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Electrical Package Design

* Lecture topics A: Introduction
e CMOS;R, L, & C

® Lecture topics B:Transmission lines
® Z, , velocity, lossless lines, lossy lines

® Lecture topics C:Transmission lines

® Transmission line reflections

® Lecture topics D:Transmission lines
® Crosstalk

® Lecture topics E: Electromagnetism & Modeling

e Lecture topics F: Electromagnetic Compatibility
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Lecture topics A: Introduction
CMOS; R, L, &C

1. Interconnect modeling

2. Resistance, inductance, & capacitance
e R,L&C

3. Skin effect

4. Ground planes

5. MOS devices and CMOS

6. Delta-I (Al) switching noise
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1. Interconnect modeling

Coaxial cable Microstrip

Quter jackel

Conduclor
Outer shield Dielectric
’ Inner dielectric Ground plane
Inner conductor
Twisted pair Stripline
Ground plane
Jacket (dielectri
acket (dielectric) Dielectric
First conduclor
— Jackel {dielectric)
Ground plane
Second conductor
Figure 44  Cross sections of popular transmission line geometrics,

4.2.1 Ideal Distortionless, Lossless Transmission Line
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Three modeling approaches:

Circuit element models
Lumped - element

:Do—w\,—'mm:[o
1

Dielectric
& &1
TTTTT7777777777 (ot
plane E(x)=Ec @
ground (a+jB)x-jot
Hixt)=Ho &
distributed - element Electromagnetic wave
Transmission line modeling
modeling * VWA =AW= T WA ==
L I I
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(@) wL>>R, (b)R>>wl, (c)R=0

o Delay

(2)

e | B B P B L LTS Slpesssssssssans
5 o ]
z 2 z
g g H
=] =] T = RC2 =J T=R C
n w @ ]
: "
1 2 o 100 200 L 100 200
Time (tof) Time (tof) Time (lof)

Figure 5-7 Simplified SPICE circuits & signal load responses for
limiting propagation regimes. (a)Time-of-flight (R <Z,) (b)lossy-line
diffusion (c)R,-limited; time scales are in units of time-of-flights
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2. R,G, L andC

Conductor:

e R/L=p/wt

R =pL/A = pL/wt

fﬂ_—li/,l"(
——

® Dielectric:
e G=0A/d=oLw/d
e G/L=ow/d /
<>
e C=¢A/d=¢€lLw/d w

e C/L=¢egw/d

Note: L=length in this slide; used for inductance later
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Capacitance/unit length: Generalized geometries

Hint
2

(a) “Visual”
approximations

(b) Method of images

(c) Graphical
approximations

(d) Experimental field
plotting

(e) Numerical
techniques
(meshl/iteration)

(f) Analytical: V=%V,
for charges Q

Wine —

(a)

Hi i

te |

FIGURE 4.2  Modeling of the contribution of fringing fields to interconnection
capacitance. Total wire capacitance can be thought of having two components:
a parallel plate capacitance determined by the perpendicular field lines between
the wire and the ground plane and a fringing field component, which can be
approximated by the capacitance of a cylindrical wire with a diameter equal to
interconnection thickness [4.3]. Reprinted by permission of Addison-Wesley Pub-
lishing Co.

reduced by Hine/2 to account for some second-order effects [4.4]. This yields
the interconnection capacitance per unit length Cin; as

Wine  Hine 2

fine _ Hine . (45)
toz 2"'0:: 2t H, (

R P Y R e

" [ -Hint Loz

Cint = €ozx
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(8) Method of Moments: Example

3a
77 Psi e Ps2 e P51
4 5 -
/ -7 6 v
-
20 L
Psi - Ps2 - Psi
S 3
L Y S A R
e s -
-
*10 1 12 v
“Psi - P52 - “Ps1

S S

a e /’
.7 e .8 s .9
/, //
“Ps1 - “Ps2 . “Psi

Figure 5.10. For finding the capacitance of a parallel-plate capacitor by the
method of moments.

For point 2 p“"'1 1 + V3) + 2995 (2 = __2 _ L)
n( 2 dmeo\a V24 V2a V3a

pszn’(i ] 1 )
+ —————] =
Ameo\a  a 2, 1 (5.31b)

or

47 €p

2.9101ps + 0.4226p5; = T (5.32a)
4
0.8453p5 + 2.8184ps, = 7:" (5.32b)
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Method of Moments Example

7%%#1 rLEL ?mrci CATACITOR
e
| {1
T Ws@ﬁv
ﬁ'c/o/ c&i/‘:/ct%t/‘f = on- dmﬁfm ;w’éce
Slistribution ?
e(T Bmxamxﬁ Ca-[)a_orALmP e.s?s)@
%{MMG)LPJ HAssune a&gefig camici.r of’;/?;
Potehial ot point 1 due Yo O of paint 4

—p (QS ,a1}qf-=_—
) AHTE a +=z—distnace
Podewdiad ot portd dee sdo clistrbuted cf

0o on sgreve =l = (()ssm),an(;w*)
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oo For fxed pleke poteckals Iy , -
| 57»\-0-(\';#' V= Gs.a ﬂn(1+ﬁ)+es (ié""'*ﬁ%""ﬂés”l’
‘ 2 .
' 6 a 1\
T +f:17f’e(%lml—ﬂ3=)
%m #=2. V&— ()Slﬂj‘n(;%“)—rg&_(a.‘. = %"%)
N 3
< R O R
Sefe : es.=3'837£’6/a' Csg= 3:3075€/a
o'n Todal V=21.9462ca K C=Cl = 10.953E, /qf be,
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Inductance of a Straight Wire

ﬁ
a a . Internal/External
0 t_ Inductances
T‘ Exlenad indichasnce j( ’b‘,ﬂ M-ﬂ«?
Jaternad jindischance [L £ - j; *‘Z\: f-‘zé,
3,(: fcmbjcww«dﬁa—fuc e fg f/“G
<€ e for edernad mediiinn eC=pE

‘; Hodl = T H(r), T
. emd.nseo( Crroadou~ (F r =
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Internal Inductance
e \ﬁ':? — wﬁ&u civret,

Tod, = W[ _\_ TV
encd, ] (]Tr,f - I(ﬁu)

o HGe). amr = I( ) = H(r)= gT'Fz .

