEq [85[72 T 8y2] EZ — _(w €L+ Y )E27
e \ 0? 0?
Z ole ,f.—**.\l.i.:r. r.’*—\1 o H ——— CL)QE 2 H )
2 Z TR [W " 8y2] SR
T A i i) Helmholtz equation
k 1
el T E, = 0: TE mode,
EEaeEd| R EREE BE H, = 0: TM mode




Optical fiber

clad / Difference In dielectric constant

o N /\) step-type optical fiber

Index of refraction Input pulse Output pulse

oY o Wi I N emy—
=9 AOE }Am ~

. 7 &P~ A AN

Graded index fiber

TMu -10pum
- - 125um _L -ﬂ_.n
no dispersion T

Singlemode fiber




Connection and termination

| | >

— 0

Termination of a transmission
line with length | and
characteristic impedance Z, at
x = 0 with a resistor Z;.

Comment: Sign of Ohm’s law in
transmission lines

reflects direction of waves
(depends on the definitions).

- J=J++J-  (definition right positive)
At x = 0° d progressive Tretrograde

L V=WV =20 =)

Voo —J

Ty = — = Z

X A
V. I Zi—Z

Reflection coefficientis r= — = - — = ————
Vi J+ Z1+ Zy

Z1 = Zy - no reflection, i.e., impedance matching

Z; = 4oo (open circuitend) : r = 1, I.e., free end

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




Connection and termination

Finite reflection — Standing wave \oltage-Standing Wave Ratio (VSWR): =

1+ |r|
N AR AAATN LA !
Atx=—1 7 = Vo exp(rl) + V_o exp(—kl) = |[J4o exp(rl) — J_g exp(—~l)| Zo
J = Jyoexp(kl) + J_gexp(—kl)
Then at x = —[ (at power source), the V. Jpe® — J_ge "

] = — = Z
: J J_|_08'(‘:l + J_ge "t 0

Ve Voo exp(—kl)
- Vi Vogexp(kl)

right hand side can be represented by

Reflection coefficient: 7 = rexp(—2kl)



SWR measurement

SWR Meters: desktop types

Cross-meter

; handy type
_:_1 yyp ey

[
-

P1
o= Ay

1k
—

0.1

33
11
11

5_

directional coupler




