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Abstract

Along with the development of the integrated circuit, manufacturing
process changes with each new day, the characteristic dimensions entering to
the nanometer level, the transistor has billions, working frequency also is
rising, to interconnect influence on the performance of the circuit is more than
a transistor, become a major factor. Can accurate efficient processing
interconnect software became an important part of the EDA, model order
reduction (MOR) is to solve the EDA medium to large RC network of key
issues. MOR has been widely used in modeling and simulation of integrated
circuits. MOR for large scale RC networks resulting from post-layout circuit
analysis is still a difficult problem.

Because of the size of the problem is continuously increasing, and in
the process of RC network model of the reduced order algorithm functions are
becoming more and more outstanding, and played a pretty good effect, but in
recent years because of the size of the problem further increase and integrated
circuit structure is more and more complicated, the reduced order model
algorithm in calculation and approach to problems of the special requirements
for the ability to put forward higher request, has led to some of the projection
method based on the model of the law and balance stage order reduction
algorithm is no longer apply. Elimination based MOR methods has attracted
focus.

However, in practice, the number of elements in a network may not
necessarily reduces during the elimination due to the degradation of sparsity.
Given elimination order, in theory there is an optimal elimination, with which
the resulting network has minimal elements. In this paper, we propose to find

this optimal elimination based on symbolic analysis and statistical analysis.



Experiments show that with such approach the solution time of reduced
network can be reduced by a factor of 2~5.

Keywords: Post Simulation, Model Order Reduction, Node Elimination,
Data Fitting
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LR B LB R ANE R, BT Wi H 31k (Electronic Design
Automation, EDA) B JZ 45 il FLEE =y 1 R R AUk 20 (1) S 58 0 ORI . AN
R AR A B3, B xt N2 B E ARG A 2 (R AR it b
A TAREEIE H IR E . ISR, R, @8E. WTFBRA IHE
B TR 25 7 T 8 7 B A8 LB I S 4% . SRR G T2 H 3 H 5=, &
ERSFENGSK Y, SRS Cafit1ait, TERBEARRRT, LN
LR VERE IS Dl 1 iR, O 7 BRI . Re N UL = RO B TR
LINHAT N T EDA B HEZH ), RN 2 Ak EDA HORHIE RC 2% 7]
(R CHR TR (2] AW A ET IR A LI (1) [ SE AN IR T4, 17 ZE Rl R S B e iy
JIEAE S B B B 2R AC B N, B JE A AR ST 3 ST AR ST ZH 27
G584

1.1 SR B SREEM A R

1.1.1 EEBERLZRGEE XK

H NS E AR MRS AR T 1958 4Rl 1 BREE — R g 5, AKITh
LTS BT AR 2005 AR SRR RCRLER T I RSy 2357 {23670, HFHES
2010 FFEORFF 7Y EI 10% K mIg K, SMBAR] T 4247 123670, FFHTTER T
] B A A KY) 65%LL b MER— BB il L B A BT B, B il LR M
N D22 R R BB RIS (VLSD ARE ML (ULSD BrBi. HR4E 2011 422
SR 2 kAT E bR S AR K45 (International Technology Roadmap for
Semiconductors, ITRS 2012) [ 1774 5 H B T5H AR FRAREAE ) (1/2 pitch)
SEAE/N 10% IR EE R B . ITRS 2011 s H 0 o TR 10 B 1 s



Tear of Production 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
[Plack s Pich (1) ae-comaced P} O] 2 2 18 17 15 142 130 115 105 10.0 35 8.0 8.0 8.0 80 0
| DRAM ¥ Pitch fam) » 2 28 28 2 200 178 159 142 126 13 10.0 89 8.0 71 83
[ MPULASIC Metal 1 (1) % Pich fong 1.2] 38 2 27 24 21 189 169 15.0 134 19 106 95 84 75 67 80
P High-Paformance Printed Gate umglh (GLpr) (rm)
) 35 3 2 2 2 193 17 157 140 125 111 95 83 78 679 587
MPU High-Pefermance Phycical Gate Length (GLph)
w 2 2 2 13 17 153 140 128 17 106 97 89 8.1 74 1] 59
Logic (Low-volums Microprocsssor) High-parformance
Generation at Introdustion p13h p13h p16h p15h p16h p1%h p1%h p1sh p22h p22h p22h p25h p25h p25h p28h p28h
| Functions per chip at inwodiuction (million wansistors) 3848 se48 | 1789 | 179 | 17ese | 3sser | 3w | ws3w | 7o7mr | 7ose | 7ogs2 | 1ansee | 1anses | 141e4 | 283128 | 283428
? 520 %8 520 413 328 520 413 328 520 413 328 520 413 328 520 413
pl1h pi1h pi3h pi3h pi3h pi6h pich piéh pish pish pi%h p22h p22h p22h p25h p25h
4424 4424 8848 8848 8848 | 1769 | 17638 | 17698 | 35391 | 35391 | 35391 | 70782 | 70782 | 70782 | 141584 | 141584
Chip sizs atprodiucsion (mm”) 52 260 184 280 208 184 260 208 184 260 208 184 280 208 184 260 208
OF %ofTotal ChipArea| 20.5% | 205% | 295% | 295% | 208% | 205% | 205% | 205% | 205% | 205% | 208% | 208% | 205% | 205% | 205% | 205%
Logic Core*SRAM (Fithout OHA\wngs Derity (Mt'em3) | 2,414 3414 4828 5,083 7664 965 | 12166 | 15328 | 19312 | 24332 | 208% | 38625 | 48664 | 61313 | 77249 | 7328
Hich-paformancs MPU Myarsistorsiom” at nvadiuction
ndp roduction (including on-chip SRAM) 1,701 2408 3403 4287 5402 63808 8575 | 10804 | 13812 | 17150 | 21608 | 27224 | 34300 | 43215 | sa448 | ess00
1701 2406 3403 4287 5402 6,306 8575 | 10804 | 13612 | 17150 | 21608 | 27224 | 34300 | 43215 | 54448 | es600
858 858 358 358 858 858 858 858 858 858 358 358 858 858 858 858
14585 | 20645 | 29198 | 36787 | 46348 | 58395 | 73573 | 92697 | 116730 | 147147 | 185393 | 233581 | 284203 | 370785 | 467162 | 588587

1.1 2012 FEHBr PR AR KA ITRS A5 0 & 1]

