ECE902 VLS Interconnect

S-Domain Analysis

s-Domain Circuit Analysis

Timedomain
(t domain)

Linear
Circuit

Differentia
eguation

Classical
techniques

Response
waveform

Complex frequency
domain idomain)

Laplace Transform
» Transformed

L Circuit

Laplace Transform Algebraic

L equation

Algebraic
techniques

'

Inverse Transform Response

A

L1 transform

Prepared by Lel He




ECE902 VLS Interconnect

t domain

Kirchhoff’s current law (KCL)

1 (1) +15(1) - 15(t) +1,(1) =0

Kirchhoff’ s voltage law (KVL)

- vy (t) +V, (1) +v,(t) =0

Kirchhoff’'sLawsin s-Domain

sdomain
i (t)
L ;}—» 1)
i, ()
1(S)+1,(5)- 15(s) +1,(5)=0
+V,(t) - +v,(t)-
v,(t

v (t) Vs (t)

- Vi(8) +V,(8) +V5(s) =0

Signal Sourcesin sDomain
t domain sdomain
_i®, ()
Voltage Source: * + Voltage Source:
V) =ve(t) v vsa)» V9 OV6 V() =V(9)
I(t) =depends _ | (s) = depends
on circuit on circuit
JO IO
Current Source: - = Current Source:
i(t) =ig(t) v(t) is (t) » V(s) 1s(9) 1(8) =Vs(8)
v(t) =depends -+ + V (s) = depends
on circuit on circuit
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ECE902 VLS Interconnect

Timeand s-Domain Element Moddls
Impedance and Voltage Sourcefor Initial Conditions

Time Domain in(®), In(S), s-Domain
Resistor: " VoS . Resistor:
V, S
Ve®=Rip®) » Va(9) =Rio(s)
(1), 1.(s),
Inductor: Inductor:
CEIETU N » V(9 =Ll (9)-
"o Li, (0) Li, (0)
Capaci tor S0, ! (S) Capacitor

® =2 G et :t ::C» V:(S) Vj/tzos; V(9= 1e(®)+
+vC(0) _ _ é? vc(0)
S

| mpedance and Voltage Sourcefor Initial
Conditions

* Impedance Z(s)

voltage transform

Z(s) =
current transform

with al initial conditions set to zero
 Impedance of the three passive el ements

_Ve(9) _

Z.(s)==ld

AN
zL(s)_\I/—ES))—Ls wthi, (0)=0
_Ve(s)_ 1 _
Zc(s)—lcw—E wthv.(0)=0
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ECE902 VLS Interconnect

Time and s-Domain Element Models
Admittance and Current Sourcefor Initial Conditions

Time Domain in(®), In(S), s-Domain
Resistolr: " VoS . Resistor
. Vi S
/0= 2,0 » (9= 1V,
(1),
Inductor: I nductorl:
. 1
== I =YV,
i (t) LQVL(t)dt v () » Vi L(9) s L(s)+
+i,(0) Ls[ i (0) i,(0)
t [ S
Capacitor: ( ) o—f(_s)’ Capacitor:

d PO +
i.(t)=C V(;t(t) V() ==c » V(9 :% I.(s) =CsV,.(9)-

_ _ ¥y Jov@ %O

o———~ o—0I

Admittance and Current Source for Initial
Conditions
o Admittance Y (S)

Y(s) = current transform 1
voltage transform  Z(S)

with all initial conditions set to zero

» Admittance of the three passive elements
Ye(9=1n -2

Vo(s) R

_lg_1 N =
YL(s)—V(S)—E wthi, (0)=0
L =52 =Cs  wihv(0)=0

Ve(s)
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ECE902 VLSI Interconnect

Example Solve for Current Waveform 1(t)

%} +vR(s) ?
5 > e
@ I(s) Li (O)

By KVL: - YA 4V, (5) +V,(s) =0
S

Vau(t)

