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Motivation: Simulation of modern VLSI systems

@ Parasitic electromagnetic effects become

o Higher data rates .
& more and more important

@ Lower voltages . . . .
g @ Need to be included in the simulation

@ Higher level of integration L.
short circuit — RLC network

Source: amd.com
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Motivation: Simulation

o Higher data rates
@ Lower voltages

@ Higher level of integration

of modern VLSI systems

@ Parasitic electromagnetic effects become
more and more important

@ Need to be included in the simulation

short circuit — RLC network

Models of interconnect parasitics

] Netlist

| Number of nodes | Number of ports |

PLL RC parasitics! 381k 4k
Receiver RC parasitics! 803k 15k
3D-1C power grid? IM 3.3M

! lonutiu, Rommes, & Schilders (2011)

2 P-W. Luo et al. (2013)
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Model order reduction (MOR) via moment matching

RLC parasitics model (n states, p ports)

o—
U — G x + C X = u
Y¥w"

pports — YN /\/\/\/ YN Y

b
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Model order reduction (MOR) via moment matching

O—— s
Reduced model (7 states < n, p ports)
u -~
p ports
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Model order reduction (MOR) via moment matching

O—— s
Reduced model (7 states < n, p ports)
u -~
p ports

Reduced model approximates the original by matching the first
g moments around an expansion point (e.g. DC: 59 = 0)
H(s) = Mo + M;js +Mays® + -+ Mg_1597" + Mgs? + ...

H(s) = Mo + M;ys + Mas? + -+ + Mg_ys7 1+ M,s? + ...

matched not matched
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State of the art: PRIMA

@ System with n states and p ports (p < n)

Odabasioglu, Celik, & Pileggi (1998)
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State of the art: PRIMA

@ System with n states and p ports (p < n)
@ ¢ iterations

Odabasioglu, Celik, & Pileggi (1998)
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State of the art: PRIMA

@ System with n states and p ports (p < n)
@ ¢ iterations

@ Construct an orthogonal matrix V: n x gp — tall & thin

Odabasioglu, Celik, & Pileggi (1998)
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State of the art: PRIMA

@ System with n states and p ports (p < n)

@ ¢ iterations

@ Construct an orthogonal matrix V: n x gp — tall & thin

@ Perform congruence — reduced model of size n = ¢p

- I
Odabasioglu, Celik, & Pileggi (1998)
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State of the art: PRIMA

@ System with n states and p ports (p < n)

@ ¢ iterations

@ Construct an orthogonal matrix V: n x gp — tall & thin

@ Perform congruence — reduced model of size n = ¢p

= & v @ Time-consuming to

orthogonalize the columns of V

- I
Odabasioglu, Celik, & Pileggi (1998)
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State of the art: PRIMA

@ System with n states and p ports (p < n)
@ ¢ iterations
@ Construct an orthogonal matrix V: n x gp — tall & thin

@ Perform congruence — reduced model of size n = ¢p

= & v @ Time-consuming to

orthogonalize the columns of V

@ Time-consuming to carry out the
projection

- I
Odabasioglu, Celik, & Pileggi (1998)
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Some acceleration approaches and challenges

| Approach | Works | Challenges
't\)"’dze“mi_”am" TICER (RC) [Sheehan; 1999] o Effectiveness is
ased on time RLC technique [Amin et al; 2005] case-specific
constants
BVOR [Yu, et al.; 2006]

@ RLC(K) equations are

Partitioning SparseRC [lonutiu; 2011] harder to partition than RC

PartMOR [Miettinen et al.; 2011]

@ RLC: 1 moment per
Avoiding orthog- | g\p ve et al.; 2008] expansion point
onalization @ Singular C case may

require special treatment
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Some acceleration approaches and challenges

| Approach | Works | Challenges

't\)"’dze“mi_"am" TICER (RC) [Sheehan; 1999] o Effectiveness is
ased on time RLC technique [Amin et al; 2005] case-specific

constants
BVOR [Yu, et al.; 2006]
Partitioning SparseRC [lonutiu; 2011] -\
PartMOR [Miettinen et al; 2011] | harder to partition than RC
@ RLC: 1 moment per
expansion point