K A BT TR WA 1.2 B, RECRT By 9 R v e s st o PR
oy, B IE I DI RERIA S B w2 A A i datid , I WL SR 2T MR,
Je 3 RR A P A SR AR L AR A AT B e RO BRI . ER R YR
Ei@éﬁ%%ﬂ%ﬁﬁﬁ’ﬂEEE?Q%%%ZFQE’J%HI?, XA REARAE— IR TE R 153 (1 45 BT

BB ESR, 22 YOS e e i & i deit . R BIHERE R, 2
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11218 BB 72 &8 A R B8R P B9 2

FH TR RS (S W80/ o A 8 0B R AROR IS K, FE BRI 1T R 2 S
“Ja R G TR BT A AT S KR RC W4 (1 A, TS B v
FEALTE K INRE RC LR A ROT 12— o LM bRk 1075 o Al pAE
— B W A T R SR R [7][8-10], H RPRIR A AR BB AT RIS BT
TITHZ T S HEAT R B Ml 2 A 1) R 8 — BRI B &R 4K
AR, DUARR AR am T e3E R B 1. B TR B AR B K
F, o EE YRR R RS . AR R L BRI R AR S
2 AR &R, BERREORRR IR R TCIRME [ FVREBR B R R [S][6] HH
TAERIERY & — DN EUE TR, B DL SR BB AR E 2 6 AT R )
T . FRE MR R R iR ZE I E — AR T Y, ORI R
ETFEAEE, MEREREM RGN IR RERRILFEE, k2, A2 7%
W) 277 A B A 1R i) R [ 14][47]1(48] -

B SRR 7 vk RE G LU JUAN 7 T R e . ORAIE S N0 HH O% R (1)
IAEE . RFFIE RAMTOIRTE . RFEIR R IR I R G450 DL R BB A e 1 .
LT RC W2 (R R BB T v mT L NP2, — R Pk [35][36], —
FEFEULECYE . X T2t RGOk, MR AT A FHRAS, RN A EDIRAS 2
XF R G A . AN T SRS S B N AT R RE IR
AR 2R Gedn H A SR N mT O o P A 2 P A B it 2 5 6 TR R G N
Lok R BN N EBIRAS & 25, WK R AR H2NEIRE
HA—E 2 RN BAR/N TS M, G R eSS, AR
s XPERARMER A . P AT P RSP A e Al I R R S 2 v AR e
SRAF AT 5 AT R RS R AR R, fE45 R G0 N SRS B R 458 1 5 W] R
AR B AH 5, IR AR AR AT DA AT 5 1 S UM AR AN SR IR S A 2, T
FIFER B 1. SPATERFTE AL THERKIRES, H2HITRERER
 FEANE TR R B R 4.

BE X A Tk 1) IR i, A NS T2 T IRAR I PR P AT I B T T
I Krylov F25 18] 7755 P4y BOk A 45 6 R LI P 38 IS B b A B, B
& P BUE RS SR ARAS B U AR [37-46] o X EE PRI J7 90 AR AR TR 24,



B 2 In U5k, TR ZE R TE AR, B PAEER ok IE 7 —
SEMHEE, H2 0 T HEAMS AR L G 2%, Bt DN VG A R

BEUC C 28 Bk e fE A B R MM RC W &% 5 T M. & )32 1 BTk
[12][13][14-23][26-34]. B VLHELHE 2 CAMEKHY A 2 22 102X bR Ok 18 T =1 [ bR 28
HARUE PR AR 3 R AR B J T — @ UL IO RS B, A48 I =2 A% 34 iR S 2 ) e o
ZH. HATR LT Z R EET Krylov 125 181552 140 VT Be A% AL BB 7 15
[14-23][ 26-34]. Krylov 175 [A1¥52E R 0Eld B REAEUTHED , BT DAy £ Fa
{77 PRIMA J772[28]H72 Krylov TR i, B & B & (R 28 ek OREF
JR RS TCIRPE[24][25]. #HXTTF PRIMA J77%, SPRIM J5iE[30]6E08 (R4 R R 5t
[ He &4

1.2 SEREERAR . EERERSITTERRBEMN @ IaaIHka

1.2.1 S plHE B & R T Iim B9 B A%

LR R LR R R BB B, THI I 1 3 22 () @A DA JL[L]:

(1) LR R RS AN AR BEAN W I R . IR BE e B, S R G
b ETENR S ARERE ) WU 18 AN H 3G — 5 s
2011 4, mkAH A #ELS (Central Processing Unit, CPU) A58t — 44/ &
1A% AL HEES (Graphic Processing Unit, GPU) W T =+ SR E 2]
AN 2 258 1RV 4R R A 45 4 1 PR 1) B2 2% FE AN TS T, 40 System-on-a-Chip (SoC),
Network-on-a-Chip (NoC), —=#4i&f2EM = 4i4E ¥ (Three-Dimensional ICs)
ARSI RS (g i s S %, B FER . fAEas5s) BAE i,

(2) BRI TAESRE AW i m . BIRHAT ASIC. CPU % mih e+
L% AT R R AR T [ R R, T 1) T 2% A% 4B RS T7 RKE,
AL B R IR I SRt D2 B 80 AEARH %k MHz 35K 3| 7 H #i 4% GHz.

(3) EERN LR B BVRHIE RO EEAN B/ e aEN 21 4D, B2 R A B ()R
MERFEZ M 0,184 0.13 fCK. 90nm.  65nm, KJEH] 45nm PAR, ixX45ilid T
2t 7K.