%’ [ﬁfr)dj = V’ f/"} r_‘faﬁ"

fur it “rt

///.
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External Inductance: Basic formula

;'Br)ds
e 5
IR {/@z‘%
L, @y
(ST <7 A5
|

pike: T id 4 - F . e g (z)
v J'( %’Me' (;"5’2‘“?“"

M/y«wej (LS‘S‘*-—-,&'\L&“'\%M’/M“\MJ
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Compare:-

aa W
 —— Jﬁ
bl [ [0
T Ly =2k;;—?r |+zen%)]

N

Y
-
Il

Z?

|

Hcmce p ar)"‘l'a.!”.}\dp.c;‘auce
K_J/ \"""} - P o o w
. L= g ey
. = L + Le =L
P2
L=g& =LJ@’.45
T "I
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External Inductance: 2-wire line
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Straight Wire: Radial Electric Field

\/’_-\ .
) el oo
’ P d ?’ EE'Q{E-’-'QM_
(o g
! éE(E-Tﬁ'xf) = }ﬂz
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Magnetic and Electric Fields:
(2r)n(R 2/ R,) = &eV/q (electric) =y /Iy,

b o e 7
& - €c
/q } /t, &Q)—P%/Md‘ k-ﬁ‘@f-.

i.e. L,.C = constant = py¢
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Lead inductances

10 =
I Signal/Ground Ralio = 4
~  Lead Pitch = 4 mils Wirebond -_
- \\\
—_ I~ e __ Single Metal
£ 1k Layer TAB
= E
o L
= L
] C
R BIP
= - s
- A 4
3 1k v
= F ./ Multitayer TAB
o o
2 o
=] -
o B
(D 4
L]
>
S 01k
= -
w r
L Solder Bump
l- (Flip-Chip)
. ‘ 1 L1yl 1 | L 1L 1 sr i 11 1111l
0 A 1 10 100 1000
Bond Length or Height (mils)
@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009
E
H——t
Y
LOW MEDIUM HIGH
f Frequency
SKIN DEPTH
FIGURE 13.19 Effect of frequency on conductor cross section.
@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009

10



§ SKIN EFFECT
Consider wire o consistaf

C,‘O-“\éel/\zh-(. &aill\.&(b’s s

Induckice o, outer asgs |

=< |neluctance af certer n'.ﬁs

: m ‘mgz‘\ ﬁrt?m.eu\lj » /atﬂfﬂfﬂ;ﬁ%.sc.&k;

(Dever soolucYamce _ > goter “shkoia

Skin DePTH ,S:(C%/i_ )’/-’t

ks current ara decrecses L fesistance mclpess

o (R-C5)
Rec J5 < fiy ™ _

—lfz
aﬁ.o{ ijﬂv’ il '47
. . Yz
Sk Realtance oy, = %9

e ECE410/510 ([,Her;wf S e

16/2009
A R=pl/nr’— R, =pl/2nrd as f—oo, and
Vo2 oLint= o(n0/81) £ —R;, as f—oo
0.1 — 7 — >
0.1f f 10f 100f f
(togarithmic)
Figure 2.25 R(f) for a wire of circular cross section, radius r.
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8‘7' Sfc;u\ E'("FEC_)“

B o

Current distribution in the
conductor at high frequencies
(skin effect.) when wh-=0

ie.

Conductor
w
h
Ground plane
Current Distribution in
the conductor at low
frequencies.

Current distribution in the
conductor at high frequencies
(skin effect.) when w/h-sinfinity

. ——
o ]

e Figure 7.5 The skin effect.

4. Ground planes

Return current (dc)

—Q‘U ——— ——— ——
/ 4
Signal current (de and ac)
. 7 /
Signal plane i .
/ 7
é Return current (ac)

Ground plane

Figure 8.16 Paths for dc and ac ground returns on a multilayer board.
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Loss of coupled return — inductance, EMI

Return current
path for A-B
must flow
around hole

Return current
path for c-D
also flows
around hole

Figure 5.8 Crosstalk in a slotted ground plane.
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5. MOS devices and CMOS

+5¢ +5¢
ON oFfF
+5y (o2V.
+
Oy OFF 5v onN

3 L

@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009

13



Derivation of MOSFET characteristic equations
P PECEY

=W 9 s,
/! rf ey

Channel w
S inversion —_ 1 ¢ s
e / et 2 Wl s W ey i
(clectrons) region
, b - =2
A + I Oxide and ’;(*) = -t'_‘i' fvg - V(’)]
AT =C,, E%'_ Ve) = V(i’)]
Lo L Vos
- I, [dx 2 WG, fﬁ? “Vp)= v(,,)],,(v‘
p-substrate e

Ts L = W [( ) og~ Vissa ]
L Log = é -,-_V‘f C"'P‘(V; V)= Vo[ s

Figure 10.42 Geometry of a MOSFET for I, versus V,s derivation

)

STps . . —
SV T E -]
Now set (unW/2L)C_, =k — o 0 en iy = Yoy
sirer Iy car © /51'( '[_v!c;x (\S—Vr)l
e ECE410/510 Electronics Packaging Fall 2005 = “ Z.%C.x Vpsz'

CMOS dynamic characteristics (part 1)

Bir
—r

cmo ~ cMos INVERTER (cont)
e Bk enhancoment HosFeTs. ‘45 —V.., incrtotes Pom O etts 1-
gy is VTP — Vosp = . Vo= Van ) hrl \\/;,‘ < Vpy , @y oFF . I=o
__E:}p_ Vgsz = Vi = Vo e Vgs? = Vi =Vop ~ “Vop , Qp net seherwted,
Ve = DJ’IV..,- N channel Vasn = Vo Vour = Vpp — see diagrnen.
ENEa Vesn = Vin () P Viy > Vru , Qu begins e b o
Ion

