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5.1 Transmission lines
TEM mode Lecher line
Micro-strip line
TE, TM mode Waveguide
Optical fiber

5.2 Propagation in transmission lines
Termination and connection
Smith chart
Scattering matrix
Impedance matching



For bias (dc) circuits

All the capacitors can be viewed as break line.

For small amplitude (high-frequency) circuits

All the capacitors can be viewed as short
circuits.

Self-bias Source-grounded
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Coaxial cable 2
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Coaxial connectors

coaxial connector (schematic)
male contact female contact

coaxial cable

l A}
190.0.0.6:0:6:0:0.0.0:0.0.6:0.0.0.0.0.0.0:0.8. 8. ) \
I ‘
—
b.9.9.0:0:0.0.0.0.0.0.0.:0.0.0.0:0.0.0.0.0.0.0. 0.1

Plug

Highest available frequencies for coaxial connectors

type ~ [ outer diam. T highest freq. 7
BNC #J 7 mm 2 ~ 4 GHz
N #J 7 mm 10 ~ 18 GHz
7 mm 7 mm ~ 18 GHz
SMA 4.15 mm 18 GHz
3.5 mm 3.5 mm 26.5 GHz
K 2.92 mm 40 GHz
24 mm 24 mm 50 GHz
Vv 1.85 mm 65 GHz
1Y 1.1 mm 110 GHz
1.0 mm 1.0 mm 110 GHz




Coaxial connectors

N-type connectors

BNC-type connectors

..
Ci

(a) jack with flange |

\\\\‘

isolated jack

(not for high freq.) Jack with flange

56’ ¢
SR

R R

©) plug [disassembled (b) ]



Coaxial connectors 2

SMAEIO % &

SMA-type

plug

K-type V-type
KBy 4 &ED vrazxv4

(a) Yvvo (b) 754 (@) Jvwso (b) 754

Jack plug jack plug



LEMO cables and connectors

http://www.lemo.com/

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

etc.

MSBET /L




Transmission lines with TEM mode

Transmission lines with two conductors are “families”.

Electromagnetic field confinement with parallel-plate capacitor

L Az ronups

//\/ l\\\ coaxial cable

\ /' Open to micro-strip line
()> AN

/]\ TEM is the primary mode.

Shrink to dipole (Lecher line)

<



| echer line




Micro strip line
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Wide (W/h>3.3) strip

W 1 e + 1 me (W e — 1 em2)
{ — log4 + log [— (% + 0.94)] ome? log 1_6}

ZF
2h 4 T 2TE,

0
2./er

Narrow (W/h<3.3) strip

Zro 4h 4h\ 2 16,.—1( T 1 4)
Z(W, h,e,) = log | — = 2| —= log — + — log —
( €r) 7n/2(er+1){og[l +\/(W) " ] e 11\ 827 %

Z(W, h,e.) =




Waveguide

Electromagnetic field is confined

cross section | _
Into a simply-connected space.

metal \ ﬂ
hollow TEM mode cannot exist.
Maxwell equations give
0? 0?
— + == | E. = —(wen+ ) E,,
10 82 82
e e H, = —(w’ep+~*)H,.
i T [&E‘z 8y] ~(Wep+ ) A
gy i dama _
B e Helmholtz equation
EEEEEEEE I A e |lis EZ — O TE mOde’
555535555 E 525 B H, = 0: TM mode




Optical fiber

core \ Clad /
step-type
” e ) optical fiber

no dispersion

— A

Difference in dielectric constant

Index of refraction Input pulse Output pulse

Step index fiber

Graded index fiber

=17 m=m

Singlemode fiber




Termination of transmission line

transmission line

wave |::> Z1 | load
source @ Zo

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

~ J =]+ +J— (definition right positive)
Atx =0: | \ T

progressive retrograde

- V=Vt V=20 =)

Comment: Sign of Ohm’s law in transmission lines
reflects direction of waves (depends on the definitions).