@ RLC(K) equations are

Avoiding orthog-

S SIP [Ye et al.; 2008]
onalization

@ Singular C case may
require special treatment
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Some acceleration approaches and challenges

| Approach

l

Works

| Challenges

't\)"’dze“mi_”am" TICER (RC) [Sheehan; 1999] o Effectiveness is
ased on time RLC technique [Amin et al.; 2005] case-specific

constants

BVOR [Yu, et al.; 2006] .
Partitioning SparseRC [lonutiu; 2011] ° ELE(K) equations a;e RC

PartMOR [Miettinen et al.; 2011] arder to partition than

@ RLC: 1 moment per
Avoiding orthog- | g\p ve et al.; 2008] expansion point
onalization @ Singular C case may
require special treatment

Other RLC challenges:
@ Non-symmetric G: lose the RC ability to match 2 moments per iteration
> More iterations are needed (larger reduced model, longer to compute)
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Some acceleration approaches and challenges

| Approach
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| Challenges
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> More iterations are needed (larger reduced model, longer to compute)
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Some acceleration approaches and challenges

| Approach

l

Works

| Challenges

Node elimination
based on time

TICER (RC) [Sheehan; 1999]
RLC technique [Amin et al.; 2005]

Effectiveness is
case-specific

constants BVOR [Yi 1.; 2006
u, et al,; .
Partitioning SparseFEC [lonutiu; 2OII]L] ° RLC(K) equatllc.ms are
PartMOR [Miettinen et al,; 2011] | harder to partition than RC
@ RLC: 1 moment per
Avoiding orthog- | gip Ive et al.; 2008] expansion point
onalization @ Singular C case may

require special treatment

Other RLC challenges:
@ Non-symmetric G: lose the RC ability to match 2 moments per iteration
> More iterations are needed (larger reduced model, longer to compute)

@ Resonant behaviour — harder to achieve acceptable accuracy

Efficient reduction becomes much more difficult once you introduce
inductors into the model.
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TurboMOR-RC method

TurboMOR-RC (Oyaro & Triverio; 2016)

Matches DC moments by decomposing the system into a cascade of subsystems
with progressively smaller contribution to H(s)
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TurboMOR-RC method

TurboMOR-RC (Oyaro & Triverio; 2016)

Matches DC moments by decomposing the system into a cascade of subsystems
with progressively smaller contribution to H(s)

v Improved efficiency compared to PRIMA

v/ Scales better with the number of ports and nodes
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TurboMOR-RC method
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TurboMOR-RC method

TurboMOR-RC (Oyaro & Triverio; 2016)
Matches DC moments by decomposing the system into a cascade of subsystems
with progressively smaller contribution to H(s)

v Improved efficiency compared to PRIMA

v/ Scales better with the number of ports and nodes

v Reveals the subsystems (can be useful for analysis)

X Central assumption: G = GT = 0 (RC-only property)
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TurboMOR-RC method

TurboMOR-RC (Oyaro & Triverio; 2016)
Matches DC moments by decomposing the system into a cascade of subsystems
with progressively smaller contribution to H(s)

v Improved efficiency compared to PRIMA

v/ Scales better with the number of ports and nodes

v Reveals the subsystems (can be useful for analysis)

X Central assumption: G = GT = 0 (RC-only property)

Goal: Extend TurboMOR-RC to RLC case where this assumption is violated
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Original system

T .
MNA equations: {GH G11 {Xl] + [Cll C21} [Xl] = [Bl] u
x71: port-related unknowns (p) Ga1 Gaof[x: Co1 Ca %2 0

xy: all other unknowns (n — p)
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Original system

MNA equations: {GH Mxl] + [Cll Hxl] = [Bl] u
x71: port-related unknowns (p)
xy: all other unknowns (n — p)

=t -
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Original system

MNA equations: {GH Mxl] + [Cll Hxl] = [Bl] u
x71: port-related unknowns (p)
xy: all other unknowns (n — p)

=t -

Y ports U

S
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Original system

MNA equations: {GH Mxl] + [Cll Hxl] = [Bl] u
x71: port-related unknowns (p) Goz | [x2 Caz |[%2
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Original system

MNA equations: {GH Mxl] + [Cll Hxl] = [Bl] u
x71: port-related unknowns (p) Goz | [x2 Caz |[%2

1 X1
S0 R
Y ports U
S1
So
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Original system

e -5 e S

X1: port-related unknowns
xy: all other unknowns (n — p)