Qy Swhratecd , Qp et sedevaled — .f.u-in‘aJn-m
(’a"' Viﬂ‘ Vnsu "V‘I‘N)

i v Ipn = Tap )
Ve . § -
¥ 3’“"")“‘ (\tssu' Vru)‘ - J“P [& (Vss'? —\A'P)V'M‘r - Vu:l
v - 'k? [2' (\155? "‘Vﬁ’)\ls)? = Vsm’:_]
Dsn _
Ton [ ’ Ay (Vg=Ven) = 4p 12 (VDD'VN*VT:X"V;\;:V“;)
aien’ t 4 T@ﬂ_‘ . Vo= Vosn + Vg = (VYop~=Vour
{ . N z
4" l = \ I ' "1’&:;13 ot 2. Vour = Vop * (Vgy Vo) [y ¥ _i"‘? (™ ‘(;JF
Vip Nt Yin / \ V,‘ charachkrshes as shown, . }
///’, ? /'Vm“V'm 5 Qy OFF NB. Vo >O e. :
¢ 2 2:; Vpsn Qp on Vep <0 enhanceme
Vo> Ve'nn;“w Gr Vop - =Veur TP
o5 Q.E EE, Gy ON
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CMOS dynamic characteristics (part 2)

RLY

CMoS InverTE R (cont)

i) Hiddle region , @y &Qp botl saturetesd.
Qp sedueabs Wn Vggp = Vigp —Vpyp

ie. “""‘ﬂ VFD - V‘wr' V'u— Vour =VNTP
N * Your +Vrp

Gy goes ot of sobrabien ihen Vg = Vagus Vi
e ol Vi * Your + Vi
|m "T"" (i) el bedk TL«--\‘|:J¢PJ Satmrndesd b A
4p (Vsgp+ Vip )= A Vesn =V T
o (o= Vi #Vrw) e e (Vg = Vo)

Vin = Vop +Vpp + Qn/*r)h\lm
I+ (hy/hp)™

NB, -..‘a Vin d..ﬂ‘-g-l , Vour dn-au -impi-é’.
NB. Need War drumstes~ af Vi = Vpp/2 A

35

CMOS INVERTER (. gnt)

(iv) es ouf afiu rattom
& & st et
C"‘-P‘E""‘e"'““ Nﬁm ~ (i) . Fllss; amm

Vo-cr- (\‘;N - “rn) = [(Vm = VTN )‘b—()j& )( Vn - Vnu * ﬂ)‘J

M

() Wl V> Vo -V ) Rp hrnesd OFE

Y Veur = 0
Vour

Vi L Veur= Vin —Vrp = Vin +IVerl

)
,':” E . L Vour = Vi = Vg
P “i g Frsumed é'" u‘r:
=Vrp : : v -k
1 ' -
":m . Vv
oy 1

———— A (Vn/g VA Aasume s

;mt\? e. need ' VT“.-VV"
. ,(”-:,é? - S’“=ﬂnﬂ‘/¢a.n«'( A(V.,-‘lr)" KJI(WD-V:-V-!) =Vr
\ W’P Jandn‘ﬂ. ' Vou .
€ P = -Vﬂ‘ { >'fgadmmﬁurﬂ2 Vip/2
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CMOS TRANSIENTS
A Vop
I |
| ]
I
1
1y l : : €
C T 117 T
Vvﬁ . ()
. . | i
Switching i o
| bt
current (1) A i .
| ] | i
1 INI:IPI
— '3 .DM
<D = --GA:{:,—»O ——[: = == O—eVay
%?fs&\ = U\nae
Tn=Top Teopr Lo - Tp= INI"Im‘Taq
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Switching current (2)

lomr
9.00
8.00
7.00

Vin Vout 600
—e 5.00

I(mA) S—
Vdd [ w‘"PF
o .

5 4.00

'L/‘ 1 I =C, 300 ’X

= = 0.00 ~

0.00 050 1.00 1.50 200
t(ns)

Figure 275 N-channel MOSFET current for various sizes of C.
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6. Delta-l (Al) switching noise

Vdd(system)

AV = L di/dt

V1 Ip
lo
——————
.'.
In Vo : ; CL

Vn -
Figure2.83 Driver circuit for the
calculation of the mutual effect

. between L,,, and L,z on V.
Vss(system)
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BOARD Vpp LINES

bl T — Ty —
Voo
g  ping il

CHIP
12

1
Mo : o
n VSS %
PiNg
) T~ F— —]
h BOARD Vsgg LINES
GURE 7.10

T

Power-distribution path in an integrated circuit. The IC die,

nding wire, distribution layer on the chip carrier, and the package pins and

ECE410/5
nal and power/ground planes.

wer lines on the board are shown. The electrical model of this structure is
istrated at the bottom. Here M represents the mutual inductance between the 109

Example to show typical values

: 0.00fa i ol et
: Lvee Rvce Lconl {Lbondl Vee
| 20t 000 Rehi —1
: " - e i chip;
ol sv 1220uF : 3\0?F JYLES 1-85eF intermal
R Cdpl,—j: Csimnim=i; Rst Cobe=— | prAM
o =. o [
Lvss Ryvss Lcon2 gngondZ Cchip ’f‘ﬁ"F C"IP
: i Vssn HH

power mother SIMM DRAM chips

supply board PCB x9

Fig. 15. Simplified equivalent circuit of the test setup shown in I'ig. 14.
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4/16/2009
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B/C/D. Transmission line effects

7C127

Signal Line
0
>

f{,\

Figure 1-12. Causes of Reflected, Coupled, and Switching (AI) Noises.
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Lecture topics B: Transmission lines
(Z, , velocity, lossless, lossy)
1. Transmission line theory

®  Characteristic impedance Z,

®  Attennuation, dispersion, velocity

N

Z, calculations
3. Lossless line
. Distortionless transmission

o Shape factor
4. Z, for practical geometries
Effects of loss

. Distortion

[Oa}
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1. Transmission line theory

T T Ax
IO ) 4 R *ﬂ,

—— AW o
,]V(«,f) o ad %gm Tv«w Ax

ax —>X

- — ar
\ (VJ'?T\,/(A") = Ro&xT « Lax S¢
T
e, "-"%X RT + Lg;

