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(%% )Bessel functions

® Bessel's differential equation

2 2
dtu 10u (l_j_)u=o DRI Jo(x) & Vo)

dx?  xdx

Jo(x) FE—FENYEILEH
Y, (x): 5 Zf@~y+)LEIE (NeumannEi )

- (_1)7" XN 2mta
Ja(x) = 7;:Om! Im+a+1) (E)

Ja(x) cos(am) — J_o(x)

sin(am)

Yo(x) = , Yu(x) = lim Yo (x)
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(%) Modified Bessel functions
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® Bessel's differential equation

2 1 2
d’u 18w <1 ; %)u S0 DRIE. I,(0) & Ky(x)

dx? ' xdx

I,(x) FE—RBEBAYE/LEK
Ko(x): B-RERAYEILEK

Io(x) = 7% (x)

T 1_q(x) — I_o(x)
Ka(x) = 2 sin(am)
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(%) Kelvin functions (1)
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® Definition:

B The Kelvin functions Ber, (x) and Bei, (x) are the real and
imaginary parts, respectively, of ]V(x e3”/4), where x is real, and
J,(2), is the v th order Bessel function of the first kind.

J(x e73™/*) =Ber, (x) + j Bei, (x), where x is real

1 4 1 8 1
Bery() = 1= 5515 (g) + (;) - o (;)

1 2 1 6 1 10 1
BeiO(x)zw(g) _W(g) HGHE G) T (N2 (%)

12

14

st 14 T 14
J=j =elT = i =elz="—2
/ 2 V2
1—-j Sm —1—j
Sy =
Vo] =e A= — NI e’ 4
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(%) Kelvin functions (2)
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® Some relations (x is real)

Jy(x e73™/*) =Ber, (x) + j Bei, (x)

I (i \1/;1 )zBero(x)+jBei0(x) Io (J_r_\l/zjfx> =Bero(x) —j Beio(x)
]0( ! —; > =Bery(x) — j Beig(x) Iy (i ! -; 'x> =Bery(x) +J Beig(x)

]1< 1t ) = *Bery (x) £ j Beiy(x) L (J—’ = +jx> TR TR

(el

° ﬁkl £oTlE. REDEDERK [EKelvinBiz AL TRIESA TS,
0 BETLHEHEEZEAT. HEHELOTVRERED=HEERHOND,

a

) FBer; (x) + j Beiy(x) L <i 1\/-;_jx> =¥ j Ber; (x) £ Bei; (x)
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(%) Kelvin functions (3) [ 69
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Jy(x e73%/%) =Ber, (x) + j Bei, (x)

jo(xj\/f) =Io(x \/j) = Bery(x) + j Beiy(x)

Jo(x j/=J) =Io(xy/=J) = Bery(x) — j Bei(x)
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Ampere’s circuital law / 89
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11'4 [(nH] Straight Line
g
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L= —_——— 3
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If the cross section of the wire is 2umx2um,
Wire resistance —6-9 Q
Reactance : |oL| @ 1[GHz] - 10 Q

Modeling of inductance of interconnect become important.....
E.B. Rosa, "The Self and Mutual Inductances of Linear Conductors",

Bulletin of the Bureau of Standards, Vol.4, No.2, 1908, Page 301ff.
Verson 2012/10 31 Kazuya Masu
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Analog Circuit: | : wire length

> L l XA\, X——
100 40 f

PC board design

Rising time (1) Of pulse becomes shorter than
the round trip time of signal through the wire.

