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ABSTRACT computationally expensive. Most of these techniques rely on en-

forcing some formulation of the positive real lemma by constrain-
ing the real part of the impedance matrix to be positive definite over
all frequencies Although such a constraint can be certifiably en-
forced by using Sum-Of-SquareS@S relaxation, it is normally

a costly operation, specially when the constraints are defined on
frequency dependent matrices such as in [3, 4].

Some heuristics-based iterative techniques also do exist such as [5,
6]. In these techniques a stable but non-passive model is first iden-
tified. This non-passive model is then checked for passivity vio-
lations by examining if there exist pure imaginary eigen values of
the corresponding Hamiltonian matrix. As the final step, some pa-
rameters of the initially identified non-passive model are perturbed
to correct for passivity violations. Although these techniques are
computationally efficient, however since perturbing the system is
an ill-posed problem, there is no guarantee that the final passivated
model is optimal for accuracy.

In this paper we presenttaeoretical and analytical formulation
1. INTRODUCTION and ahighly efficient implementatioaf a procedure for identify-

Automatic generation of accurate, compact and passive dynam-ing passive dynamical models from frequency response data for
ical models for multiport passive interconnect structures from fre- multiport structures. We solve the problem in two steps, first a
guency response is a crucial part of the design flow for complex set of common poles is identified using already established tech-
analog systems. Typically, passive structures are simulated by aniques [3, 7, 8]. Next we identify residue matrices while simultane-
field solver which computes frequency response data samples in theously enforcing passivity using frequency independent linear ma-
desired frequency band. Based on the frequency response sampletrix inequalities. Although, similar conditions for passivity were
extracted by the solver or collected from measurements, a reducedderived in [9, 10], the conditions were usedly to ‘check’ for
model is developed which can be incorporated into a circuit Simu- passivity violations as opposed to our proposed algorithm where
lator for time domain simulations of a larger system containing also these conditions are built into the model identification procedure
nonlinear devices. A model violating any basic physical property, to ‘enforce’ passivity. Also, no efficient algorithm was proposed
such as passivity, can cause convergence issues for the simulatoiin [9, 10] to rectify for passivity violations. For example in [9] it
huge errors in the response of the overall system, and the resultsvas proposed that the pole-residue pairs violating passivity condi-
may become completely nonphysical. tions should be discarded, this is highly restrictive and can signifi-

There exist different approaches to generate dynamical modelscantly deteriorate the accuracy. We instead propose that the identi-
from frequency response data. The problem of finding a passive fied residue matrices should conform to passivity conditions during
multiport model from complex frequency response data is highly the identification such that there are no passivity violation in the fi-
nonlinear and non convex. Given a set of frequency response sam nal model. The formulation presented in this paper, being convex,
ples{H;,wi}, whereH; = H(juy) are the transfer matrix samples is guaranteed to converge to the global minimum and can be easily
of some unknown multiport linear system, the compact modeling implemented using publicly available convex optimization solvers

In this paper we present a highly efficient algorithm to automati-
cally generateircuit synthesizabledynamical models fopassive
multiport structures. The algorithm is based on a natural convex re-
laxation of the original nonconvex problem of modeling multiport
devices from frequency response data, subject to global passivity
constraints. The algorithm identifies a collection of first and sec-
ond order passive networks interconnected in either series or par-
allel fashion. Passive models for several multiport structures, in-
cluding wilkinson type combiner, power grid and coupled on-chip
inductors are provided to corroborate the theoretical development
and show efficacy of the implemented algorithm. To demonstrate
the full strength of our algorithm, the identified models are also in-
terfaced with commercial simulators and used to perform time do-
main simulations while being connected to highly nonlinear power
amplifiers.

task is to construct a low-order rational transfer maﬁti@s) such such as SeDuMi [11]. Also, since the constraints presented in this
thatH (juy) ~ H;. Formulated as ah, minimization problem of paper are frequency independent, for the same model accuracy we
the sum of squared errors, it can be written as (1) get orders of magnitude improvement in terms of speed compared
A 2 to other convex optimization based techniques such as [3, 4] where
minimize Z )Hi — H(jwi)‘ the the constraints are frequency dependent and are expensive to
H i (1) enforce. The scheme presented in this paper can potentially be ex-
subject to H(jw) passive tended to generate parameterized models with apriori global pas-