Assume Vixtd = Vb e 97
T, ¢) = j:@)ea“

_ V(’x) = + el ) I '
And  similar y
. )
- (T+3La) = GosV+ Chgy

i

Hhen

3\&1 _dIk) = (g +du O Vi)
These 3&& o ) .
%J' = Rege ) §+eOVe

[

© g

(E} +dw (,)((( Bla L)I(x)
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2 nd order ditferonbad Wuzﬁém has sofutim:
V= Ae™ L me

wkue A= IZR-I-oiwL)(g+d;oC)_]"'z

et t b =X et ahx
je. V('x,t) = V(x) et = A ed . +ql.u¢d
‘ —_— ‘<———
Forward Rume

wave
(dampeel ) (obmﬂed/\)
cgﬁ-u'{mr(y I(‘!) = "(ﬁyw‘L )“i %’%’({1)
N
(R +du: L)

—Ax +)\7( C
Ae (R#dw LJ'H’ @dd )

= PI e—}s-x__Be AKX
Z

M He Characterishe !M,oeo(n,r\cc s
Zn = R,fz'u)l— .
N §HeC
Nete: unifs s

]

n

Summary

TRANSMISSICN  LINE THECRY

I{x)é)—> I:—A’X ('/) L‘*——Az

V(a,f)T L Cﬂ“ % Ghx Tv P b

—_—
. )-Jt Ax ' gut A
Vit) = Ae + Be
Ferviard pave Leverse wave
SEE=AX SuE€ = Ax
T = Ae -Be
= Z,

ehere Z, = 4}5 g}:lz (units )

" Chovracterishe [ ~p edan~ce

£ A = (R+d‘uL)(g+duc)

= < + f
A‘Hév\uu\‘w. A .sﬂ &Tion

Wave »‘elccl7 v = w/ﬁ
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Iq#knma-i"w"\} dr;[JEEibn) Vﬂ&uy =
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tJrule A= & +d[5
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. -J;"AJ f.,,rf (L Y ous,wsmf\

o= e e (RG - T 1) e (RC-g)

LAt = RG - W

&:,g(i = w (RC+ éL)
Substitule Foc {b* & & (kerge)

LT - (fzc-»cgt.) (RG~574E)

() - (oél)(ﬂém LE) - u‘(/chacx.) -0
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27k
= -j' (75— WALYE L@g WHE) +w*(r<cgz_)J:
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2. Z, calculations
® Need L, C
* Also gives B, v
® Easiest geometry is coaxial line

® (radial symmetry)

(b) Leakage conductance:
G/unit length

(a) Dielectric: C/unit length

51‘\0[55’.5 FAW  EE.dS = =9

£E a‘u’r(z) = 7,(@)

?/und' fcva‘ﬂ-\ B j%fé rl-
Ve N, =- E dr = & gy 2

ATE

e o™ - T

o
() FPOR LEAKAGE CONDUCTANCE ! g/wmejk

Current o{r_v\sH—J = E
,ﬁm;l\g E, Y ﬂﬂm above F==
CMW“% g 8= - T(1&//@

= 6 E'“'——A(b/n)

= au/ﬂ”‘

Nete: for g« WwC need &< wE
or > s/E

th (c) Inductance: L/unit length

(é) FOR INDUCTANCE ! L fanik lengi,
T-§pde

—/“H _/4 211',— 9‘ f’ZaU

Mjn&htﬂdx 75 fﬂﬂr&/}uiﬁ%{)
(G- pat)
/wm‘-/zy:‘f\ '

3. Lossless lines

Ir\ /amchce j < WC m ﬂmchto./ gﬂms

elset g0 Lo

z,» By
KT At f [+(E) T
BT & LT

e.j_

e
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In f)mc,h'ce g =< wC je set @ ’J ~

Ao wsnally assume R <<l F 5”‘/"{7’
(M'f a/.uaﬁs a valid assumpbucs V)

re. set R~ o
Then :
L Real, but
ZU = /C 'U"—dfﬁzild’r;ft’
=< == o e lossless
ﬁ = w LC
a-\cl r & — ! N
Y TaE T e
Coaxial fine ) s
= 2Te/ 4 (%)
2y
B —— = ,L .Ze("a)
2b ,cf[é i

—‘;‘/76:’: x ,§/mfe14lcbr
,:-,4 //';_Tf R 5.‘/5@;&!@.-

=377 (FTE))




TABLE 5.2 CONDUCTANCE, CAPACITANCE, AND INDUCTANCE PER UNIT LENGTH FOR
SOME STRUCTURES CONSISTING OF INFINITELY LONG CONDUCTORS HAVING THE
CROSS SECTIOMS SHOWRN IN FIG. 5.12

Capacitance Conductance Inductance
Description per unit length, 6 per unit length, ‘G per unit length, £
w E E

Parallel-plane o o p n
conductors,

o s e
oaxia —

2
cylindrical In (b/a) In (b/a) -
conductors,

PaF;ﬁ.ls.lﬂb) wE o Bt d
ralle] —_— — -
cylindrical wires, cosh™" (d/fa) cosh™ {d/a) T
Fig. ?.1_2{0) e I - al+bi—d?

Eccentric inner bt b’ o COshT =
conductor, cosh~! [ —— cosh~!

Fig. 5.12(d) 2abr 2ab
i TE T B dib? — d?/4)

Shldﬂ?eﬂ Fara]le_i d(b: — dij4) dib? — di/4) = " alb? + d/4)

cylindrical wires, n— n—
Fig. 5.12(¢) alb® + d*f4) alb? + dif4)
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4. Practical Z
[:‘D‘_ Zo :[37‘,?/@1)( S‘-[__) a (2) Twisting a two-wirc transmission line 10 form a twisted-pair in-

creases the average relative permittivity ¢,.. For hard insulation with
}—i

relative permittivity e,,

_I € =~ 1 + (0.25 + 0.00040%(e, - 1),
. (,) s and for soft insulation (Teflon, polyvinyl chloride)
Figure E-2 Cross section of two-wire & '—l & =1+ 025+ O'WIO,)(E’ -

transmiission line J*
e © = arctan (nwSn) degrees,

and n is the number of twists per meter.
The shape factor of the transmission line, of, depends only on the (3) A wire near a ground plane (Figure E-3) has shape factor
4 N .