1 X1
=[BT o —
r=g BT o] -
Y ports U
S
Sy

Fadime Bekmambetova and Piero Triverio SPI 2019 June 18-21, 2019 6 /19



Original system

T .
MNA equations: {GH G11 {Xl] + [Cll C21} [Xl] = [Bl] u
x1: port-related unknowns (p) Gz |x2 Coz | %2

xy: all other unknowns (n — p)

S2
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Original system

T .
MNA equations: {GH G11 {Xl] + [Cll C21} [Xl] = [Bl] u
x71: port-related unknowns (p) Ga1 Gaof[x: Co1 Ca %2 0

xy: all other unknowns (n — p)

S2
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Original system

T .
MNA equations: {GH GIQ} {Xl] + [Cll 021} {Xl] = [Bl] u
x71: port-related unknowns (p) Ga1 Gz [x2 Ca1 Co |[%2 0

xy: all other unknowns (n — p)

S2
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lteration 1: matching one moment at DC

. 1 _ (1) 0 _ I
Congruence with M [M1 MS)} [—G2_21G21

0
Gy,
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lteration 1: matching one moment at DC
o

. 1 _ (1) 0 _ I
Congruence with M [M1 } [—G_ G2_2T_

MS) 221G21

a® —

Mgl)T [Gn G12]-M(1) 0 }: G(111) Gglz)_
0 M?)T G Goof[ ! 0 Gég)_
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lteration 1: matching one moment at DC
o

. 1 _ (1) 0 _ I
Congruence with M [M1 } [—G_ G2_2T_

MS) 221G21

a® —

Mgl)T [Gn G12]_M(1) 0 }_lG(ﬁ) Gglz)_
( =

0 M?)T Ga1 Gazf| 0 Gélg)_
\ —G2_21G21

eliminates Go;
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lteration 1: matching one moment at DC
o
Gy, |

. 1 _ (1) 0 _ I
Congruence with M [M1 MS)} [—G2_21G21

nr Jr - 1 17
) — Mg : Gu Gl?] M® 01 } = G(ll) ng)
0 Mg)T_ |Ga1 G| ! Mg) O&
—G, Goy
eliminates Go;
- 1 1
cm | MU Jen chfo | 0 ]_[cl o
o M@T||cy, C UM T e oW
5 1Ca1 22 2 C,/ C,,
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lteration 1: matching one moment at DC

I
22 Go1

. (1) 0 0 ]
Congruence with M) = [M1 Mgl)} = [—G G|

a® —

. iek lTre., Gu] _M(l) 0 }_lG(ﬁ) G
( —

O‘%
-G53, Ga

eliminates Go;
1 1
%
1 1
cy ¢y

i

F MWV ey, cf ol o
c _ 1 21} [Mg ) }

B —
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lteration 1: matching one moment at DC

0
Congruence with M) = [ ) }
M

B
BW — ! -
o MP7” [0 0

The zeros in B are preserved after M(WTB
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lteration 1: matching one moment at DC

s [al) Gl [ = X1
sP: 1 o G !

1 nT
cly cf

1 1
cyy cf

I
—
o W
P

s

()

1 X1
=-[BT o
y 2[ 1 ]L(él)

—u

Y ports U
e
X1 N
5 [—c02
£
-Gy, "
G
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lteration 1: matching one moment at DC

CIRE ., B [ }u
552) : 0
Y ports U
S
X1 N
5 [—c02
£
-Gy, "
G
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lteration 1: matching one moment at DC

Sfl): X1
<@. | o + =0
5
Y ports U
I —
. X1 (1 d
I E] Car dt
’ 91
G
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lteration 1: matching one moment at DC

s [al) Gl [ = X1
sP: 1 o G !

1 nT
cly cf
1 1
cyy cf

I
—
o W
P

s

()

1 X1
=-[BT o
y 2[ 1 ]L(él)

—u

Y ports U
S{V—
X1 \\‘
—c{4
\\\)
G
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lteration 1: matching one moment at DC

s [al) Gl [ = X1
sP: 1 o G !

1 nT
cly cf
1 1
cyy cf

I
—
o W
P

s

()

—u

1 X1
=—[BT o
y 2 [ 1 ] L{g)

X1 \
(1)
| jxu) EGE
\ 2
SV s not o x5

controllable at DC 1
[

(weakly controllable 2
when s is small)
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lteration 1: matching one moment at DC

s foll s [m) folt el ma,
s Lo e ) el e ][] T Lo
1 X1
v= 3 o))

2 x{V

Y ports U neglect
O contribution from Sél)
T

X1
x -G
\ Y Xgl)

\

SV s not o -
controllable at DC 1
Fo1 S R A !