(4) ThHE. PEREANU A& Z IR JE B H W R o B & RO IZ ),
BT MR DI M RE R A 1R 62 il FRL B 7 il L 2 AR A5 SRR IR A

9



(5) MREA AW IE &, AT IE PR T et okl ™ B, 8 A A
AL AT R AT 1 HERCR TR, B MU A AN TG O, s B
JIAS B B BB T R R ) — KBk . RIS, BEAE O A RFE RS I,
AT 1) 38 1 AR T ] R A ™

1.2.2 BEEBRRSHEE IR E

(D BIERBINACKIEEER, M5 EEKARRIEK. BE TZRS
IR ZS R ECE M3, HEH BB O SRR 7 AEE RINIEE .. FR,
HOEHEE RS E IR R T A HE, DL TR 1 H R
W REIA B E TP CA_E[4)[5]. AR St HEE o Bt S T B ek Hd AT A Rk Ak
B, TN L HE I AL PR R B AR S B BRI R B L AR R AN GBI
[3-5]

(2) HIELHHEERAD G Ha ™ E ., EEREBKEE NI, RERE
PIRIRI B, HAG 5 1] DO Rl i a0 B H AR L ), (HEkE
e PARERAE ST BN, B 2 A [ GRS I ek ™, HE S04
ANBEIN il R AL Y, HAEAE R R b 2 A iR L RN R 3 5%
Me, HpHELEIRCEEIE T ITER, BT E HEE e 13 EE K,
P ) 5 M A FL B I BB (4]

1.2.3 fRBIEERM 77 75 W Im A9 Bk &

(1) TR [ i T T P T RIS AE AN TG oy L P ) 52 0% P2 AT P
MEILRAHEC, 15 ZAL R RC MZARHTER, — Sl BRI %
TCVEAT R AL BEIK 2 KA 1 il

(2) Bl F LA AN T BE I R AR L PR SR 1 1B R . BEAE SR A
R 2% ZINREER BN R S, 7 ZERRL I 7 ik RE s 54T (¥ BOxH 5]
WNORFFTCURIE . PRUERFIR G5 H S 2K

1.3 WX R E R TTRAFNE LR L

it 5 B 8 L BRI P AN BT 7 KRR IR RS AN W 4 /), 3 5O T L 3E 0 A
AR 17 LA RC 2RI, A ELIR AL B AR H N HE, 1R AR B 152
AR AN P P IS G s KPR ] R ]I 1 0 o L B 10 3 A 0 BRI R
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FIFERTA Y BRI SRR 1T AR o A SO - AR T RC W45 AR Y e
B ) UEEAT TSR FU AR, EEGISIAE LRI

LR B IE IR AR R HE P BOR, I8DF PR AR BRI R A B3R Te . i AR R
FEACPRIR AR, ANRTE S i) 2 AN FIRE B Y fill-in BLER, X F3ATPT AL ER 1)
RABERET RC %%, HARs M BA 14 B RE s Or B AR BF IOV, (AR EAL 2R
RPN RIS KRG Mg e, PR RE S LR DMk, X
RRHIFEM AL R, (R X Ak 2 8] ) 7 SR AR A2 o R 5 1 R
HREHE P HoR, BEW R BRI R FIERIRE, fEmBEERRR . B8
B BRSO A SERRTE L, £ sEiexft, RIEH CAMD 775418047 HF 7 2L
REL o

2R A VH 25 SN, SR BRI R T HOR S HITH L AR o SR RVH
FARBE BEAEN RC MR BHTIH R I FEF, RCEFEMARF o4
)2 — A AL R R, IRYEAEFX REAR, ZRATRESMRA, ArH
NEABR I E, AR IURARRTE MR 2 . 2 00kU, W —
NN RIS RS0, B RARF iR A KB R IR R 4t 3 (51 RS,
A (PR A 15 BE S i KB B P B3R THIFANRERA SE o A SCRIUGETH AR
Jrid, KB SER, MERBIEN KRG AE%F o5 ANBR I (A ) 5%
#, MR R AE B FER R R AR REE . L SCIeUEN], R R SR,
RS (L1452 (4 BB 22 Gt LU DA BRI D15 BB BEb R 48, SRR ) B 2
£ 5 RN,

AR SCHE S R T A A R T B BIUIR R T s Pk, AT T AR
i FEL I PRV T IR AT 2R 8 077 VA FLIE REER 0 AT T P IR o 38 — R X B
A B A B AR R BB 7 iR AT TR AT B = E AR VTR
DU BRI RC ISR RL B vk . A 2 R SR 2
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B-F NATHEREBZTHEERERER 5%

1 ZERREBIRM 50X

2.1.1 E#MKryloviZ &2 &M 75 3%

FEIX—/NTT, FEENAEIEM Krylov #5552 775,
(1) Arnoldi &%
TEMAE H— N W) n Y S N R 4¢

{A dx(t) - _
E = Ax(t) + bu(t)

dt
y() =e"x(t)
HHE, Ae RY™, b, ¢ €R™, x(t) € RVEIRESZLE, u(t) € REMNEZE,
y(t) € REEHHAE., TR REMLA, B iR RGHPIRA R AL A [F 3 Ll
AL, A LS ).

{E% = x(t) + bu(t)

y(@) = c"x(t)
HHYE=A4"'E, b=24"1h, c=¢. BRI AGVIHERESANE, 4T Laplace A8
S RME LR BCNH (s) = T (sE — I)7'b, 1Es = OLHIZEKIN A /&my, = —cTE*b.
i Amoldi HiEMiE Krylov T2 [HK,.(E; b)IAREIERZ LY = [v, , vy, ;]
HAVTEV = H, H = (h;;) € R™"/2H MK | Hessenberg [ .

AR bR TS FE JE R DA EH S A6 RS BRI R4t

{VTEV d( ) = %(t) + VT bu(t)
() = cTVE(t)

HAF%(t) e R", ric/hFn. XFARVTEV = H, B RG0LIAEN

dt
y(©) = c"VE(t)

JEa R G R, FON A BB AR NI Z R G R R Gutk
1% R B HE 2y, = —c"VH*V b, JFH

b
McTVH*VTb = —||b||,c"VH*VT Bl = —||b|l,c"VH*e; = —c"E*b = m,
2

HAfk=0, 1, -r—1. BTl Amoldi F&Y /715 AT LUERE T R G IR FEIR RSt

{H dx(©) = %(t) + VT bu(t)
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HIRTT B4

(2) Ht Arnoldi &4

Ht Arnoldi %2 HFIE R Arnoldi IEFEHE K, BRI ZMAZH
H RGBT ol . BRI B I AR S S A N B A R S I BB i AR A
e 3. LU 225 RS )

{E% = Ax(t) + Bu(t)
y(t) = Cx(t)

HHE, A€ R™™, B € R™P, C€R™™", x(t) € RZIRAEZE, u(t) € RPZ

MATE, y(t) e R™efmtbE. JHEFARNIER B, XHZRGE LA RN A

FeA™, WIS

dt
y(t) = Cx(0)

HH6=A4"E, Q=A"'B. R L RZGEHVIIERENE, BARGHEER
HH(s)=C(sG—D1Q. ML 5L 1H KB H(s)Es = 0SB AM, =
—CG'Q. X TZHMAZHHH RGO, M Krylov F 25 [A] 2 B — N B 4
(1o BATT—MEIXAE 8 L Krylov P20 . HAEFEG € RV, Q € RVPARIFIrh
e Krylov ¥ %[0 NK,(G; Q) = colspan{Q, GQ, -, G~ 1Q}. T LLFE H
Krylov ¥ 7 I8 K,(G; Q) fx £ 7] LL A M H B 32 Wy rp A 51 |n) &, Jr DA
dim{K,(G; Q)} < rp, I Amoldi FiEil 2 i&R Krylov F2[H K, (G; Q)— 4 %
WEIERZRY = [V, V, - V. |HEFE.