shapes, sizes, and posilions of the e . 25 45 n
line (Figure E-2) has shape [actor f= o In [3 + (F + 1) ]
ge l " [E . (g _ l)ln] (4)/\ laminar bus (Figure E-4) has shape factor
w D \D? :

1 45 w N
. ! ,~—|..(~+—) forWss, T<<W,
when both wires have diameter D, When the wires have diameters D1 % WS 2

and D2, the shape factor becomes

of ~ 2 3 forw>g.7'<< w.
2w 0.225 s
f= i Inlx + (2 - )" I (' ’zw)
1f an insul p the dy (Figure E-1(c)),
where . .
&+ & -
€, =~ + —
L _4'-Dpi-py 2 (4 . zoi)m
2D1D2 W
@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009
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(5-)Micros!rip (Figure E-5) has shape factor (’7} Triplate stripline (Figure E-7) has shape factor

sf~—l—ln §+XV- for WS, T<<W,
2w

= il; In (g)

( g} Coplanar lines (Figure E-6) have shape factor (?}Shieldcd twisted-pair (Figure E-9) has shape factor

172 1 25 B* - §*
2w Jf'='_]"(_ 2)~
ol AT + 1 n D B+ §
1 (5 ) ~
5f=—=In 2 for W < 24145, T <«
2w
Zh1) -1
(5 )
o~ for W > 24145, T << W.
4in|2 g-'v|-/+l
" s

If the lines are supported by an insulator on one side,

4/16/2009
1 < €, < ﬂ'

w 45 . exp (%) + 1
s o=in |2 — for W= 1.1175, T << §,

of = ! . e W>5.T exp(’—;:—/)—l

w 0.445 S

< +t242 - — + - = :

N w ! 1

) sf:———zw for W > 11178, T << §.
If an insulator separates the conductors (Figure E-1(c)), 1.765 + 5
e = €, ;- 1 + € — 1 - (5’) Coaxial cable (Figure E-8) has shape factor
(4 +03)

1

. - [

e

I——-M—J
.1
—

@
| [ - s
d L———W—*l l Figure E-7  Cross section of triplate
Figure E-3 Cross tection of wire near a

stripline

,1

r
|
i
—

Figure B4  Cross scction of « Iaminar bus
groundplane

1

- Figure E-8 Cruss scction of coaxial cable

Figure E-9  Cross section of shiclded
twisted-pair
1
s

Flgure E-5  Cross section of microsieip WWWVJZ
L T

——— a

t Ly -{

Figure E-§ Cross sectlon of coplanar linct

4/16/2009
\
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— e 5. Lossy lines

v v,
n
1 - N
o Rt btz S oy, LOSSY TRANSMISSION LINES 247
T -Rnt L/2Z
e e &
o el -’: __________ X, n X Xy Xy
v
0 emt /v i
FIGURE 6.10 Waveforms in a lossy transmission line s r

The response of this line to a unit step input at a distance z from the beginning

of the line is [6.1]: |/
(2 7Y

2, R t —Rt/2L
Viz) = {e RefiZo 4 2L [ < Lz ﬂ—:\/ﬁ] au}

-/:=z\ff_f Vi —zJic 2L

0 1!{3 /_F__———
xu(t— z/EC).

[—— .
P bt
v

URE 6.11  Waveform propagating along 2 lossy transmission line. Thel
it to the transmission line is a unit voltage step, and the response is captured)
uccessive points along the line. The size of the step is attenuated as the
ECE410/510 Electronics Packaging Fall 2005 -=form travels down the line, and at a point far encugh from the source, the
onse is like that of a distributed RC line.

Lecture topics C: Transmission lines
Transmission line reflections

1. Reflection coefficients

2. Basic cases:
® Matched and open circuit

3. Generalized mismatches

® Source and load
4. Bounce chart/lattice diagram

5. Reflections from discontinuities

@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009




I
H
iul
H
+

Incidegt 4, A ‘ T Tems mgthed :
wad M W N> RE 1. Reflection
i 'TZL ' =

. F Coefficient

At z{ikce-'nﬁ'nufy Z, =z,

amel  He reia.k'e«‘&k[pf tf e jmecdeny waveé VL:ILZ
Cannet be pmaim¥nined jn 4(6 havsaithed ;oave V
witoud changes in v,

Sehatrin rege es
/‘Ef{@(%%{ LeaceE |/ ‘=J_r__ i

=z,

R
.
- I.-I. =1, = -

2,4,
dave_s 73 5 SV, = 7/‘ V; M soncce (_’,na(:'/s 0w i = E%V‘
£ T - - (%@dﬂff/e’rfwn Getbueqt . ) V,,..IF . | % . B . |

. = Zo__ 2y =\
((’um:rtf-) ﬂe/!ecm acgc,mt W%’}j r‘g‘"ﬁ' L= zo X _Z{T?gz"_llj ,;;v‘
V&Hu e Transmusion coeflicev Ve /Yy = l+1‘ \4 i gmf%?ah.;\} o Z, NM?,‘M&JZ‘{M

A Jaje pefffdzm o load fl Zﬂé —> 0k 2

Zn.
R, At load endl: ;”"“é"ﬂ‘ 2V
. " - 50..1,‘(1’7" /?S ——>C'|4rﬁ5-Zo '%ﬂ -PZ -z

2. 3 significant cases: REE =
Ly= (Ri-Zo)/ (Ri+Zy)

e Load R; =Z, (above) 'y, =0 e emmes etz T
® Open circuit load: N -
e Rg=27, I'\;,=1) ‘{r_—‘—;
“
o Ry=0 ([y=-1) } [
e Short Cil:ﬁllit load R, = 0,1, = _1\«; FIGURE a 17 Te:r:unatlon at the receiving end: ;es =0, R =2
Ve
S& T I

7] t
FIGURE 6.18  Termination at the source end: Rs = Zy, Ry =

FIGURE 6.16  No termination: Rs =0, R, = co
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(,» WHEN TO USE TRANSMISSION LINE ANALYSIS 243

102

V“I %
Rg =

V_‘{J—

1‘2\ ﬂ; >Z,
Looks ke RC vame

w%-q" ex o-J-n"p

Ul

Vi
L
v
«
v
)

Z, .
s ‘Z?w,,.z oscillode

(Rs=0, wndapect)

FIGURE 6.8 Waveforms for various Rs and Zy combinations in the circuit in

Fig. 6.7. As can be seen by the /;,, /v markers, the time axes of the plots are not 4/16/2009
Jrawn at the same scale for clarity, The top plot R, = 10Z5 has the longest delay.