(weakly controllable 2
when s is small)

June 18-21, 2019 8 /19
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lteration 1: matching one moment at DC

st Talh X clt X
+

5(2).

(),

_ {Bl} u

Y ports U
pXp
reduced S%l)
model
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lteration 1: matching one moment at DC

0
Congruence transformation with M) = [Mgl) }

a — Mgl)T Gy Gy M 0 _ Gﬁ’ Gglz)
0 MPT|[Ga G [T | MYV o Gl

(Similarly for CY) and B(M)
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lteration 1: matching one moment at DC

Congruence transformation with MO = [ }

S o | | EO e

(Similarly for CY) and B(M)

e Only Gﬁ) is part of the reduced model
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lteration 1: matching one moment at DC

Congruence transformation with M) = [Mgl) }

G’(l) = M(ll)T Gll G12 M(l) = Gg'll)
G21 G22 !

(Similarly for CY) and B(M)

e Only Gﬁ) is part of the reduced model

I

@ Only need the first p columns of M(): M(ll) = [ ) } — tall & thin
_G22 Gy

Fadime Bekmambetova and Piero Triverio SPI 2019 June 18-21, 2019 9/19



lteration 1: matching one moment at DC

Congruence transformation with M) = [Mgl) }

G’(l) = M(ll)T Gll G12 M(l) = Gg'll)
G21 G22 !

(Similarly for CY) and B(M)

e Only Gﬁ) is part of the reduced model
I
2 Ga1

o G, Gy, is computed efficiently using sparse LU factorization

@ Only need the first p columns of M(): M(ll) = [—G } — tall & thin
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lteration 1: matching one moment at DC

Congruence transformation with M) = [Mgl) }

G’(l) = M(ll)T Gll G12 M(l) = Gg'll)
G21 G22 !

(Similarly for CY) and B(M)

Only Gﬁ) is part of the reduced model

I
G3y G
G5 Gy, is computed efficiently using sparse LU factorization
Note: ¢ = 1 reduced model is equivalent to SIP [Ye et al.; 2008]

Only need the first p columns of M): M(ll) = [_ } — tall & thin
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lteration 2: matching two moments at DC

s [ e fab et [x] o,
1 )| =
s Lo el ] e o ][] = Lo
1 X1
=-[BT o0 u
y 2 [ 1 ] L{gl)
Y ports U eglect
S comribution Gom 53
‘
(1)
\ (1)
N 2 |
Sél) isnot ™ ol lx(21)
controllable at DC 1
(€0 I ‘
(weakly controllable S5
when s is small)

June 18-21, 2019 10 / 19
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lteration 2: matching two moments at DC

s ey o] fol e [a] i,
s o aR] ] e oy ][] Lo
1.7 X1
Intuition: u *n | Ct/
Retain the part of Sél) Y ports(/ o ¢ (1)
that is significant. S(l)(,,,S?Qt,rltiﬁtﬂ9U1ff3T S
C') plays the role of B. L e |

21 dt (1)
\ /l (1)
Sél) is not ™ u ix(;)
controllable at DC |
(€5 ‘
(weakly controllable S5

when s is small)
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lteration 2: matching two moments at DC

o CYy =G [Cn Cao]M

from iteration 1
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lteration 2: matching two moments at DC

(2)
o CV = G} [Car C]MPY = QR CY :{ @ Q(2)] [Czl] o))

from iteration 1
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lteration 2: matching two moments at DC

(2)
o CV = G} [Car C]MPY = QR CY :{ @ Q(z)] [CQI] o))

from iteration 1

1 0
o M- [Mg | Gy é(”}

0 0 7 _ [y
Mg | vy blae®) T
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lteration 2: matching two moments at DC

(2)
o CV = G} [Car C]MPY = QR CY :{ @ Q(z)] [021] o))

from iteration 1

1 0
o M- [Mg | Gy ?J

0 0 7 _ [y
Mg | vy blae®) T

1 2 2 1 9T
Gg1) G(u) ng) 051) 051) 0 B,
1 2 2 1 2 2 0T 1
GY=1o0 Géz) ng) c = 051) Céz) ng) BW =10
o o0 G o c cf 0