Bk 2.1 B Arnoldi B35

1. XHFEQHEAT QR 43, 1L NQ =V, T;

2. WHV, =GV, —VoHy, HA'Hy =V, GV, XV, 347 QR 70fif, e A

{ dx(t)
G——=x(t) + Qu(t)

V, =V Hy:

3. itHV, =6V, -V H, —V,H,, JFH,, =V,"6V,, Hyy =V, GV;.
XV, 347 QR 7, AV, = V,Hy,:

4. BYAHATTE, HE

’V‘r =GV, =V yHy gy g —=ViHyp 1 —=VoHopq > H Hy 1,4 =

Vit "GVy_yy ooy Hip g = Vi GV, Hopoy = Vo' GV_y o XV BT QR 73,
WAV, =V, H

r, r—=1°

13



afPLE W, @k B Amoldi B VE W DL AR B bR #E IE X HEBEV =
Vo Vi - V. A8 L Hessenberg #¥H = (H;;)(i, j=0, 1, -, r—1).
Bt Amoldi FZ B A M — MK Arnoldi 13 A2 AH ALK 4 J5i -

colspan{V} = K.(G;Q), V'GV =H, Vv =1
TEAF BB HFEREY € R™TPLUG, BUATLAH S 6 R 415 2| HE R 4%
{VTA 'EV d( ) =X(t) + VT A 'Bu(t)
y(©) = V()

Hex(t) € R'P, rpi/hTn, W4 LT LAIAEA

{H ax(t) = %(t) + VT Qu(t)

dt
y(t) = CVE()
MRGHME LR EUEH(s) = CV(sH — DTWVTQ, ALiE BB M, =
—CVHVTQ, ZIEM R Gt 1% ik R B AE I8 UL J5 46 R L T r B A

2.1.2 PRIMAJ 3%

HT Arnoldi 1 Lanczos 1EAZ AR (1) BB 7 12 38 e VL T 28 45 1) 4% 328 PR 250 1)
FEAT DATS 2K B2 LUBm (0 PR B, LSRR AR 3 ek 2 1) 5 BAA ) Arnoldi %D
Lanczos 1FEAZAIEFETC I, W — % Krylov 2% 8] 75 v 3E 47 B8 R BA () S B 2
Fo) 3 B () AR A A B, S AR 45 R 1K) 1) ) R K D T 8 A 5 A T/Eu\élﬁ‘l
Krylov T2 [EF, B RS IRGERB GBI REF. (HA, X—H A LA
T HVRFE R IR S M I R G, 1EE4T Krylov 125 [H] PRI 75 B R E L R K.

Krylov 7% [BIA Y [ 77 VA AL 2 558 2 AT I RE 8 DR 47 IR 40 R 4t i Fe e Tk
FIPEYE. FETH Amoldi I FEH) PRIMA (Passive Reduced-order Interconnect
Macromodeling Algorithm) [ 7775 [45] K R G IR 215 DA AR H o YR M

PUAR R B B L B R G K B 2 R G S FLER R S A i A BT A
e R R

dt

dx(t)
E——= = Ax(t) + Bu(t)
{ y(t) = BTx(t)

Hp4EE, AMBEG WM N ER

E=[" Plermn, a=-

0 n 7 o

_pT 0] ER™N, B = [Bol] € R<P
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EHEEIEREM, HRIN N IE B . SR Krylov 725K, (A~'E; A~'B) 5L
i Amoldi 18, W] LAFRIFRAEIEZHEFEY € R (Hirpie /N o). XFE,
SR DANR A8 346 MRV AR 21 R 46 R AR BERY R 400 T

{E d’;(tt) = Ax(t) + Bu(t)
y(t) = BTX(t)
Hrh%(t) eRP, E=VTEV, A=VTAV, B=V"B. LIRS E%EN Z2%,
BB R EURH(s) = BT(sE —A) " B. JRATAS RiE MM RS AL IT TS £
G . XA R — AR Z N PRIMA PR IS 2

PRIMA SiEa] DR FE RA R TN, 1% T B IE M I 28 4 0 4% 33 bR 5L
H(s)W R P AE: (1) SHEZE s € €, BrHE) = H(s): (2) WHMEE
(RS KT E s € CUA AR R A &z € €P, WorzM(H(s) + Hi(s))z> 0. KN
E, A, BRMCHSIERE, FTUAZM: (1) BAREE T . FHBIEEAME (2).

A H(s) = H(s) + H(s), " LL1EF]
z2"A(s)z=2" (B"(sE—4) B+B"(SE-4) B)z

= BT ((sE-A) " + (SE -

A) Bz

= 2'B7(sE - 4) ' ((GE-4) + (E-2)") GE-74) "Bz

Bt (SE —A) Bz, 4s=a+ib, LRATLLEN
2"H(s)z = o"(((a + ib)E - 4) + ((a — ib)E - )T
= (a(E+E")-A-A")w
= wH(a(VTEV + VTVETV) —VTAV —VTAV)w
=o'VI(a(E+ET) —A-A")Vw
Hidf = Vo, B ERATLIERZYH(s)z = fi(a(E+ET) — A—- ADf.
EOEREREH (s) 2 Y 1EE 1, BE R FIEHAE M a(E + ET) — A — AT/ 1E
ERIRIA . T ENIEEHRE, FitXfa = Re{s} > 03 fHa(E + ET)f = 0.