3. Mismatched

load &/Or ® 1 voltpulse, Z,= 780

source e Consider R, =782 cases

first, then vary R, for

* )R{=7,
* (b) Ry<<Z,
® (c) Re>>7Z,

ALJ/resismnce as receiver 10ad resisiance 1s vaned.

Driver resistance = 78
Line length = 640 mm.

!
T A 800 mV
»lo | L I

\

- Matched
‘20780 ! \ " driver and load
===\
!
wa L] (-
f——-
\
!
Za ! A
oo/
0 10 20 0 40 0 6 70
‘Time, ns.

FIGURE 3-10
Sarme as Figure 3-9, but driver resistance is 78 Q. =2,

RE
i LJ esistance

Az, T
3200

Q
Line lengih = 640 mun.

R 2000<<Z, =76 a

-
- i (02 To matched load
K= Zo g | [soomy o
Jm=mae
{ \
00 L

N
=/, /
R 00 L/—'—A\—\H

—

O 1 2 3 @ s s 70

Time, ns
FIGURE 39
Multple reflections on a transmission line, Signal at driver and receiver, driver esis
20 Q. Ry is varied from low to high values. Characteristic impedance Zy of fine is 7
‘wavefom is 2 20-ns wide trapezoidal pulse with 1 ns risc and fall times and 1 V px
into an open circuil.

Signal atdriver ===, seceiver ——,
Receivec load
resistance

Line length = 640 mm.

Q7o fji(\ﬂ 4> Ze
= .
! o

S ——
¢ 1 2w % 4 0 6 7

Time,fs

FIGURE 3-11
Same as Figure 3.9, but driver resistance is 320 0.
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4. Bounce chart (lattice diagram)

Drivers
"‘Dﬁmn > 5042, Te
T

S ————
TJT ool o o

140\, ) 0059757
= 07751
P 7EIA3 +0.0775 1

+ime

-:--q'eeded

Figure 6.13 Lattice diagram of a
‘LOW-10-HIGH transition.

999.390m 3 —

H P e
950.0n = e

300,00
95000
53000
760.0m

|
|
f
. — i lo7evagy

|
|
J
4 |

400,08 . 3 E R

[
s0.0m F A3 ek el

L
LR 108 (e
(8 Tive tLiN) 20.0n

Figare 614 Voltage wavelorms at source (dotted fine) and receiver (solid linch, L-to-H
wansition, R, > Z. See Fig. 6.1,

4//,,,}.-%/ neased  flyg Y,

Calculate reflection coefficients

® Distance / time diagram
® Transfer data to waveform plots
[ ]

Example: Open circuit line

“Bomvce‘” ewarT / LATTICE DIAGRAM

(17 0% =\ ff;l-"l. 1 k=580~ Zvo =50 :"?‘—"’O
el Neeble ., T\ _ §0-50 3 ‘oo 5o =
ye ™

0750 13 wrssese T
=0R3077

V= S-v = 0.354620

- e
1T Eo+g0 3

=Ty ¢ load Vo= o3vpav V=T,

= 0-354e2y
& tou‘vs&‘ya Vo= VerVr = 0. 76 94en

famy v Aflckd ave = Tl « O38H2

= O @385y

(P3Tai, 1 0059757

\/,= 035462y + psm:z, 4.‘0 OW?SZVM
AN <R

=0 ‘{577

=3¢ load ﬂz/ﬁdrdwvwe = To 2 QSFETS

= 0.0v8757y
L Ng = 076984 + 089757 + 0088752
Py 1+, W = 017751
vetue I(V\Lidv‘;gf&dté—u\rﬂ‘ wofl bus
= 0T .

t= 4 Pover Aeflectd veve = Ty > 0.08%757

0.02048y
V= 0 ¥s 7990 + (o U 757 + 00RO
=0.96723v

5. Discontinuities

Load Point 1 Load Point 2 Load Point 3

Zout
) Zo ot Zos Tn2 ) Zor Toa
c; Rr
C1 Ca 3 %U e
THJ L scm scm scm3

Figure 3-9, Discrete or Distributed Net C i Note reflections [ror
discontinuities.

DISCONTINUITY STEP INPUT FINITE RISE TIME
Y
Rgzo L Y 2zo, M
‘+e L
v V) v [ . v
o * z 7 : :
-
t 3
v, v
A A
Rs=2, l—e_%c
L] [ v
T
—_
«%. t ©

FIGURE 6.6  Inductive and capacitive discontinuities. The transmission line
is driven by a signal generator with Rs = Zo, and the reflected waveforms are
observed at the source end. The line is either infinitely long or is terminated
with Ry = Z; at the far end. Two types of reflected waveforms are plotted

for each discontinuity: one assuming a step input (left) and another assuming a
finite-rise-time input (right).

|
4 (b) d .
A planar tenc - top view; (b) Equivalent circuit

4/16/2009
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Mainline Q
PO

R P

[4 Stub

s
(a)

Figure 6.3 A short stub (a) reflects as a capacitor (b).

recelver chips

¥ o drve -
%u%rle fofals

0*')9“15 O
fﬁ{’iedw-\ ﬂ(’

Figure 6.4 DV,, RV, are
metallizations on thc boa.rd surface.
PQ, XY are board internal traces.

Vi V|, V,V; are through vias. The path
DV, PQOXY is the mainline, while
RV,Q, PV] and XV are stubs.

bmv\dn cd'maﬂ'o&ta

¥ pad

™ drill hole -}

anti-pad

VDD plane

)

L1 L2

A
L

=12 =0352nH
C1=0.354 pF

©

Fig. 10. A via hole (a) top view (b) cross-sectional view (c) equivalent circuit model

< 7 »
, X w
iT - 1 Physical
/' . ' Lines
Probe t: Defective S
Position, 1, | Arca voho
M-_l—w N——)" Simulati
. y i wra Simulation
: i BERREE “\odel
X C 1 I
1 ] 1
—» —» I “"Z L
' Zipy Zim T n far end

near-end

Figure 7. Simulation
with Near-Short Defect.