. . - . ) sivity certificate. Finally, the models generated by our algorithm
Even after ignoring the passivity constraintin (1), the unconstrained 5, readily be synthesized into an equivalent passive network and

minimization problem is non-convex and is therefore very difficult ;5 pe interfaced with commercial circuit simulators by generating
to solve. Direct solution using nonlinear least squares have beengiiher a spice-like netlist or a Verilog-A model.

proposed, such as Lavenberg-Marquardt [1]. Thereisnogt€8a  The remainder of the paper is organized as follows: Section 2
that such approach will converge to the global minimum, and quite gescripes the rational fitting of transfer matrices and the notion of
often the algorithm will yield only a locally optimal result. Over  h5qsjvity. Section 3 formulates the problem of passive fitting for
the past years considerable effort has been put into finding a convexy, tiport LTI systems. Section 4 details the full algorithm for our

relaxation to the original prqblem, sevgral publ_ished exi_sts such as modeling approach. Finally, Section 5 demonstrates the effective-
[2—4]. Although these techniques provide a solid thec_)retlcal frame‘ ness of the proposed approach in modeling various multiport struc-
work and analytical formulation, they are often criticized as being



tures.

2.

2.1 Rational Transfer Matrix Fitting

The problem of constructing a rational approximation of multi
port systems consists of finding residue matriegs polesa, and
the matriceD & F such that the identified model, defined by the
transfer functiort (s) in (2), minimizes the mismatch between the
reduced model and the original system as described in (1).

BACKGROUND
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whereRy,D andF areT x T residue matrices (assuming the system
hasT ports) andgy are poles. Since most of the passive structures
have a symmetric respong®,, D andF are symmetric matrices.

2.2 Passivity of Immitance! Transfer Matrix

Passivity is the inability of a system (or model) to generate en-
ergy. Passivity is an essential property if the model being inter-

+D+sF @)

connected with other systems is to be used for time domain simula-
tions, since arbitrary connections of passive systems are guarantee

to be passive. While it may be possible for a non-passive model to e A i :
(in O{s} > 0 implies stability. For a linear causal system in pole-

provide high accuracy in the frequency domain, the same mode
when used in time domain simulation could produce extremely in-
accurate results resulting from passivity violations.

requiresthat the complex-poles; and complex residue matrices
Rg always come irtomplex-conjugate-pairdhe proof is given in
Appendix A.

H(jw) =

% R +K§2{. ORE+jORE | ORE—jORE }
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HereO and O indicate the real and imaginary parts respectively.
Note that the summation for complex poles now extends only upto
Ke/2. Rewritting (5) compactly:

. Ko Ke/2
Alio)= 3 Ao+ 3 Aio) +D+joF (@)
K=1 k=1
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where:H; (jw) = jo—a "
ner o DORS+jORE ORE — jORE
Hk(lw)—jw_gaﬁ_jmaﬁ jw—D0ag+ jOag ®

§'3 Stability

The second condition (3b) which requires analyticityFofs)

residue form (2), the system is strictly stable if all of its padgs
are in the left half of complex plane i.e. they have negative real part

Passivity for an impedance or admittance system corresponds to(0 {a} <0).

‘positive realnessbof the transfer matrix. To bpositive real the
transfer matrixH (s) must satisfy the following constraints

H(S =H(9) (3a)
H(s) is analytic in({s} > 0 (3b)
A(jw) +HA(jw) =0 vo (3c)

WhereJ{ } denotes the real part and t indicates the hermitian
transpose.

The first condition (3a), commonly known asnjugate symme-
try, ensures that the impulse response correspondilﬁgsmis real.
The second condition (3b) implies stability of the transfer function.
A causal linear system in the transfer matrix form is stable if all of
its poles are in the left half of the complex plane, i.e. all the poles
have negative real part. The third and final condition (3c), which is
positivity condition implies positive realness of the symmetric part
of the transfer matrix on th@w axis.

3. PASSIVEFITTING FOR MULTIPORT LTI
SYSTEMS

3.1 Problem Formulation

We expand the summation fdﬁ‘(s) in (2). Also since we are
mainly interested in the properties Hf(s) on the imaginary axis,
we replaces with jew.

Kr r
a K
H(jw) k; fo—a

Wherek; andk; denote the number of purely real and the num-

ber of complex poles, respectively. Alf}, e RT*T, R¢ € CT*T,

al € R, af € C Yk, andD,F € R™*T, whereT is the number of

ports. In the following subsections, we consider one by one the im-

plications of each passivity condition in (3) on the structure of (4).