Fadime Bekmambetova and Piero Triverio SPI 2019 June 18-21, 2019 11 /19



lteration 2: matching two moments at DC

o M® = 0(2) 0(2)
M2 M3

c — c = BY =10
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lteration 2: matching two moments at DC

o M® = 0(2) 0(2)
M2 M3

cW =1 o c® — BW —
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lteration 2: matching two moments at DC
o M® = [

M | )

a = c — 0521) B —
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lteration 2: matching two moments at DC

(2)
o CYY = [C21 Cn]M M{" - QR:CY) = { & Q(2)] [021]
from iteration 1
o M~ [ ) <2>] = [ ) <2>}
M~ | M Q; 3
a = c — 0521) B —
0
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lteration 2: matching two moments at DC

(2)
° Cé11) =Gy, [Ca1 Co]M 1) — QR: 0511) :{ 52) Q(2)] [021]

from iteration 1

0= [ i) - |
Mg | vy Q" (¢ | Gl
where G = QP"'G,,QY
2
a = c® — Cél) BM —

0
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lteration 2: matching two moments at DC

(2)
° Cé11) =Gy, [Ca1 Co]M 1) — QR: 0511) :{ 52) Q(2)] [021]

from iteration 1

0= [ i) - |
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° Cé11) =Gy, [Ca1 Co]M 1) — QR: 0511) :{ 52) Q(2)] [021]

from iteration 1

o M® = [ 0(2) 0(2)] = [ @) a@\-T | T <2>}
M2 M3 Q g ) G22 3
where G = QP"'G,,QY
e =1 o c = BY =0

0 0 0
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lteration 2: matching two moments at DC

siV:fely 6 e rx] fen e oo 1% | [B
sl o e eP| X +|c® @ 7| |xP|=]0|u
solo o0 cblbel Lo oo arll] Lo
Y ports u
Connection to the next L i 1C))
subsystem is only through X, LI i 1Bl @
Col i or C5 @ OLF @ s
t t I
‘ —0213 ‘ ‘_C2¢1 dt ‘_Gu ‘ }
\ L) L (2) !
S~ -~ Xy X !
S 2 e ‘
2 _——|*¥2 [0 ]
xg 2/ 2 Xg2) i
(2) d 2)T q 1
e - 3 |
2 ]
I

Fadime Bekmambetova and Piero Triverio SPI 2019 June 18-21, 2019 12 /19



lteration 2: matching two moments at DC

shifely 6l e [x] o o o ] (x| [B
2 .
sl o e eP| X +|c® @ 7| |xP|=]0|u
Lo 0 el Lo ol cpl ] Lo
Y ports u
Connection to the next L i 1C))
subsystem is only through X1 LI i 18] (@)
C5Y i or C Q] o774 @ o
t t I
‘—Cmm‘ ‘_C2¢1 dt ‘_Gu‘ }
\ @ I (2) !
S~ -~ Xg X }
F ] e NPT 0] S |
O <-iNry
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RN - 3 |

Input to 5552) @
went through x s2 P
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lteration 2: matching two moments at DC
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CY g or C5 OF &7 . 5
t i
‘ _C21$ ‘ ‘_C2¢1 dt ‘_Gu ‘
\ J(2) | 2)
- -~ X2 X
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ng}/,__ 2 [ Gy x§2)
2 2)T
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lteration 2: matching two moments at DC
s Gl G

] el o)t % | B
2 .
sl o0 Gf <P+ e c® e 0 | u
S§2) :
y
2 % 2p ports u
reduced 5(1): ,,,,,,,,,,,,,,
model i
2 2) 2
‘ _Cgl)dt ‘ ‘_Cél dt ‘_Gg;‘
NE) L (2)
R - --"Xg X
S@PEC--2-me o 1Xo
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

b

+
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

| e |

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty

+
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)
1
el _[Bs
0 0

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty

1 2)T
ciy cf
2
cyy
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)
1
el _[Bs
0 0

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute 6@ = Q" G,QY

1 2)T
ciy cf
2
cyy
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

5 |

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute ¢ = Q(Q)TG Q(z)

