A General Method for Multi-Port Active
Network Reduction and Realization

Pu Liu, Zhenyu QI, Amalia Aviles, Sheldon X.-D Tan

Mixed-Signal Nanometer VLS| Research Lab.
Department of Electrical Engineering,
University of California, Riverside, CA 92521

[cadence|




Outline

Compact modeling via model order reduction
General hierarchical model order reduction
Optimization considering magnitude and phase
responses

Experimental results

Conclusions

BMAS 05 © Sheldon Tan



Compact Modeling

"

» More parasitics for nanometer VLSIs
= millions and hundreds of millions of RLC elements
» Overload simulation engines
= not al information is useful

= Compact modeling viamodel order reduction

= Capture port behavior of the circuit block to speed up
simulation and synthesis

= Discard no useful information
= Black box approach
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! Existing MOR Algorithms

* Projection-based
= AWE, PVL, Matrix PVL, Arnoldi Modd, PRIMA

= Difficulty to deal with mutual inductors (M elements) and
their equivalent models (with controlled sources)

= Node reduction and rational approximation
* TICER, DTT, Circuit Crunching, Y-Delta, HMOR
= Essentially symbolic Gaussian elimination

= Advantage:
= gpplicable to both passive and active circuits
= No need to solve the whole circuits
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= Model order reduction

= Genera hierarchical model order reduction
= Hjerarchical: block Gaussian elimination
= General: any linear circuit with any linear devices

= Optimization considering magnitude and phase
responses

= Experimental results

= Conclusions
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Partitioned Circuit Matrix

Boundary nodes

l
Internal ci rcuit) / Two-way
<,i partition of
\ / j acircuit

Therest of the circuit
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Block Gaussian Elimination

* The suppressed circuit matrix becomes.

_I\/l BB* M BR | XB bB*
i M RB M RR_ XR bR

where ME =M _ M (M"Y M
bB* — bB — M BI (M I )—1bl

m

or BB* _ B 1 Bl Il . IB _
a, =a,— EauA a.,, uv=1.,l
uv uv d |( A|| ) ) ki = koks Tk,

m
1 BI I 1B

u* bu o det( AII ) kz aUklAkzklbkz !
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Hierarchical S-Domain Reduction (HMOR)
(ICCAD’03)

.

= PBasicidea
v' Compute S-polynomials for determinants and cofactors
via hierarchical symbolic analysis techniques

v Keep the exact or only limited order for each poly

=  Multi-point frequency expansion for wideband
accuracy —H(s)

coece |:|(S)
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Properties of HMOR

b

= Theorem: HMOR method dose not change the
reciprocal property of alinear system.

= A reciprocal network isone in which the power losses are

the same between any two ports regardless of direction of
propagation.

= |f asystem isreciprocal, the reduced system by HMOR is
reciprocal.

= |f asystem isnot reciprocal, the reduced system by HMOR
IS not reciprocal.
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Outline

= Compact Modeling viamodel order reduction

= General hierarchical model order reduction
= Hierarchical: block Gaussian elimination
= General: any linear passive or active circuits

= Optimization considering magnitude and phase responses
= Motivation for considering both magnitude and phase responses
= Constrained |east square based optimization
= Multi-port non-reciprocal circuit realization

= Experimental results
= Conclusions

BMAS 05 © Sheldon Tan



Motivation
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Optimization Problem

= Admittance matrix of the reduced order model

I ?1!1(5)
Y(s) = ;

| Fa(s)

j}1 A (s)

j:}.!,ﬂ (s)

= Optimization problem (only considering magnitude)

Tr

min( z ||f’p_,g (Sk) — ?p,q(ﬁ'k) ||§)

k=1

Where,,(s;) 1sthe exact values of the admittance at the
entry (p,q) at the k-th frequency point
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! Optimization Problem (cont’ d)

= Basic ldea:

P

V N
~ re
Y(s) = s¥e+ Y + .
()= 0 mZ‘l S — Pr'm ﬂz S — PCn .5“ e

= Find a set of resdues such that the errors are mixed in
terms of both magnitude and phases.
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Optimization Problem

ni

"Some definitions

x:[ x}i S0 XE/I X(lj e XEN Y[:] Ym }T
Ap=1[d\(st) - aplse) aflsp) - agylsy) 1 s ]
Where 4 (s;) = :
Sk — Pl'm
1 1 j '
aﬁ = + N aaﬁJrl — / o / *
S — PCn Sk — pC;, SE—PCn Sk — Py
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* Minimization for Real and Imaginary Part

IDefine

e [ e[ 2

Then mjn(HAh'nx_ YZI'HH%)
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! Constraints for Sign of Phase

define
Yp = diag(Yiin)
Dfin — YDAHH.
Then Dlz’nx = 0
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* Constraints for Value of Phase
|

= Define
Im f’
k)
| 0 —1 0 7
[iin:
0 1 O —1 ]
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* Optimization Problem

= The constrained linear least square optimization
problem considering both magnitude and phase

min(||Azinx — Yiin H%) subjectto  Djjpx > 0

(jhﬁ.x — O
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* Realization (one-port)

I
* Foster’s canonical form for 1x1 admittance Y(s)

,J"

C+1 j — x5, 1]

a1 S—DPr'm =1 S—PCn s — pc;,

= Readlization of Foster’s canonlcal form

Y= ng Cs:
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! Multi-port non-reciprocal Realization

= 2 port
Bt = | 20(8) ()
X y21(s)  yzals) |’
1 3/4\ 2
+ ‘ +
121
\4 O
y22
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Teneral Multi-Port Network Realization

= For general n x n network
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Outline

n

I
= Model order reduction

General hierarchical model order reduction
= Hierarchical: block Gaussian elimination
= Generd: any linear circuit with any linear devices
Optimization considering magnitude and phase responses
= Motivation for considering both magnitude and phase responses
= Constrained |east square based optimization
= Multi-port non-reciprocal circuit realization

Experimental results
Conclusions
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* A Folded Cascode COMS OPAMP
|

= Y, frequency responses of the original circuit and the
reduced model
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*An active Sallen-Key |ow-pass filter
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* An active Sallen-Key low-pass filter

I
" Y, Frequency-domain pulse responses
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* An active Sallen-Key low-pass filter
,

* Time-domain responses excited by different sources
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! An active Sallen-Key low-pass filter

» Reduction efficiency:
= Origina model: 636 e ements

= Realized reduced order model: 88 RLC, 2 VCVS, 2CCCS
elements

= Reductionratio: 85.5%.

Realized circuits have very regular structure, which
can be utilized for further reduction or acceleration In
time-domain ssmulation
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* Conclusions

= A genera multi-point hierarchical model order reduction and
realization flow for active circuits

= Constrained linear least square optimization technique
considering both magnitude and phase responses for any linear
active network

= Multi-port non-reciprocal circuit realization

= SPICE-in SPICE-out reduction/realization for maximum
model portability and flexibility
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