Model for an Interconnect

Figure 343 Blind vias

@
oy Physical
i | Line @
L 4 L
®) b A Iﬁm&lllation (b)
robe \ A ode.
go.rilian Ly TPz, '

near-cnd

Figure 6. Simulation Model for an Interconnect with

Near-Open Defect.

far-end
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T BT TEC T

Waseform Tiansmission line cffect  Description/environment  Sectior
M Propagation delay T, Line it distributed if 9.1.4
Risetime degradation Wy=T,
ummary s
4] Ohmic drop Steady-state attenuation 52
(frequency-independent)
o
(6] Skin effect Slow dribble.up at 104
(frequency dependent)  transition
) Reflection from lumped  Glitch accompanies 6.2.2
loads: every transition
{a) capacitor
(b) inductor
5y Undershoot on Porallel-terminated line: 6.4
(a) short line (at receiver): R, < Z,
®) long fine .
Series-terminated line
(at source). Ry > Z,
® Overshoot on Parallel-terminated line 64
() short line {at receiven): R, > Z,
&) fong line Series-terminated line
(at source): R, > Z,
(U] Spurious noises: Non-deterministic Chap.
« crossialk association with every 7.8
* switching transition
« oscillations 3
@ ECE410/510 Elect 3 ol 3/2009

Lecture topics D: Transmission lines
Crosstalk

1. Inductive and capacitive coupling

2. Forward and backward noise
3. Far end and near end noise
4. Incremental model and formulae
5. Crosstalk examples
6. Capacitive crosstalk systems
7. No ground plane
@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009
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1. Inductive and capacitive coupling
Incremental line model

Crosstalk polarities

Lei Lei Ao
1i{2) Ifz+a2)
BRI 141G B— Viz+ 42) ’D_UI;
L Ly Ly \
\'-.n = Cm \Lm =Cn Ly TCn
Ly } L } L /
-1 Vi(2) _._D o0 Volz + A2) Toe
hiz) hiz+az2)
T Te Te

A Zo ®
cm + ‘)L'" FE %Zo
7 |
T2 e B LY [ Zo
° L
i T )
"“I |V|. VLI I"'"

4/16/2009

2. Forward & backward noise

+

signs show strength

of incident wave

Regions of coupling

1} A
T I I/
Line 1 T T ‘,
NN
Line -
‘J“ — =
1
It
induced veoltag:
dp= Clyige
e
o
~
Forward
_ coupledw

Backward
coupled w

3. Near end
& far end
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4. Theory: line segment
() Capacihie __‘/_)T:‘ $vs—s

——LIC = CaAx’ —\%
T L2

St B I B g g S

Censider fine element S ef/e«ydx Ax _— $ - = C';ZE-'\%'A’(
Lokx/e )/ 1o Ax/2 b Lk —
- - Ty S : —_—
MxT — A
Lol Lea)es
— = — T ——t— VT — —

Lo Bx/2 Le 2&&(/2
(B Indbucshy e"m"‘I""m‘—

Mg = V.¢

ol N

ULz 1> venz -0

Far 74/‘1\‘4,‘;’( wu/ﬂfrm“ fUAvEe. | tz _—
ol 7 -

Far end overview 177 t4ii334t
A
o I o P i .
[—H{_ —L L Aulse Fllouss
e, ]ﬂ Sgn‘f “b"—

)

amol maves
M A end(F 2 [ :
L e
>+
Z, }7 ’
= |F£ I\»ﬂ
%s% <4 L
Ve = (S - 52 ) % Sar L
= szn = .V_~
Yot tm ) o L

—Q f czZ=L./z

[N

-

Le % _Le -
o B

This s % if meddiwm 5 ‘}@mdozncmq v

@ Rpprex wrvie Yor mest  MCA “stripline >
Stuckures | ofe. = fity, Abecpencoes

7 ,/G‘r /:(oumfu-\ v —
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Backward wave model  Beapdie "0
Av (,__,,L... )V;A

Fgf reve e Cc.aﬁ/eo/ ave.

Censuler e near end (NE) as pubic storfs:—

‘Z §u|e /lne
------ vs (—Vl “Vi V3 =Vu <V5 =V % T\/NE =, - P
T T T T 1T -
: Ax Ax bx A« Ax A
By " . .
. Amtne'ﬁ 45 W t u
o .’%ﬂ%.:ﬁr R ‘—b—*
MTEZJ:', o a'l‘_At ]
e - 1
: Vi g 4—’#:;’ - - ﬁ’ﬁ”?‘t—l_
@ €z0 At 26t 36F pot St WA 411612009

Near end pulse shape

Vie] _ Sabwrwhin af
) L .' ) =21G% L
| ’/;\r:‘"s“If Z(Q_A)%‘AK
T e - - —V—'- A,V'—A,,-IC.ZL VT
TR e
N NI ' QZL
© | 2 3.4 5 & F 8 fcéf .._ )V,T
' ﬂfdt /m’ffeaa/env‘o/
| Rbo independentef & G ZovF e €T T
L Lz e ST MY
V
*
Ve (c_,zc,,gﬂ)vﬂr
=)
Eeamy>T,
T+ 1 + =t
o Tz 21,
"F»
]n'ver ene-u..r.
nd of Line
. e
i i Candse from
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Near End Saturation

foc divver pedse . /T -

.47‘:;«:«’:“1 , / o o

- ';"-4/'”' @ R b == 1f sodurrates
Vet ﬂ -

»

oo - . V"ET . o2 . SMAHE)MW%—\

N

\\

Fe o o ) -

Limohag case for neor end sedantaon
ezl Lz )it /2y

AN

>t
o

1'&=an ie. 2% =Ti y A= /gop—fﬂ

lfne,eol Yo redmee VNE)Mu y neesl Yo incremse Tg Lhr
@ ECE410/510 Electroni decrease £

(ie. decrecse L£/T7) so cannaf sodemie.