Termination of transmission line

::ZZOJ:E — 2V:|: — J - Z()V

synthesized impedance: Z; =

reflection coefficient; r= — = —— =

/

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

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

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



Connection and termination

Finite reflection — Standing wave

B W

MR W
1—|r|
1+ |r]
AHPHEER e
\oltage-Standing Wave Ratio (VSWR): = 1 i :T:
— T



SWR measurement

SWR Meters:

handy type

desktop types

directional coupler

-
g 2

1k



Synthesized impedance

total impedance
from this side :> Zo Z1

—| 0

At x =—|

V =Vigexp(kl) + V_gexp(—kl) = [Jroexp(kl) — J_g exp(—«l)]|Z
J = Jipexp(kl) + J_g exp(—kl)
V - J_|_0€Rl — J_()e_&l

7= — = Z
T T Jpoemt + J_ge P

E B V_Oe—h;l
V_|_ N V_|_()€&l

Reflection coefficient: r; = = rexp(—2kl)



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,'.
B Z5 — Zy
- Zh+ Zy

r

Zo Z'




5.2.3 Smith chart, Immittance chart

End impedance Z,: Normalized end impedance Z,, = Z,/Z,
Jn=x+1y, rT=u+itw (z,y,u,w ER)

Zn—1 (z—1)+iy
Zpn+1 (z+1)+iy

real. x—1=(z+1)u— yw }

u-t+iw=r=

Imaginary: y =yu+ w(z + 1)
2 1 _
X: constant — <u _ ) 4 w? = constant resistance
T+ 1 (z+1)* circle

2
y: constant - (u — 1)2 + w_l _ 1 constant reactance
Y2 circle



5.2.3 Smith chart, Immittance chart

r : reflection coefficient In/1\Z — X-constant
—
O
.. Yy-constant
Z0
T = = -
V+ YA + ZO > ReZ

v

= Imr/
J Rer




5.2.3 Smith chart, Immittance chart




5.2.3 Smith chart, Immittance chart

y =1 /=
y =0.5
y =4
=0.2
y =0
y=-0.2
y =—4
y=-0.5
y=-1
y =2

r=u-+ 1w



5.2.3 Smith chart, Immittance chart

y =1 &
y =0.5
y =4
=0.2
y =0
- ks _
y= —0.2% \, X=2 iy,
\
%
2 %\\0 y =—4
Y\ y=-05
y=-1
y=-2
r=u-+ 1w

Smith chart



5.2.3 Smith chart, Immittance chart
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Immittance chart

p T 1 3‘ .- SR
P Y :kw...au_ o .um..u.m_...ﬂﬂ\uc.ﬂﬂua\p.

S

~ o
an o
Menyy,

F)
v

5.2.3 Smith chart, Immittance chart



5.3 Scattering (S) matrix (S parameters)

How to treat multipoint (crossing point) systematically?

Transmission lines: wave propagating modes — Channels

Take |a;|?4, |b;|* to be output S-matrix input
powers (energy flow). (bl\ (Su o S e Sin) (al\
b =80 S Swl||a
b= Sa

Important properties:
Reciprocity 945 = S
Unitarity > 858 = bk
J

(In case, no dissipation, no amplification)



5.3 S matrix (S parameters)

Propagation with no dissipation
( Vit

ap =

= Juir/Zon,  INCIdENt power wave
ZOn

V. _ ]
by = —— = Ju_\/Zon reflected (transmitted) power wave
\ 7 0 ( )P

)

|Vn—|- |2
ZOn

|an|2 = = |Jn—|—|2ZOn

Simplest example: series impedance Z

Input direction input direction
r————————— -
Take voltage as the “flow” J1 >l | . )2
. i Zs i
quantity. ) | | .
(assume common o | 2
characteristic impedance) o— —o



5.3 S-matrix (S-parameters)

(-EB0 ()-E e
by Sa1 Sog a9 Vo 521 522 V2+

€ ]2 a, = 0
o, Zs O
Zy Z,
E1 ’\/ V1 T TVZ ZO
O O
Terminate 2with Z; - a, =0
SH:V1—_V1—ZOJ1_Z1—Zo_(Zs+Zo)—Zo Zs

Vie Vi+Zodi  Zi+Zo (Zs+Z0)+ 20 Zs+ 270

g Voo Vo —Zods ZoJ1 + ZoJy 24 (Jp = —Jy)
21 Vie WVi+Zodi (Zs+Zy)J1+ ZoJy  Zs+ 27 2T




5.3 S-matrix (S-parameters)

a1=0

Jy —>
o Z O—AAA—
ST e

Terminate 1 with Z, — a; = 0 (should be symmetric)

S, — 2V _ 270J _ 27
Vo + ZoJs (ZS + ZO)JQ + ZyJs Zs + 27
S =
s + 22y
Generally
B 1
~ detZ %