3.2 Conjugate Symmetry

The terms in (4) corresponding to the matrié@sand F, and
to the summation over purely real poles satisfy automatically the
first passivity condition (3a). On the other hand such condition

Kc Cc

= +D+ jwF 4)

k
k;j‘*’_ak

1The termimmitance refers tolm pedance and Aditance col-
lectively.

3.4 Positivity

The positivity condition for passivity (3c) is the most difficult
condition to enforce analytically. We present here an extremely
efficient condition which implies (3c). We consider the case when
all the building blocks in the summation (6), namely: purely real
poles/residuebﬁ&(jw), complex-conjugate pairs of poles/residues
I—]E(joo), and the direct term matri® are individually positive real.
Please note that thgoF term has purely imaginary response and
therefore does not affect positivity condition.

LEMMA 3.1. (Positive Real Summation Theorehgt I—](joo)
be a stable and conjugate symmetric transfer matrix give(6hy
thenH (jw) is positive-real ifH} (jw), HS(jw) and D are positive-
real k. i.e.

OH (jw) = 0,0AS(jw) = 0vk& D=0 = H(jw) =0 (9)

PROOF The sum of positive-real, complex matrices is positive
real. [

Lemma 3.1 describessaifficient butnot-necessarycondition for (3c).
In the following subsections we derive the equivalent conditions of
positive realness on each term separately.

3.4.1 Purely Real Pole-Residues
In this section we derive the condition for the purely real pole/residue
termHy (jw) in the summation (6) to be positive real. Such a con-

dition can be obtained by rationalizinﬁiz(jw) as in (7), which
results into:

- LR wR!
H (jw) = — ARk k 10
k(] ) 2+a1r(2 J 2+a1r(2 ( )
- a Ry
I _
OHg(jw) =0 = — 2 o2 =0V k=1,..,k  (11)

3.4.2 Complex Conjugate Pole-Residues

In this section we derive the positive realness condition for the
complex pole/residue terrﬁlf(jw) in the summation (6). Since
complex terms always appear conjugate pairs, we first add the two
terms forﬁlf(jm) in (8) resulting into:

_ —2(0af)(0RE) — 2(0ag) (ORE) + j2w(0RE)
N (0af)?+ (Dag)? — w? — j2wlag

e (jw) (12)



 —2{(0a)3 + Dag(Dag)?}ORE — 2{(Jaf) + (Daf)?0af }ORE — 2w { (Daf) (ORE) — (Jaf) (ORE)
((0ag)2+ (0af)? — w?)? + (2wl af)?
—20{(0af)? — (Daf)? + w?} OR§ — 4w(Daf) (Jaf) ORE
((Oaf)? + (Haf)? — w?)? + (2wl af)?
—2{(0af)® + Daf(0af)?ORE — 2{(0af)® + (0af)?Oag }ORE — 2w?{(Dad) (ORE) — (0af) (ORE) }
((0af)2+ (0af)? — w?)2 + (2wlaf)?

(13)

=0Vw,k=1,...,Kc

(14)

In order to obtain positive realness conditionl&lfl(jm) we ratio- for all the transfer functions in the transfer matrix. As before, to
nalize (12) to form (13). The resulting condition fm—]lf(jw) =0 enforce conjugate symmetry, the stable poles can either be real or
is given in (14) be in the form of complex-conjugate pairs.
3.4.3 Direct Term Matrix 4.2 Step 2: Identification of Residue Matrices

SinceD is a constant real symmetric matrix, we requiréo be In this section we formulate the convex optimization problem for
a positive semidefinite matrix, i.e. the identification of residue matrices using the stable poles from

D-0 step 1. We first revisit the conditions for passivity (11) (14) and

later we shall develop the convex objective function.
3.5 Thg Constrained .Mmlmlzatlor? Problem 421 Purely Real Pole-Residues
We combine all the constraints derived earlier and formulate a . - -
constrained minimization problem as follows: Let us consider the positive realness condition on the purely real
pole residue tern} (jw) as in (11). The constraint (11) requires
minimize Y ‘Hi —A(jw) frequency dependent matrices to be positive semidefinite for all fre-
A={R¢,a,D,F} 4 qguencies. This is in general very expensive to enforce. However,
subject to al <OVk=1,..k a careful observation of (11) reveals that the denominator, which
c is the only frequency dependent part in (11) is always a positive
Dac<0vk=1,...Kc real number for all frequency. Hence we can ignore the positive
OHf(jw) = 0V, k=1,...,K denominator which leaves us enforcingy R} > 0. Now since we
I]I:|C( ) = OV k=1,...,K are already given stable poles (i.g, < 0), the constraint in (11)
b :OJ - ’ e reduces to enforcing positive semidefinitenes®pn