R DIE R BIREFRARRF IR M, OF BB FEN DS I iR, IR R IR ES,
A L

15



T
pi—a—ang=pi([ Mo B+ 5 )r
P
EARBAREERN, WAE (2 R
FURMEI RS R G TR, SRR, PR A A R
G B R — S S R IORE R, (A TR P s A%

B G RGN, I RER . PRIMA SLEARTREF R G TCIE PR
SE PR BT R 32 R

2.1.3 SPRIM75 3£

PRIMA BE[4TIRIATE 02508 T 2GS R IE T IR ST T R G T,
{HZ, N PRIMA BEFTS 2 1 FEHT R85 06 22 40 R EOHE FE 1) 48 R 4
G5 o

HHEIEARGE (2. 9), RETEFFAME K70 PLEE RIS SR 22 Ui LI AA B2
B N, A B R R 45 (2. 10) I RBUEFEAFE 598 BAT K AUL 1 . SPRIM

(Structure-Preserving Reduced-order Interconnect Macromodeling) #7£%) PRIMA
RORHT T G, EREMIRTE RS (2.9) MISEMIREIE, JFH A W AR
JZ.

Gy, AE Krylov 128 [ BRI 532, 35 28 B FEV i A2

colspan{V} = K, (A 1E;A™'B)
TEERY 248 (2.10) AT DAVLEC IR AR RGERT r B #E—28, FHHEEVIN 2
K,.(A1E;A™1B) c colspan{V}
HEARRV A B PRIMA VA B HIAS R, 2
colspan{V} = K.(A"*E;A"'B)
S FEVAZ I REUEFEERAR MR AV = v," v,7]T, R4V =
diag{V,,V,}, ES5HH
K,.(A'E; A™'B) = colspan{V} < colspan{V}
RAE LAY € RV2™P(rp < n), #AT MR RIRIA RS (2.9) KIFEH Rgt. &
BFEREV IO AR R I8 R G (2.9) KIS MFRFAETS LLRF o
3% 2.2 (SPRIM H3i%)
B GERIRARS (2.9 MBI
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N

= Dlervn, a=-[ T,

g] € RV, B = [Bol] € R<P

HMm, NFIB, BAEMERITE, M, HRMNS Y IEEmM. [N, 4ERIT
Mg, PASIEEE K,

B A6 = (soE —A)'E, Q = (soE —A)~'B, NI Amoldi 55
RV, {3335 2 colspan{V } = K.(G; Q)

=0 WIRHEMEEMAR R MFHE VRV = [v," V,"]T, If
HMEMBIFEREY = diag{V,, V).

$E0E 4M=v,"Mv,, H=V,"HV,, N=V,"NV,, F=V,"FV,,
B, =V,"B,, &V RIERG (2.9 WEM RSN
_dx(t) .~ _ _
{E = AX(t) + Bu(t)

dt
y(t) = BT%(t)

kd

=0 &l a=-lF o 2=[F]
R BRI EIEE I, 5 BT RN RS (2. 100 AR, X E K
&L (2. 10 fREFTRIG RS (2.9) (9 RBUERE IS MR
REFH] SPRIM S35 81 i B 2 ik 133 R ¥R I (s) = BT (sE — 4) ' B,
Hrh REUEMEERAL N 2rpW Ji e . B IR BEREE, AMBIRRRRSEH, 7T LA
GECES
@E_m*,{@M+N+i@ﬁ*WY1:]
R, IR 545 (2. 1) [tk 3 iR BCAH(s) = B1T (sM + N + s FH'FT) ' B,
JCRSEREM, NRIFH-FTE rpW W, B1Arp x pHiBE. — kMRG0 LA
A Nrp R4t
T PRIMA SILRFE R4 TR 58 0 VI AR R TE 56, T A
SPRIM HiEMREIRFF KRG TR ME. IEAk, B PRIMA HiEM &, H SPRIM H
TN REREITACS GA RGE S WA, X R E AT AR
EH 2.1 #sy € R, BHIEREV R B 22 183, WM RS (2.1
A 35 3R KCH () 55 SRR R T (2. 9) FOAE308 IR KLH () TE so b FL A MR T R 20 YA «
UER: TEREE], BUARSE (2.9) HifkikmBch
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+o00

H(s) =BT(sE—-A)"'B = Z(—l)kBTGkQ(s —50)F

HKoldh, XTBEM RS (2. 1D KIEIGEIH(s) = BT (s
15 H(s)—Z (=D*BTG*Q(s —so)k , H t G = (OE—Z) E, Q0=
(soE — A) B. NFW LA, RFIEHMMERD =
FXBTG*Q = BTG* Q.7

B, $HMERj=0, 1, -, r—1, HFcolspan{G’'Q} € K,(G;Q), KT
FAEFEREA TR GTQ = VA . XEEF

Q = (soF — A) VT (soE — A)(s,E — A)"'B
= (soF — A) VT (soE — A)VA, = A,

N N FH b THT ¢ R AT CAHETS:
Q
= (So
—Z) WYTEVA,
= (soF — A) VT (soE — A)(soE — A)1E(soE — A)"'B
= (soE—A) VI (s,E — A)VA, = A,

FLFAGE T LLEDIR = 0, 1, —, r—1, XG0 = AR, Hili, 2

H
V6'Q=6/Q, j=0, 1, -, r—1
HIRERRRBUEREE, AMBIRFRG M, AMERAERT i =0, 1, -, 7—

1, FUAor
(G")' = (E(soJE] —JAD ™)' =] "(E(s¢E —A)™")YJ, B=]B

Hrp] =7 = diag{l,, — IL,}SEMARAMFARBREEN . Kb, &7

@) = (B(sol B1 =1 A1) ") =17 (BB -2) ') ) 2 13)
By, = 1,7t = diag{l,,, — L,}SERMARAG R . FiEEFB = JB,
NIEz]

(G")'B = J H(E(soE — A)™)YB = J7L(E(soE — A)"H)(soE — A)Q
— ]—1EGi—1Q

AR (2.12) AN LB, 155
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(GT)B = J'EVG-1Q = J'EVG(soE —4) B
M5, HETHA TR A BTG = BT (soF — A) ' (€7) VT EJt 3%\ ik
iy, 133
BTGV = B"(s,E—A) (G7) 'V'EJ"V
P (2.13) AN ESL 50F
., ~ _ —_ — - - e — i—1
BTGV = B, (s,E - A) " 1,7 (E(soE - A) 1)l JVTE]~V

i-1 _

=B"(s;E—4) (E(s;E-4)") E

~ P N S
=B ((s,E—4) 'E) =B'G, i=0, 1, =, 1
W, MEEke{0, 1, -, 2r—1}, B ULRRAk =i+, H¥ie
{0, 1, -, r}, j€{0, 1, -, r—1}, Xk, S5 (2.12) F (2.14),