((Zn — Zo)(Z22 + Zo) — Z12201 220212 )
2202 (Z11 + 20)(Zoz — Zo) — Z12Zn



Cascade connection of S-matrices

b1l (1) _ (L tr) (@1
ba) \a2) \tL TR/ \a2
1. R, tr gt complex reflection, transmission coefficients satisfying

Tur=|tL:l?=1—-—Ror =1-|rLRr|’

al HZ a -:‘Jz ds -:‘14
» % — A -& h 4 > B -
> S . S
- — - A — — 2] e
bl bz bl b2 ]}3 b4

A | A A.B\"1.,A A A\l
g, _ riB (4B _ [T tere (I —7TRTL) te (I —rPra) R
AB téB ,réB

) tf (I - frﬁfrf)_l th rR+ ¢ (I — rﬁrf)_l rats

(I—rgrp) ™" =I+rRrp + (rgr)* + -



Conduction channels in quantum transport

Electron (quantum mechanical) waves also have
propagating modes in solids.

_ — Conduction channel
Landauer eq.: 2

& 3 3
= 1

€ Rolf Landauer

the conductance of a single perfect quantum channel is 7
AB ring S-matrix model b &
a;=1 <« | SaB| ——> b
A —> S () b S —_—
- b a U <-—
ta) 10 x &, b] 3 » < 5 Hﬁ—U
0.05Q | - - Sw
03 bﬁ
N /\/\/\/\

conductance

NvANYA

VA (VT ) magnetic flux




DATA SHEET

NE76084

1 NEC / GaAs MES FET

C to Ku BAND LOW NOISE AMPLIFIER
N-CHANNEL GaAs MES FET

S-PARAMETERS

Vo =3V, o =10 mA
START 500 MHz, STOP 18 GHz, STEP 500 MHz

S11




S-parameter representation of high-frequency devices | /ﬁ
Ex) NE76084 MES FET 0.5~ 18GHz

The datasheet tells that we need
Impedance matching circuits
with transmission lines.

If we know Z-parameters:

-1.0

From Ho-Thevenin theorem

: VANA
Zg = Zyy — 22 7y =7% —
S 22 50"‘211’ L 11

L1923
50 + Z2,

{Z;} : BJT (FET) Z-parameters, again Ho-Thevenin says

Z12221 7 = T — L12221

Z) = Zyq — |
l H Z1, + Zyo Zs + Z11




{Zj{."} {Zﬂij}
input = output
matching el matching
L FET S
circuits circuits
| [
| |

Zs |
| BIT |
Z; —= FET ~—Z, |4
|
|
|

50Q



Impedance matching with S-parameters

Generally the unitarity does not hold for amplification.

S12591 Ry, S12521 Rs
nt 1 — Seo Ry, ' 2 1 —511Rs

Rn=S

Matching condition: Ry = R*

out?’

Rs = R,

By ++/B} — 4|M|2, B — By 4+ /B2 — 4|N|? with
2M 2N

By =1+ |S11|* — |S92|* — |detS|?, By =1— |Si1|? + |Sa|? — |detS|?,

N = 522 — Si‘ldetS, M = SH — S;‘QdetS

Solution Ry =

maximum available power gain ~ Gmax =

- 1 + |detS|2 — |511|2 — |ng|2
2|Sl2521|

K stability factor



Practical impedance matching with Simth chart




Impedance matching designer

http://home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html

http://leleivre.com/rf Icmatch.html



http://leleivre.com/rf_lcmatch.html
http://home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html

Obtain the Y matrix for the above equivalent circuit (rn-shape
circuit).



| =1km DARERREERDHD. #uafll 2R fg LIz 5, BRI
HIELIEALEX L RIZ0.6i QTHo7e. —J7, #ufillz Bl T
BIMHPL T RIX L R HE T 5L4x10781 STH-HTE.
ZDIEERREEDRFEA L EX L R RD XK.

Consider a transmission line with the length | = 1km. First we
short-circuited the end and measured the impedance from the
signal source and obtained 0.61 2. Next we opened the end and
measured the admittance from the signal source and obtained
4x107i S.

What is the characteristic impedance of the transmission line?



0.61€2 <> Zo Short
<> Zo Open
> |

4x10-91S

—1km 0



T ()= (B (%)

Remember F-matrix (cascade matrix) defined above.

Write down the F-matrix form of the transmission line

shown below.
<€ >
]1—> | «— )2
. O O ,
Zy Kk =vVYZ
V]_ VZ