Criteria / 146

TE’??.” e ——

ircui | > ixk
Analog Circuit 20

- Phase: 10-degree

- Reflection coefficient of signal
Ideal open/short terminal : T"' = -1 or +1
- I'=-0.730or+0.9 (3dB change)

2 X Tdelay > Trise

Kazuya Masu Kazuya Masu

criteria 147 criteria 148
TEI?_TQ _ EL'H—~ TEI?’E H—~

Rising time of pulse is generally 5% of the period. M AT AM
I I I R,L,and C:
T.e = 2% of period = T =i !
20 20 f. Resistance,

1 1 T 5 1 Inductance, and
2X Ty > Trise T oy < 10 ol ~( 20) T C capacitance per
| rise T T unit length

I i L Ly =Lxlengh and C;=Cxlengh
v 20 fclock ’_
| 1 1 Rising time of the pulse -> t,, =(1/20)(1/f)
2x P > 20 f The condition that the inductance components can be
clock clock neglected results in
1 . 1 “ The rising time is equal to (or less than) the
[ > 20 A } Period : T = fo twice of the delay time of the line.”
Kazuya Masu Kazuya Masy
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TOKyO TE

sCH—

1000 T T T Critical Frequency (i) /"
Transmission Mode Area 1 1 1 Co
o A A T w0 e
V = light velocity c Vér
10 X = Blue area:
220 / RN Rambus Transmission Line mode
1 i N Gray area
LD Lumped RC area
g =4.0 \v\<
0.1 Y For over 1GHz signal propagation
] through 1cm inter-connect line,
107 RC Treating Area the transmission line is required.

103 10 2 101 10° 10 Interconnect length less than

Interconnect Length L Icm 100,.m can be treated as the
conventional lumped RC circuit

Fundamental frequency of pulse: f- f= f, atover several tens GHz.
crmcal Frequency: f,

Kazuya Masu

Possible transmission line structure '<°

/ Insulator Uy
/

\
Metal \
R

[Mlcro suriptine Type) ( Co-Aial Cable Type |

Kazuya Masu

« 2D/3D simulation

(Differential TR line) « Fah and measure of TR line on LSl

Features of pair line
> No ground plain
 High endurance against common

T
%)\ mode cross talk
Q Top two layers for GHz Sz A
; signal transmission . 3
= iu issi <
+To he implemented in the multi-

level interconnect structure
using the top two metal layers

Kazuya Masu
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T 2
Infree space

4 4 > F—4 > X (Characteristic Impedance)

7 = |2 —1207~3770
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In TR line, the impedance is given by

Z, = L :1207ri
C W

o]

D-«x: LargeZ,

<—W—>

A 500/ ? / 154
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BEIREREZ R BRI RL/NIKEIEEAE—S
DRERDD,

B UE—SF R

Z. - (1207[) In[gj
2 b
EiEx

R - L[P P :i[ﬁ E
2r\ao bo) 2z\o){a b

HOW is the Max Z, ? £1+1j
REEDEE:D o= Rlioss o\ b
SMEARDFEE: A 2Z, a
Kazuya Masu - Kazuya Masu
{aldk ., 500H ? / 155 Impedance matching in RF circuit / 156
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2 4
1 2
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1
a/b b/a
o ,@/b=3.59112 TR/ Kazuya Masu
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3770
AN

®®_

2 g =T7TQ I
for A/2 dipole
BPF {5V LO

17| ~buA

Question : 50Q matching is

required ? ® ®

e Transceiver with discrete components requires
impedance matching between components.

e |n one chip CMOS RF, impedance matching is not

oo NNECESSArY. Kazuya Masu
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® This topic returns every several years.
® Discussions are well summarized in the books.
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® In the respect of signal lines
B Coaxial cable
B Microstrip line

a

® In the respect of impedance matching to
antenna
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® |oss due to the skin effect
Loss minimum at b/a =~ 3.59
Zor 77Qforeg =1

Zo= 50Q)forg =2.3
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® Maximum power
deliverable to a load

P..ex At b/a =e¥2~1.65 a
Zo~ 30Qforg =1
Zo~ 20Qforg =23 0.2
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® Microstrip line on the board

Large radiation/EMI
W and crosstalk
Radiation Crosstalk

t

Zo : Small f Zo : Large
Difficulty in drivability \ Trade off

Appropriate became to be around 50Q

Assumption: the same metal width
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® Impedance matching to antenna
7.4~ 77 Q) for A/2 dipole antenna
7.4~ 33 Qfor A/4 antenna -

Easy matching to antenna
might be a reason why 50Q2.
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