5. Pulse crosstalk noise examples
Drive pulse: 0.5 volt, t_,,,=20ns, t . =t;;=Ins

I;_g)l_gﬂ_«.uuplcd noise signal at point 1 Line
as line length is varied. All

termination resistances matched to
prevent reflections.

o “ T sosmv [
PP . S
A —s

Line

Backward coupled noise at point x
el
length

length as line lengil is varied. All ‘
l NO+‘ termination resistances matched 10 ' Nn{{
prevent reflections.

1280 mm IRl

! \ [

omn T\ np—rp
v

320 320 mm ﬂ q —

™ ) U
160 mm N 160 mm ﬂ

v I
80 mm 80 mm A l(
40 mm 40mm A v
20 mm 20mm n
0 W D 30 4 s 6 70 0 1 2 30 40 s 6 70
Time, ns Time, ns
ta) (&)
Forward noise: matched Backward: matched
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Not matched

Forward( Far end) Backward (Near end)

| - - ¢ 7 Coupled noise signal at input x Line Coupled noise signal at input x
f“‘;h /:aj (= ¢ of adjacent receiver as line length | tength N eor e I’\f/( of adjacent receiver as line length
en

is varied. RT =200Q .

0 mm
I 100 mv 2 280 mv
1280 mm -D—-—D

is varied. RT =200,

20mm + " 6 10 2 3 4 0 s 7
Time, ns
r . . . . ; N
0 0 20 3 40 0 6 70 &
FIGURE 3-15 edd
Time, s MYL Mﬂ-’tOKé 17 (continued) NO * me ‘/OA
(@

6. Ground coupled crosstalk

Crosstalk =

1+(D/H)*

Crosstalk at
Cross section second lrace is
of signal traces proportional to

1
2
D
)
I I

Ground

Figure 5.4  Cross section of two traces s

Calculated for Zo=5082, 3-4% X-talk

Dielectric
IR Copper

@ ECE410/510 Electronics Packagir

Figure 8.4 iIncreased circuit density through reduced dielectric
constant.
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(. Mutual capacitances

-Cn

—
|
Ca |_/ 3
é:.(,—[ le \Jﬁc /
\ N

FIGURE 4-3
Cross section of three coupled lines in a |

Even/odd modes

Q\LE//\M N [

77774 7 777A

(7m0 FA

SIS ST ST /////////
C "o - Cm e 4/16/2009

Lecture topics E:
Electromagnetic Modeling

y

Microstrip

Transmission line

Figure 23.8 Sketch of a microstrip line. The electric field lines
are sketched in solid line, and the magnetic field lines in
@ dashed line.
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3. Electromagnetic Modeling (rang)

/

Finite element mesh

medipm”1 /
[CITS TTE IR
N Ey i /
e / Ex_ /
& 3 E
dietectic] intertuce : N
Hx Hx Hx maetal thip z
- - X
medium 2 E E
Py ug)‘ Y Y Ey
Y
-
@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009

a. Current pulse excitation of line

Z
/’\—» conductor strip
/
/ |

— curent source J

ground plone

N

fa source plane

@ Electric field istribution on line
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b. Chamfered right angle bend

Pulse after reflection from corner

/ Transmission wave

TR

<S

L2 s
S R
S TR
N
AN

<7
RS

R

S
1 S

—

:\
=

R

=
TR
'\Q&\%&‘““

'.’;/,/f/’
.,.:tttt‘:\:“““\\‘\‘\\\\‘\‘\’\y;’iil \\\\\‘
i \\\.\\ TN '“%“‘
7=l
K

TR N =
SRSARTINNS \\\\ 3
AL R
ST A 7 o2
R —;—a--:-"-'.'.".' (3

c. Orthogonal line crosstalk

Transmission Wave

Coupling Wave

Reflection Wave

ECE410/510 Electronics Packaging Fall 2005

4/16/2009
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Lecture topics F:
Electromagnetic Compatibility

1. Antennas
2. Emissions

3. Susceptibility

e ECE410/510 Electronics Packaging Fall 2005 4/16/2009

1. EMI/EMC Models: Loop/Dipole Antennas

Radiation

signal trace

Clock §

driver Loop current

ground trace ground trace

VI"I

w ECE410/510 Electronics Packaging Fall 2005 4/16/2009

: receiver noisﬂ | /\/
cable
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e ctrostridgneticeatipatibility/interferettce

2. EMI/EMC Models: Emissions

* At “far field” distance r (ZA=c/f) from the line of length L and area A = L.d, the radiated
electric field strength is

* E=E,+Egy
o where E}, due to the differential current I, is
® E,=131.6x10"2Al, /r V/m
¢ and E; due to the common mode current I is (for L<A)
® Ey=4nx107f LI /r V/m

¢ wherel, = (I, +1,)/2 and I, = (I, - I,)/2. Common mode currents are ideally zero, but
small values can lead to CM dominance over differential. For the differential current, the
maximum value can be taken to be the supply current, but the user must specify a non-ideal
common mode estimate. For digital systems, use f= 27/t For other geometries, other

expressions for A are valid.

® There are many different standards for EM radiation limits, but for guidance the EU limit is
E<1001V/m at r = 10m (class A) or 3m (class B).

e ECE410/510 Electronics Packaging Fall 2005 4/16/2009




EMI/EMC Models: Susceptibility

jwuLeH,

O
Vg R, @ JWCLE, §RL Vi

ndels

e ECE410/510 Electronics Packaging Fall 2005 4/16/2009

3. Susceptibility

® For the line shown, with capacitance C per unit length,
e.g.
* C=megg,/In(d/r,)
® for parallel wires, the induced voltages are
* Vi =-jo [RiRg/ (R + RO [L] [C - (Ky/Mg)/R,]
* V. = -jo [RiRs/ (R + RY] [LA] [C + (1y/My)/Ry]
® where E=E =1 H,,and n,= 1201 = 377Q.
® As an example of an EU standard, the device must
function in a field of E = 3V/m.

@ ECE410/510 Electronics Packaging Fall 2005 4/16/2009
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