)2

K Ke/2 OFf(jw) =0 = Rf = 0Vk=1,...K (16)

~ . ’\r . "C . .
where H(iw) kngk(Jw)+ k; Hc(j0) D+ joF Such a constraint is convex and can be enforced extremely effi-
(15) ciently using SDP solvers [11].
HereH; are the given frequency response samples at frequencies ) ]
wi; HY andH¢ are defined in (7) and (8) respectively; andaf 4.2.2 Complex Conjugate Pole-Residues
denotes the real and complex poles respectively. The detailed ex- |n this section we reconsider the positive realness condition on
pressions fof1H, (jw) = 0 andOH(jw) = 0 are described in (11)  the complex conjugate pole residue pair teifi{ jw) as in (14). As

and (14) respectively. before, a closer examination of the frequency dependent denomi-
nator in (14) reveals the fact that it is positive for all frequencies.
4. IMPLEMENTATION Given that we have a fixed set of stable poles, and the denominator

In this section we describe in detail the implementation of our IS always positive, we rewrite the constraint (14) only in terms of
passive multiport model identification procedure based on solving the variables i.ew andRy. Also we replace the constant expres-
the constrained minimization framework developed in Section 3.  sions ofCay andUag in (14) with generic constants. We finally

The optimization problem in (15) is non-convex because both obtain the following equivalent condition
the objective function and the constraints are non-convex. The _ .. .
non-convexity in (15) arises mainly because of the terms contain- OHc(j0) =0 =
ing productsandratios between decision variables such as ratio of  (¢;OR§ + c,0Rg) + w(ca] RE +Cc40RE)} = 0V k=1,...,K¢
residue matriceR, and polesay, in the objective function, and 17)
product terms and ratios & anda in the constraints.

Since the main cause of non-convexity in (15) is the coupling The problem is however still not solved since the condition in (17)
betweenR, anday, it is natural to uncouple the identification of  is frequency dependent.
unknowns, namelyR, anday in order to convexify (15). We pro- )
pose to solve the optimization problem in (15) in two steps. The =~ LEMMA 4.1.Letxy,xp € ST andw € [0,), whereST is the
first step consists of finding a set of stable pag$or the system. set of symmetric &k T matrices, then
The second step is to find a passive multiport dynamical model for
the system, given stable poles from step 1. In the following sections
we describe how to solve the two steps. PROOE Direction=

4.1 Step 1: Identification of stable poles Givenxy + w?x; = 0 we consider the following limits:

X1+ 0Pxp = OV < X1 = 0,X2 = 0 (18)

Several efficient algorithms already exist for the identification of lim (xq+ w2X2) 0= x1 -0
stable poles for multiport systems. Some of the stable pole identifi- w-0
cation approaches use optimization based techniques such as in [3]. J)igﬂm(xl + wzxz) 0= x>0 (19)

Some schemes such as [7, 8] find the location of stable poles iter-
atively. Any one of these algorithms can be used as the first step Direction < follows from the fact that non-negative weighted sum
of our algorithm, where we identify a common set of stable poles of positive semidefinite matrices is positive semidefinitel



We define v;
PAl

1_ Cc Cc
Xk B Cl[l Rk + C2DRk inal Soli Passive model for Vout
,sz =c30d Rﬁ + C4DR§ (20) Sional St Wilkinson Combiner
50 Oh
and apply Lemma 4.1 to the constraint defined in (17) which results PA2 |_ me

into V2
OFS(jw) =0 = x> 0,x2=0Vk=1,...kc (21)

) ) o . Figure 1: Block diagram of the LINC power amplifier archi-
Since x;.}, x2 are linear combinations of the unknown matrices, tecture as simulated inside the circuit