A
B"G*Q =B"G'G’'Q = B"G'VG'Q = B"G'G'Q = BTG*Q

EARIE B AR RO, IR

2.1.4 PMTBRJ 3%

Krylov 125 [E 4 5E T EAE SEBR N A AR il B 26, AT hilix ey
R ZERA A WKIRRE . BIRAAAE — Sl ROR 22 1774 3], B AhATTAE KL
B ARADE A . XA R TR RS SR, T RR AN, X AT AR A
IR BARMESEBLRY, JfF B Tt iR 2 . BB R 7k — 28
e P ATRITE, XK LT AE” U5, AT DR TG T AR S e iR 2
Yo . (R EEIEH TR S TBR 7 ERN S T &5, A AR
T AP Krylov T2 RS TE. IXERA Krylov F 25 [E] #5201
TBR W7 VERI RIS T AR, (HR EAIFEA B AR AN P4 H HEXSFR R Gy
IR EE G PR AR T A B), XFESEBRSE AT R AR Bk, B LA
B S92 FH T AR BRS04 e AN T A% S o

BHE—ATERRGA=AT, C=B", FHARIEER. X LEE—
RC W& i G IR RS, CRIARAER TBR Skes A pshinfl. a] Ll
B AR AR R AT S A GE VL EC ), B TBR Bk i ki 2E
A 1 7 R SR 6
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IERLIRAT 51 Xt m] LAY 13&1?%3‘7‘7%%% = Ax + BulF A o I RS S 4
oIl U R 5

X = f et BB e tdt
0

535k, e BB R AR R (sT — )™, AR R AT 51 At ) LU R R i
TR AR 2

X= f (jwI — A)"BB” (jwl — A) "dw

Hrp EARHZR R Hermitian ¥ &, 58 EXNRIEUER 700 RIETT Mo, MLE
wi IEAS, & R
Z, = (](Dkl — A)_IB

2 X ALX AT PAH R 300515 3
j\( = (,l)kaZII;I
2

Lhzy NEIREHEEZ, RIS F3E AW e = S XS oo fEW . b ]
PATET AL N
X =7Zw?zH
R TSR RS, 5 REREE
X=V,EV!
EREUXETFREER, VoV =1, 858, HTFHiEEse RV g b &
A TX) R R . WRRAEETE, AXKERESIT X, XERIX XIS
TXHIRHIE S (8] . BLAE 25 FEZW I &5 S48 0 ik

ZW = V252UZ
HpS, RSt Mk, VAU &R, TR
X =V,5%V?

FITA, V7 S 1) B A DA IS , B 7 SR BRI E , AAITT4S H X FRFAIE 17
PRI, VUSSR X 1 HRAE 23 7], [R]B Hankel & SE 7T LAEIL S, HEAF 2. 85V,
A LLHAERERY RSB .

BRI BRI Z N A G S IR ZEA G, (B E I R U B L s
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HERAI), FEREZPIAT A0S TBR Uil 1 [ AERT M . PMTBR AHEL TBR &
5, BENE W BRI R R A, IR B P ) A L

HH% 2.3 PMTBR Hi%:

I. Do until satisfied:

2. Select a frequency point s;.

3. Computez = [s;/—A]"'B

4 Form the matrix of columns

5 [real 5;): Zyy = [21,22,. .-, 2i).

[complex s;): Zjy = [21,22,- .+, 20 2] |.

6. Construct the SVD of Z;.

If the error is satisfactory, set Z = Z;), go to Step 7.
Otherwise, go to Step 2.

7. Construct the projection space V from the
orthogonalized column span of Z, dropping
columns whose associated singular values
fall below a desired tolerance.

2.2 AT AR RC MLERIZEBIPEM 75 3%

2.2.1SIPE X

SIP BVE[53]F B2 RN i) LA B PR R I KRS S 248, Rl 2 A
AREHN B O RG . SRS TSR N Z ML,
U1 PRIMA 1 TICER, [FIR #8601 P& IR IG . 25k Re# s I s p g T, [RIE
FIH 22 G R 1 AT ORFF R G K TE R A

M2 ok, SIP Bk e TRk, JR R HERtE CRIT 2 S ils),
— et R RERSRFF IR TE . SR, SIP (Y SZBIIE TR M, BT
W EIH TR, BTUGRCRE G, JF HRR6E A A IR R 5 R R R
B . Fosi b, SIP St AT DA B 328 T FEARAL P IR s A e I, A
SRV R FE TR BUE FEREY 7575, TTE PRIMA 505 A O TR R T%
BRHERE . X R, SIP JER LAY R B SRS, flin—MRk RS, JERFRE
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MRS, Rl DR B FLEEAR B ] SR AN R . SIP BVE 51T, WETE, W
AR S s R 2 A D) R . SIP 78 EeiE I R 27808 %] PRIMA, X
5O, SIP 29k 3] SGE, FHAEHELAE LT, SIP, SGE, TICER, Al PRIMA
SRR PN R, [ SIP BVAISRENE A A 5 A RIE M S S .

—A~ RC M2 0] LS sidn R IE

{(G + sCOx = Eu
y = ET «x

Horbw R & (s CTHTD , o N EBIZE T R g, V2% H A& (o
uig ). G, € € R AR FEA AR H I, E € R™™ i — A iy 1] LS
BT R ANERE . EVLUS Y

£=[)]

BB T B S, FrA BN R RURCE TR, g AR E T RS
WHEEO T, CHGHRY-1EE I BXTRRM .

W FIEM € RV ™A AT IEAS 5

G=M"GM, C=M"CM, E=M"E

B4R RS AR RS5O LS N

H(s) = ET(G+ sC)™'E
A(s) =E"(G+sC) 'E

ALVEH, WRme@E/hTn, ARG RDSHENETMEZ .

PRIMA B 7 2056 FEM R s ok, 1 HMAERER, [Nz E T
TR e 4 IR BB ZR e vtk HH AR 25 R o HLAE R AT TEAS A RIS AN 2277 A
0(@*>m*n)IEAMNE ., 1 H R RaE, R L M.