1 2)T
ciy cf

2
csy

2) 1 0 0
@ Compute M{? = Q{?(G*)~T. Recall: M®) = [Mp }
2 3
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

Gy G
0

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute ¢ = Q(Q)TG Q(z)

1 2)T
ciy cf

2
csy

2) 1 0 0
@ Compute M{? = Q{?(G*)~T. Recall: M®) = [Mp }
2 3

0
@ Compute G12 = gl)TG[ (2)}
M,
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

Gy G
0

Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute ¢ = Q(Q)TG Q(z)

1 2)T
ciy cf

2 2
cy C

2) ol o 0
@ Compute M{? = Q{?(G*)~T. Recall: M®) = [Mp }
2 3
QC c® —MmV7g | °
ompute 12 = 1 M(2)
2

0
@ Compute c? = o MPT|C [ 9 ]
22 { 2 ] M
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

1 2
Gy @)
0o GY
Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute ¢ = Q(Q)TG Q(Q)

1 2)T
ciy cf

2 2
cy C

2) 1 0 0
@ Compute M{? = Q{?(G*)~T. Recall: M®) = [Mp }
2 3

0
@ Compute G12 = gl)TG[ (2)}
M,

0

@ Compute c? = o MPT|C [ 2]
22 { 2 ] M5

@ Result of simplification: G§22) = (GH-T
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Iteration 2: computation steps

Reduced system for ¢ = 2 (completed computations)

1 2
Gy @)
0o GY
Q QR factorization: C{)) = G [Ca1 Ca] MY = QY cty
@ Compute ¢ = Q(Q)TG Q(Q)

1 2)T
ciy cf

2 2
cy C

2) 1 0 0
@ Compute M{? = Q{?(G*)~T. Recall: M®) = [Mp }
2 3

0
@ Compute G12 = Mgl)TG |:M(2):|
2

0
Compute C(2) {0 M(Z)T] C [Még)]

o
@ Result of simplification: Gg) = (g)-T
e PRIMA: 2 moments — 2p orthogonal vectors in V (p = port count)

@ Proposed: 2 moments — p orthogonal vectors in Qg)
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Transformed system (general case)

N ‘
Gy ... GY G T x
|
0 . .
[ +
Gg‘,’} ! G(k)+1 _’Efl(f)_
-------------- P A MO
0 ... 0 'GY ., a+1
Cgll) * ; X1 B1
|
(2) | : 0
+ ©a ‘ -(-q) u
Cgi)l-,q 102(214”1 Xa+1 0
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Transformed system (general case)

1 ‘
Ggl) . G(q) | G(1Q(;+1 -
0 |
‘ +
k (q)
,,,,777777(;1‘(1?1)77:7?:(1,;1@7 ’X’(q*)*
0 0o 'g@ X,
o CTgt+1,g+1
cy } 4 B,
|
C(Q) . o : 0
o ‘ (@ | = u
cif | x|
777777777 (@) 7:7 @ T @ o
C‘Z+1 q ‘Cq+1 q+1 q+1
o Connection to the next system is only through Czl Yo Cz(;—gl , block
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Transformed system (general case)

1 ‘
Ggl) . G(Q) | G(1<I(;+1 -
0 |
‘ +
k (q)
*****77——Eg?1)7,:,€;fglq)f}, ’X’(q*)*
0 0o 'g@ X,
o CTgt+1,g+1
cy } 4 B,
|
C(Q) . o : 0
o ‘ (@ | = u
cif | x|
777777777 (@) 7:7 @ T @ o
Cq+1 q ‘Cq+1 q+1 q+1
o Connection to the next system is only through Czl Yo Cz(;—gl , block

@ This creates a cascade of systems with progressively weaker excitation
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‘ +
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o Connection to the next system is only through Czl Yo CEI-£1 , block

@ This creates a cascade of systems with progressively weaker excitation
@ The last system (large in size) can be neglected — ¢p x gp reduced model
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Ggl) . G(Q) | G(1<I(;+1 -
0 | .
‘ +
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o CTgt+1,g+1
ciy = } 4 B,
|
(2) | : 0
s ‘ (@) u
cif | x|
777777777 (@) 7:7 @ T @ o
Cq+1 q ‘Cq+1 q+1 q+1
o Connection to the next system is only through Czl Yo CEI-£1 , block

@ This creates a cascade of systems with progressively weaker excitation
@ The last system (large in size) can be neglected — ¢p x gp reduced model
@ Provably passive
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Transformed system (general case)