ORg & ORE the constraint (21) is a semidefinite convex constraint

and thus can be enforced very efficiently.
4000

4.2.3 Convex Optimization to Find Residue Matrices + Field Solver
2000 - Our Passive Model
In this section we summarize the final convex optimizationiden- 4
tifying the residue matrices which correspond to to pasiiyg»), g 0
given stable polesy. ~2000
S TN N -4000 ] ] i i i j
minimize Z‘IZIHi—IZIH(j(q)‘ +Z‘DHi—DH(J(q) o 1 2 3 ; s 6
Ry RE.D,F T 1 Frequency(Hz) x 10%°
subjectto Rp =0Vk=1,...,K 20007 :
Field Solver
c Rﬁ + CZDRE =0Vk=1,...,Kc 1000 - Our Passive Model
Ca0RE + ¢40RE = 0k =1, ..., Ke (22) g e | e
D>0 ~1000
o K o KC/ZAC . . -2000 : i i i i i
= 0 1 2 3 4 5
where H(jw) k;Hk( jo) + k; He(jw) +D+ jwF eque ey o

This final problem (22) is convex, since the objective function is ) ) ) )

a summation ol norms. All the constraints in (22) are linear ~ Figure 2: Comparing real and imaginary part of the impedance
matrix inequalities. This convex optimization problem is a special Parameters from field solver (dots) and our passive model (solid
case of semidefinite programming, requiring only few frequency lines). The mismatch, defined by(24), & \(w) < 0.7%Vi,k,w €
independent matrices to be positive semidefinite. This problem [2,60GHz

formulation is extremely fast to solve, compared to other convex

formulations [3, 4] where the unknown matrices are frequency de- 5. EXAMPLES

pendent. ] ) ) )
In this section we shall present modeling examples of various

4.3 Circuit Synthesis multiport passive structures. All examples are implemented in Mat-
From circuits perspective, the algorithm identifies a collection of |aband runon alaptop with Intel Core2Duo processor with 2.1GHz

low-pass, band-pass, high-pass and all-pass passive filter network clock, 3GB of main memory, and running windows 7. We have also

These passive blocks can readily be synthesized into an equiva-Posted free open source software implementing this algorithm on-

lent passive circuit networks and can be interfaced with commer- line at [12].

cial circuit simulators by either generating a spice-like netlist or 51 Wilkinson Combinerin aLINC Amplifier

by using Verilog-A. Alternatively we can develop equivalent state ~° ) ) ) .

space realizations for our passive multiport models, for example, a !N this section we shall present an example illustrating the use-

Jordan-canonical form can be obtained as described in [8] and thenfulness of our proposed methodology on modeling and simulating

diagonalized. a LINC (LInear amplification witiNonlinearComponents) power
) amplifier. The architecture, as described in Figure 1, consists of a
4.4 The Complete Algorithm signal splitter, two power amplifiers, and a wilkinson type power

In this section we present the algorithmic description of the com- combiner. This architecture is designed to operate & PAL

plete framework in Algorithm 1. This algorithm minimizes a cost andPA2 are class B amplifiers designed in B80SiGe process
using BJTs. The wilkinson combiner is designed on alumina sub-

strate with characteristic impedance ofband operating frequency
of 40GHz

Input, vin, to this architecture is a 64 QAM signal. The signal
splitter decomposes the inpQtAM signal into two phase modu-
lated fixed amplitude signals. Le}, = VinZ@ be the input signal;
vi = WoZ@ andvy = VpZ@, be the two signals generated by the
splitter then,

Algorithm 1 Complete Passive Multiport Model Identification

Input: The set of frequency response samglels, wi }, the num-
ber of polesN
Output: Passive modefl (jw)
1: Find the stable system with polesay
2: Solve the optimization problem (22) f&
3: Construct the model in pole/residue form as in (4)
4: Synthesize the equivalent passive circuit and generate the cor- Vin = V1 + V2, VinZ@=VoZ@g1 +VoZ@  (23)
responding netlist or verilogA model file

The splitted signals are amplified by individual nonlinear power
amplifiers. The outputs of these two power amplifiers are added us-
function based orLy norm subject to linear matrix inequalities.  ing a wilkinson type power combiner. This 3-port wilkinson com-
Such a formulation can be solved very efficiently and is guaran- biner, is simulated inside a full wave public domain field solver [13]
teed to converge to global minimum. However the fact that this available at [14]. Using the frequency response samples generated
algorithm provides analytical expressions to enforce passivity in a by the field solver, a closed form state space model of arder30
highly efficient manner has enormous potential such as in future ex- is identified using our passive modeling algorithm. To demonstrate
tensions to parameterized passive multiport models; or to include the accuracy of this model in frequency domain Figure 2 compares
designers constraints such as matching qualify factor. the impedance parameters from field solver (dots) and frequency
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response of our identified passive model (solid lines). The model- o R
ing errorg x(w), defined by (24), was less tharv@o for alli,k in ERL
the bandwidth of interest betweenr-50GHz 100}