B 5 STP Bk

MBS ERE, ZEIEKIRRARE R TT1% . (BT AERIER
SERY TR SRS R MR (102 H R N A B BEVCEC A B AR . VERMES, FEUTECH)
B IR Schur AhZ R 9S54, DR RR T SRR MR Schur k.

EH BRI RS ANG, G, €, ERRBGN, G, CEXIRN. #EHik
—MEAERE L ILES DC (s=0). 2H(0). H(1)%7 MR RJEIG RS 1) order-zero
F order-one, H(0)ZH(1)E R EM 4011 order-zero Al order-one.

5|3 2.1
ik eolsp(M) 2 V, 3t GV = E, 4 HO gy = HO 0, IV ) = HYV
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B TR RIAERE 4 BSS T
olvil = =[]

v RN SR, VoRoR O EE. P
SV,=(D—-BTA BV, =1

FFESTY Schur b I ERGRIV,, SRJEEE R 5 EA RV,

513 2.2
FEREME SUN
_[-A7'B
M= P
Hova] LR - B4 2
V=mMSs"1

E{B= LU IDPAEIE = S w9 N Este -7 E1 B
L% Schur FMEE SORTEFERE SRR RCRARMR, K5 31 78 X AR i
K. g AR TE.

SEH 2.2
WIRG 1) Cholesky 7 it N
LT LT
G = [BT Ly L ] I l
i S/
S =L,L}

H T L, N TR RS, HE E—PRROMR A, FERAN T3k
1T Cholesky 73 fift. 1] AASH 56347 Cholesky 7 i F >R L, LY, "R &2 SIP H LK
Kot

SEHE 2.3

Schur ¥hA] LS 4R HFITE A
S=M"'GM

FEREM e LI (2.22)
EH 2.4

i (2.22) & CHIFEREMAE S EREHEIE, X (2. 17) B i) —HriE L.
HOq = HOq) » HY g =HY
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WAECKE/RT SIP HiZnfi1HG, G = SHEM E MG Cholesky 73 fift
B8, CHIMMAMERECTE ZEH 215, e N TNA.

FE— MR RVET, IR R IR R BRI B 2P IR . i R
FERE ()2 1) B AR 2 PEAR SR ), B A XA ALK S 77 7 () . SIP Sk oy 1 Sl
MR RS R, AEPAT IR B IEAbiX —B 38, FI Rk el LLE I~ i
5 HLRARAE -

EH 25

MAERE BRI .

R RN EA

M™ =BTA A 'B +1

KABT A=A~ B DARIE R AR, TR IEZE R, A EATAIH 2 1E € 1,
Ik, MOKIZER DR -

DUAERR B BE SR AR R 51k DA RIS, AT DUA R0 D SR 72 ) JE
A TG B TMEAER JTIA B A . SEE BN, RATATEZEME S AM, miM—
MR R I 2 1, X FRAR T 4766 25 A A CPU IS ATRY A] . K5iX
Tl R 45 G SR 1 77 V522 L PRIMA . 5 2R b B3 25 ) BB = i %

AN S5 X AR A 32 R 5 MDA T A B B C DL E () S48 AE TR R G AT C LA MR ) R AR
T4, WRARE, BAKWERIEZF IO MEE, — R Cholesky 73 fif -

Fr#fE Cholesky 7 /&1 IHIEATHY, 2G(s) = G, TH—PHHE—NTE,
LRI BN, SEREGH)RA TR,

| P
a;; b;

b’ B®

G(l) =

HhL i -1 e AR . B AT A 1 SUEFELOWR
I
[ Qii ]

0 — :
L 1
~—b I

a;;

GO = [DGU+D (LOYT
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I 4
1 0
® 1 T
| 0 B __bibiJ

i,i

G(l) =

HEL PR, BnPfE6 (n+1) = I.

W46 = (M(i))T GO MO, HrppmO = (L(i))_Tc

M BT AT EAE HY, Cholesky 73 fif v LUK N7 mVH 25, Fom HORBE . XA
S5 K2 Schur #b, FrLLKf#E Schur #MA 75 224 Cholesky 7 i iFAT 56 52, B4
TR B — RV A

M=MOM®P ... gyn-m)

X B AT DL S ] SR T VAN CHFAT BB 12 52, R 75 BB A R0 C i
) = (MO ¢® MO[FERER IR,

% 2.4 B SIP B

Get the optimal ordering to reduce the fill-in of matrix GG
move port nodes to the bottom
permute matrices G and C'
fori =1ton —mdo
Construct matrix M "
G+ @O )
C[-i+l_] - J.‘Hf[i]ch{-i}ﬁ_jr(i_]
end for
G=Gr ™ —m+1:nn—m+1:n)
C=C""m(n—m+l:nn—m+1:n)

% /5 SIP Hik

% ri. SIP BOER R EA A A0 R, RE MR as G kK.
X —NEE AR, 2 SUE R IR B VR RE BT, (RIS DR D RE A% B 47 () 72
SRR (R ATUHS  A0AAR ZE TTAR s 20R . RIREE, 22 B0 A0 BT 75 ¥ 22 A £ K
X AIAE T RS A MR R 4t

K TFHEER) q SR G Ls; LS00 - - ,8q } L ATLLE L RLES = (G ; ,CE}

{(Gi+ sCO)x = Eu
y = ET «x
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IR AT LEC SR i N R G, WSS TILERE RS Hs = s ;)
HO(sy=HO sy, HY (5 =HD .
A TIERE W, B LM SIP BBy, il
ai = M’{GiMi, Ei = MTClMl
Rzt i, N RRA &
M, = [_Ai_lBi]

HEF‘A =A+ s Cll ’ B =B+ s C127 FﬁﬁM E/J%%/\/TJE/TE%‘E %/

\\

M=[M, M, - Mg
LRI AR Ny
A MTGM, - MIGM,
G=MGM=| : .
MIGM, - MLGM,
) MicM, - MICM,
C=mMcM=| : .
MIcM, - MICM,|

EH 2.6

S FAE R 1<i,j<n JH 2830 2

UEH]
HRUER S — N AER

A, B, -1
T _[_pTa-1 i i||—B;A;
MGM, = [~ 1] pr [ Ay ]

=D, — BTA;'B; = G;