Resistor: V;(s) = RI(s) Inductor: V, (s) = Lsl (s)- Li (0)
i \%+RI (9)+Lsl(9)- Li, (0) =0
(9= Yall , 1O
g(s+R/L) s+R/L
_ VA/R /R i, (0)
s s+ R/L s+R/L
R
Inverse Transform: i(t)—?\/ls V$e L +i (O)et Lp(t)
forced response  natural response

-

Series Equivalence and Voltage Division

1)
+V,(s)- V() = Z,(9)1,(9) = Z,(9)1 (S)

V5(8) = Z,(8)1,(8) = Z,(s) 1 (9)

V, () ll »(9)
- KVL: V(S) =V,(s) +V,(S)

l =(Z(9) +Z, ()1 (9)
mm) Z6(S) =Z,(5)+Z,(9)

I (s)
Vi) =2 vy
Zo(9
IERREVACEEZL O
EQ()
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ECE902 VLSI Interconnect

*lll(skllz(s) IZ(S) :YZ(S)V(S)
V(s)
0 KCL: 1(8)=1,()+1,(5)

Parallel Equivalence and Current Division

1(s) 1,(s) =Y (s)V(s)

= (Yi(s) +Y,(9)V(9)
== Yo(S) =Yi(S) +Y,(S)

Y, (s)
Yeo(9)
Y,(s)

1,(9) :ml(s)

[(s)

1,(s) =

Example:
Equivalence | mpedance and Admittance

®

L —_—
,  Inductor current =0 } aAt=0
T i +  capacitor voltage =0
% R TC v,(t) Find equivalent impedance at A and B
¢ o

vy (t)
Solve for v,(t)
Y_ . (s)= 1 :1+C3: RCs+1
1 e (S) Za® R =
R
Z.(s)=Ls+Z_..(s) =Ls+
®L3—| EQ( ) EQl( ) RCS+1
ik T i o _RLCS’+Ls+R
RCs+1
TR T |, g Za0
5 Va9 =222
Zeg EQ .
=— V(s
RCLS +Ls+R ()
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ECE902 VLS Interconnect

General Techniquesfor s-Domain Circuit
Analysis

* Node Voltage Analysis (in s-domain)
— Use Kirchhoff’s Current Law (KCL)
— Get eguations of node voltages
— Use current sources for initial conditions
— Voltage source—— current source

* Mesh Current Analysis (in s-domain)
— UseKirchhoff’s Voltage Law (KVL)
— Get equations of currentsin the mesh
— Use voltage sources for initial conditions
— Current source— voltage source
(Worksonly for “Planar” circuits)

Formulating Node-Voltage Equations

Step 0: Transform the circuit into the s domain using current
sources to represent capacitor and inductor initial conditions

Step 1. Select areference node. Identify a node voltage at each
of the non-reference nodes and a current with every element
in the circuit

Step 2: Write KCL connection constraints in terms of the
element currents at the non-reference nodes

Step 3: Use the element admittances and the fundamental
property of node voltages to express the element currentsin
terms of the node voltages

Step 4: Substitute the device constraints from Step 3 into the
KCL connection constraints from Step 2 and arrange the
resulting equations in a standard form
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ECE902 VLS Interconnect

Example: Formulating Node-Voltage Equations

L Step 0: Transform the circuit into the s domain using

current sources to represent capacitor and
inductor initial conditions

) R
Is(t) Step 1: Identify N-1=2 node voltages and a current
with each element

Step 2: Apply KCL at nodes A and B:

NodeA: 14(s)- iLio)— 1,(s)- 1,(s)=0

t domain

NodeB: Cvc(0)+%+ll(s)- I,()=0

Vi(9) Ve () Ste\pi o?l’t al;gress element equations in terms of node

FERACIACRAC S ACRAC)
CVe(0) 1,(S) =Yg (SVA(S) =GV, (s) whereG =1/R
: 159 =Y (Ve (9 = C% (9

Reference — sdomain
node

Formulating Node-Voltage Equations (Cont’d)
Step 2: Apply KCL at nO(_jesA and B:
NodeA : 1(s)- @- 1,(5)- 1,(5)=0

NodeB: (,\/C(O)+iL(SO) +1,(9)- 1,(5)=0

Step 3: Express el ement equations in terms of node voltages
RERACIACRAC) S ACRAC)
1,(S) =Yg (SVA(S) =GV, (S) whereG =1/R
15(S) = Yo ()i (S) = Cs\Vs(9)

Step 4: Substitute egns. in Step 3 into egns. in Step 2 and collect
common termsto yield node-voltage egns.