g k(W) = [Hik(j) —Hi(jo)| (24) 200, p 6 8 10 12 1

maX|Hi k(](*))‘ Frequency(Hz) x10°
ikw
The algorithm took only gecondsto generate the entire model,  Figure 7: Comparing real part and imaginary of impedance
whereas for the same order and simular accuracy the algorithm de-from our passive model (solid line) and from field solver (dots)
scribed in [3] took 838econdgiving us a speed-up of 4Q for power distribution grid
A model is passive if there are no purely imaginary eigen values
of the associated Hamiltonian matrix. Figure 3 is a zoomed-in
plot of the eigen values of the associated hamiltonian matrix for tion grid used in systems on chip or on package. The 3D layout for
the identified model. It is clear that the model passes the passivity this power grid is shown in Figure 6, and is composed dfi (red
test since there are no purely imaginary eigen values. or dark grey) andsnd (green or light grey) segments placed along
Finally, the overall amplifier architecture is simulated inside a bothx andy axes. External connections given by solder balls in a
circuit simulator after connecting the linear model for the com- flip chip technology, are modeled with bond wires running verti-
biner with the rest of the circuit components including the nonlinear cally. This structure was simulated using 52390 unknowns in the
amplifiers, as shown in Figure 1. Practically speaking, as verified full wave mixed potential integral equation (MPIE) solver, Fast-
in Figures 4 and 5, the passive nature of the identified model for Maxwell [13], to obtain frequency response samples up to 12 GHz.
the wilkinson combiner guarantee that transient simulations for the The multiport simulation was arranged by placing eight ports: four

overall architecture converge and the final output sigpalis also at the grid corners and four inside the grid. Ports are illustrated in
a 64— QAM signal similar to the inputi,. Figure 6 as black strips.

L . . For this example our proposed algorithm identified an38pas-
5.2 Power Distribution Grid sive transfer matrix of ordem = 160 in 74econdswhereas the

The second example we present is a power & ground distribu- algorithm in [3] ran out of memory for similar configuration and
did not generate the model. To demonstrate the accuracy, Figure 7
compares the real and imaginary impedance respectively of our re-
duced model with the field solver data. Although the models are
passive by construction, the passive nature was verified by the ab-
sence of purely imaginary eigen values of the associated hamilto-
nian matrix.

5.3 On-chip RF Inductors

The third example we shall discuss is a collection of 4 RF in-
ductors on the same chip or package that are used in the design
of multichannel receivers. The layout is shown in Figure 8. The
structure has four ports in total, configured at the input of each in-
ductor. This structure was simulated using 10356 unknowns in the
full wave field solver, FastMaxwell [13] which captures substrate
using a Green function complex image method.

Figure 5: Normalized output voltage Vout generated by tran- For this example a % 4 passive transfer matrix of order= 92
sient simulation of the overall architecture in Figure 1 was identified. The algorithm took g&condso identify the pas-




Figure 8:
scale)

3D layout of the RF inductors (wire widths not to

8000
«  Field Solver

6000 - Our Passive Model

4000} }’
2000 !

—-2000
0

Re(2)

i i i
15 2 25

Frequency(Hz)

4000 -

+  Field Solver

2000 - Our Passive Model

Im(2)

—2000 -

~4000 3
x 10"

i i i i
15 2 25 3
Frequency(Hz)

0.5 1

Figure 9: Comparing real part and imaginary of impedance
from our passive model (solid line) and from field solver (dots)
for the RF inductors

sive model, compared to the algorithm in [3] which ran out of mem-
ory for similar configuration. Figure 9 shows impedance parame-
ters both from the field solver and from our identified model. The
passive nature of this model was verified by the absence of pure
imaginary eigen values of the associated hamiltonian matrix.

6. CONCLUSION

In this paper we have proposed a new semidefinite programming
based algorithm to solve the original nonlinear and non-convex
problem to identify passive multiport models. The identified mod-

as in (5) satisfies this constraint.
H(jo) =

%,rkf%z{ ORE+IORE | ORg—jORg }
G io-dc Gy | —jo-Dag— s —jo—Dag+ |l
+D—jwF
=HA(jw) =
© Ry *Pf ORg-jORE DRE + jORE
2 kr*Z{- kcl-kc - k+c].kc}+D+ij
& 10—a (& J(O—Dak+JDak JQ)_Dak_JDak
=H(jw)
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