BoAERRE Y, RS

At
G, = M] (G +5,0)M;
G; = M] (G + 5;0)M;
JIt A
€= MICM, = ——(& -G
j = Si
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SCC, RAECI G TARRE. 4, AN/
Eji = MTGM] = Ei — Sitji

ks

o
)
Il
)

tj
Wik 2.5 2 i SIP Bk
for: =1togdo
|G,C;]=SIPcore(G + s;C, C, ports)
end for
fori = 1toqdo
fﬂrA;r' =1 toidoh X
Cii = 75:(G; — Gi)
é_;‘i = li:r't — Sg'(?ﬁ
end for
end for

Ji

2.2.2 Pact&E £

—/NEA m1 AN SR o AT A RC W4, AT BRI NI R

7
(G+sC)x=h

HA 6. ConlRnmm B A-RE, MEEA m N, Fohbm O sl a8
— N T S T AR N, SN RN b . WR AT AR IE, ABAG.
CRXT M SRR . XN ZAFFHAFE CRIEE PR A2 X AR IE 2 1Y, KRR IE 52 B ER A
FERTA BRFEE N IE. BN RIEERRB ARG DI TCIRYE.

Wiz AN 1 RGEATHT, B m AN O SUBCE T AT, o AN A
METE. TLLEE

T ! i
(o l+=[2 ENEI=[]
x Fllae™ 73 S 2R S U RS BRI BB R . b PR AR T SR EN 0,

PRSI AA 2 BIEIX LY 5o m X m4ERI TR FEAR B2 b 75 mERE,  H3R 1 5w
HZ B AR Z o n X nZEAEFEDMEZE N EFERE . n x m4ERIFERE QAR A
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S U R RN R TR AR O R, RROEAERE . HiFEA. BFIEZXFR
FIEE N, DRXHRIEEM
MAHEXY(S)Xx =b', HEx'155)
Y(s)=A+sB—(Q+sR)"(D+sE)(Q +sR)

(D + sE) NG I, Y (s) AR, A T i i =X 715 20 RFEE A,

SRJG—A — 1R T 1A .
det[E — AD] = 0

KA ERXFRPEIEE R, TDRXNFRIEER, IBAY(s) Ik SE i SEH .

J5 BEW ) 425 A5 W] LR ORNX = VIWV ., St 5500 5, 56 R EE
S, ZEHIRL, EFEAIERIVITIEREE. DS, FRORENEHEE S
(2.44) I

det[VTEV — AVTDV] = 0

A2 A RAR R . IXAFERE RC LS B BRI R ARG . CHtml LLIE
I A S AR AT FREY, B 4ERE WU R 25 [RIRHMEAT HAS TR RC N4 &t 42
AR WA IR AT DLORFF L TGIR M

B, HAeSRHREIGENED, 5 EREREQ, i3t Cholesky 73 fi#t,
LLT = DSEI) (L& F =FF).

0
V= Lx LT
DX 28 X 7 P 2 48 A

mvrey=[ATQX 0 ][40

G =V'GV [ . [-ip- [0 1]
_pTy _ yT Ty-T ’ /T
¢=viey=[B-PX-XR PL"1_|B R]
Lp L 1EL R E

HX=D"1Q, W=EX, P=R-WiEHa4&w. i, HiE (2.43) oL
G MC 1355 E1E
Y(s) =A'+sB' —s?R""(I + sE")"'R’
PR R X 2 (A s R ERAE (I + sEN I, AR 0T LUOs e BV fili 2 4 88, 31X
AN FEA DU I AE 2 R E' = UAUTSEIR. X A FEARL S T E'HRRE(E, U
ﬁ&%%ﬁﬁ%ﬁﬁ&%ﬁ@ I H A& IEZ A

0 UT] [A, 0] [0 U] [A, O]
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"o 1 0 B’ R/T I 0 B RIIT
"= [0 UT Rl El ] [0 U] - RH EII ]
FTLAE" = UTE'U = A, HAREE T E FRILERX AR ROYUZAREr
FETTRE, FTLAY (s)ANAR . BRAEPIAS N B AR FEER R A4k 7, (2.49) RTRAEAE
s?rlir, s?rlr,

Ys)=A"+sB' ——— -+ —
) 1+ seqq 1+ sen,

Hrhr 2R 11T, ey E"EE i NG IXFEHE AT LAFE A XS R 77 A
BB OL R KR R K TRl 2nf, = A T HIMSTE &, IR BIBRAK A
R H . BARFLRA G ANC X NE" /INT A B M oA B AT 551 2 .

Lanczos 1272 - H0 R RS FR R B B R ARFAEARL A B R ARFALE 5] &2 ) 2507
%o T (2.50) (2. 51) H9ARHR 2 Bl LK U AN 75 2 0 AR s HIAT
25, XFEE RN — AN R E R E R T A AR 28 . Hp—A>
HEW MU R A TR ZEXE T2 IR, XFE R G T LAS 2R FE, E'xiE
ML AEL Tk 5

FEA) Lanczos FykiE It DLF 18 V5230

Wjr1 = AW; — ayw; — f; 1wy

/\I:':l
aj = W]TAW]
By = Wyl

HB 2
Wjt1
Wi = 3—1

BRI, wy AT DME SR BN 1 &, BN 0. AL FRIKSEFEZA,
[ EEw, -+ W MR Lanczos [A) 5o X 26 [a) &2 1RSI, Wl & iiw,"w; = 0, i # j
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D PHAT RS . AR A1 5 R AN 2R S gy Sgn, BAEN—
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3.2 RC MLZ 27 m A R B fe {h P R R F
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AT DL D IR IEL, S mis O T
45 0 3.2 u‘

31 29 0 09
0 17 30 O

35 04 0 10

Ap = |0, 2, 5, 7, 10]
Ai=[0, 2 0 1, 3 1 2 0 1, 3]
Ax =[45, 32, 31, 29, 09, 17, 3.0, 3.5 04, 10]

A=

3.5 MR A TR A M AT TR 20

LA BTk, AESEPRRIs A — R, EH KT R e
HENTTHIE RS, FHEABR SR AL AR TH B, R
FEASE SN RCRARAG, L5 8 37 [ P [R] I S0 34 e A Rl 7 28 3R
ATCHIFEH , ST RIS AR, ARV R R Rt R E B SO N A B E R, A
DA AR E , AT I8 B[] o 7T RAXE RC HEFEEAT — IR Cholesky 73 i
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