1 ‘
Gy .. G(q) | G‘l‘{;ﬂ X
0 \
! +
Gl G, | |x
77777777777777 BN
0 ... 0 'GY ., a+1
cly = | % B,
|
C(Q) . U : 0
+ ‘ (@) | = u
- x|
(a) (a) : 0
Cq(il q quqH q+1 Xg+1 0
Connection to the next system is only through C21 e Cgﬁl , block

This creates a cascade of systems with progressively weaker excitation
The last system (large in size) can be neglected — ¢p x gp reduced model
Provably passive

Matches ¢ moments at DC
June 18-21, 2019 14 /19



IBM power grid benchmarks

ibmpglt and ibmpg2t [Z. Li, P. Li, & S. R. Nassif; 2011]

Connections to external power source

Power Grid Wires

ﬁcircuits

[
Integrated Circuit

Small part of a typical benchmark [Nassif; 2008]

Benchmark | Nodes R C L p
ibmpglt 25k 41k | 11k | 277 | V: 100, I: 9k
ibmpg2t 164k | 245k | 37k | 330 | V: 120, I: 37k
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Test 1: accuracy of reduced model

Benchmark: ibmpg2t (n = 164k, p = 750)

Waveforms at node n0_3968_6546 (output with worst case error)

3 .

S
E2¢ 1 — original
% — - PRIMA (¢ =3)
Z | -- Proposed (¢ = 3)
] N

0 2 4 6 8 10

Time (ns)
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Test 1: accuracy of reduced model

Benchmark: ibmpg2t (n = 164k, p = 750)

Waveforms at node n0_3968_6546 (output with worst case error)

3 .
S
E2¢ 1 — original
2 — _PRIMA (¢ = 3)
Z | -- Proposed (¢ = 3)
] N
0 2 4 6 8 10

Time (ns)

Error PRIMA vs original: 4.88%
Error Proposed vs original: 4.88%
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Test 2: reduction time vs number of iterations

Benchmark: ibmpg2t (n = 164k, p = 900)

Reduction time Speed
9 "PRIMA | Proposed | ~P€ecuP
1 31.1s 12.2s x2.55
2 84.0s 56.7 s x1.48
3| 14345 119.2 s x1.20
4 | 2250s 205.2 s x1.10
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Test 2: reduction time vs number of iterations

Benchmark: ibmpg2t (n = 164k, p = 900)

Reduction time Speed
9 "PRIMA | Proposed | ~P€ecuP
1 31.1s 12.2s x2.55
2 84.0s 56.7 s x1.48
3| 14345 119.2 s x1.20
4 | 2250s 205.2 s x1.10

We achieve some speedup for small gq.
But the speedup tends to decrease when ¢ increases.
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Test 3: reduction for acceptable error

@ Benchmarks: ibmpglt and ibmpg2t with different p

@ ¢ selected to bring the error at each port below 5%

Reduction time Error
P | 9 " PRIMA [ Proposed | ~P°®“P | PRIMA | Proposed
ibmpglt (original states: 26k)
183 | 7 56s 7.8s x0.72 2.2% 2.2%
477 | 5 142 s 143 s x0.99 0.2% 0.2%
717 | 4 19.4 s 173 s x1.12 0.3% 0.3%
847 | 3 1555 12.2 s x1.27 2.6% 2.6%
ibmpg2t (original states: 164k)
200 | 6 53.6s 61.1s x0.88 3.4% 3.4%
500 | 5| 1374s 137.2 s x1.00 0.2% 0.2%
750 | 3| 1170 90.8 s x1.29 4.9% 4.9%
900 | 3 | 1434s 119.2 s x1.20 3.0% 3.0%
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Conclusions

@ We proposed an extension of TurboMOR-RC to RLC circuits

» Non-trivial: the assumptions on the properties of G are violated
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Conclusions

@ We proposed an extension of TurboMOR-RC to RLC circuits

» Non-trivial: the assumptions on the properties of G are violated
The algorithm can provide some speedup if ¢ is not too high
Tends to happen for large p
Interesting property: large p is a difficult case for state of the art methods

Speedups are very modest if they happen — still work in progress

We hope that the proposed ideas could be useful for achieving efficient
reduction of RLC parasitics.

Thank you!
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