. 14 _&l g _ Q)
NodeA : §%+E§/A(s) gLsg\/B(s) (9

) 1 g &l Q _ i (0)
NodeB: - &84/ (9+&+cs{.(s)=cv.(0)+ L2
odes: - B, 9+E s sl 9= 00 (0 +14
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ECE902 VLS Interconnect

Solving s-Domain Circuit Equations
G+1/Ls -1/Ls
-1/Ls Cs+1/Ls
=(G+Y/Ls)(Cs +Y/Ls) - (Y/Ls)*
_GLCs” +Cs+G

Ls
Depends on circuit element parameters. L, C, G=1/R,
not on driving force and initial conditions

e Circuit Determinant: D(s) :‘

e Solvefor node A using Cramer’srule;
ls(9)+i (0)/s -YLs
Da(9) _iL(0)/s+Cvc(0) Cs+YLs
D(s) D(s)
_ (LCs*+1)14(9) s LCsi, (0) +Cv,(0)
GLCs*+Cs+G  GLCs®+Cs+G
N AN J

Va(s) =

V- Vv
Zero State Zero input
when initial condition  when input sources
sources are turned off are turned off

Solving s-Domain Circuit Egns. (Cont’d)

« Solvefor node B using Cramer’ srule:
G+¥Ls 14(s)-i (0/s
De(9) _| - YLs i (0)/s+Cv,(0)
D(s) D(s)
_ 15(s) N GLi, (0)+ (GLs +1)Cv.(0)
GLCs? +Cs+G GLCs? +Cs+G
N U

Ve (s) =

)

Y, ~
Zero State Zero input
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Network function=

Network Functions
Zero- stateResponseTransform

current at agiven pair of terminalscalled
9=YE_ 1
1(s) Y(s)

different portsin the circuit
T, (s) = Voltage Transfer Function

11(s)

T, (s) = Transfer Admittance= \2(5)
Vi(s)

T,(8) = Transfer| mpedance:VZ_(S)
11(s)

» Transfer function relates an input and response at

Input Output
:VZ(S) v, or I, v, orl,

Vi(s)

T, (s) = Current Transfer Function = 1.(9 w d
In Out-
I,

Input Signal Transform
» Driving-point function relates the voltage and

aport

3 N

In Out

’ +
© ACKE
1,(5)

G

Calculating Network Functions

Driving-point impedance
Zeo(S) = Z)(s) + Z,(9)

Voltagetransfer function:

_€ Z,(9 U
G Sz
Vo(S) __ Zy(9)
Vi(s)  Zy(9)+Z,(s)
Driving-point admittance
Yeo(S) =Y,(8) + Y, ()

T (s)=

Voltagetransfer function:
€ Yy(s) U

1,(s) = &2 o

o) él(S)"'Yz(SHl(S)

T(9=l0 - %0
UL Y9 +Y(9)
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| mpulse Response and Step Response

* Input-output relationship in s-domain Input Output
Y(s) =T(s) X(s) X(s) Y(s)
* Wheninput signal isanimpulse x(t) =d(t)

Y(s)=T(s) 1=T(s)
— Impulseresponse equal s network function
— H(s) = impulse response transform
— h(t) = impulse response waveform
* Wheninput signal isastep x(t) =u(t)
— G(s) = step response transform
— g(t) = step response waveform
G(s) = @ = &
S S

t dg(t) (=) means equal almost everywhere,
g(s) = Qh(t )dt,  h(t)(=) 9W) " excludes those points at which g(t)

dt  hasadiscontinuity
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