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where 4. ye ,  and vc are the admillances associated with inductive, resistive, and capacitive 
elements in the circuit panion ofthe system, respectively. In tum, the coupled system matrix is 
expressed as the sum of frequency dependent matrices 

rz.. z., a 1 - 

Rewriting in tems  of g = ,@ yields the system equation 

(E, +g3i+g'Tiz, +&m = g2z ( 5 )  

We then expand x in a Taylor senes of k terms about so =& with g =go + y , using a 

conditioning factor 5 as in [Z], and derive the AWE recmion relationships as in [6] to find the 
AWE moments xO...xi.  A vector Pad6 approximation e,, i s  then computed for I by 
forming m d  solving the Pad6 Hankel matrix for denominator coefficients of each element in I 
and using the direct formula for numerator cocffkient~ ([7], Chapter 1, equations I .6 and I .7). 

3 
Typically, the frequcncy range of interest is known a priori, and it is desired to find an 
approximation or set of approximations which is accums over the =tire range. We use a binary 
search which places the Pad6 expansion point in the middle ofthe frequency range. The resulting 
expansion is evaluated at the interval's endpoints and compared to the enact ~ o l u t i ~ n  at the 
endpoints. If the approximation's error is larger than some specified tolerance, the interval is 
divided into two sub intervals of qual sire, new expansioni performed, and checked against exact 
solutions at their inlervsl~' endpoints. If necessaly, additional subdivision is performed 
recursively until the desired accuracy is obtained. 

Calculation of Pad6 approximants directly f" AWE moments is notoriously poorly conditioned 
[7]. The scaling factor t u s e d  in (7) has great impact on the Pad6 H d e I  malrix's conditioning. 
A variety of possible choices far 5 have been proposed [I]: our cutrent method is to compute an 
initial x,  with \=I and then update < as 

<=mean(r,./x,) (6) 
where .I denotes element by element division and near zcm elements in xa are ignored. i ,  ... I, 
are then computed with the new value of 6. Such single step adaptation of < is not, in principle, 
oprimum. However, effective v a l ~ e s  of 5 have reliably been produced using this method. The 
authors have also implemented the WCAWE method of [SI and found WCAWE and Padl via 
AWE with adaptive <produce near identical results on a variely of e s t  cases 

Each node present in MNA whose voltage is invariant in frequency re~ul t i  in an exact AWE 
expansion with x , , ~  ~ V, and z,,, . . .x , ,~  = 0 .  where V, is the node's voltage. The Hanlrel matrix 

is thus singular for all Pad6 approximants of order higher than zero. A similar situation arises 
where any unhnown in the system is almost exactly a polynomial in frequency. Adaptive Pad6 
order reduction is needed IO handle such cases. 
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sake time far conventional 
frequency sweep 

5 Conclurion 
A fast frequency sweep for coupled EM-circuit sysfems, enabling npid characterization of circuits 
with EM components, has been demonstrated using a simple Pad6 via AWE approach. In future 
work, a fast direct solver [SI will be used in conjunction with the sweep to oblain rapid solution of 
poorly conditioned systems for realistic on-chip stmctures. Extension to nonlinear MOR [9] i s  
also of interest far handling devices outside ofthe small signal range. 
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Pad6 setup 
time frequency sweep using Pad6 with s<O.OI 

Pad6 solve time for reduction in solve time by 

100 points: 4.32 hours 
250 points: 10.8 hours 

6 expansions 100 points: 340ms 100 points: 19.4% 
53.5 minutes 250 points: 850ms 250 points: 91.7% 
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Figure 1 single ended LNA 
r-+- Paddewamion 
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Figure 2 Pad& results for single ended LNA 
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