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Abstract— Fosters’ canonical representation of the trans- differential equation-based electromagnetic field solvers.

fer characteristic of a linear system is the key to causal, sypsequently, for the purposes of (in general) nonlinear

fully convergent, incorporation of distributed structures . . .
Y g P transient simulation of RF subsystems and systems, a

in transient circuit simulators. The implementation of

the Foster's model in the fREEDA® circuit simulator is transformation technique is required to obtain time-

reported and the modeling of a two-port coupled inductor domain transfer functions for such passive components
is presented as an example. from their frequency-domain responses. Particular issues
Index Terms—transient circuit simulation, Fosters include convergence problems, non-causality inherent
canonical model. in the time-domain transformation, aliasing problems
in the conversion, lengthy convolution and nonlinear

|. INTRODUCTION iterations, and numerical ill-conditioning. Furthermore,

even small numerical errors in the frequency-domain

Transient simulation of circuits incorporating dis-

tributed structures has been particularly troublesom((:ar.]araCte”Z"Jltlon may manifest themselves as appreciable

. o I . waveform errors in the transient response. The same is
Electromagnetic characterization of transmission lines,

. . frue in reverse, potentially rendering transient simula-
antennas and RF and microwave structures, espemaﬁlf/ P y 9

when the impact of skin effect and related frequenqt/'—On inadequate for the design of strongly frequency-

. . dependent microwave circuits such as circuits with filters
dependent ohmic loss must be taken into account, can

only be determined accurately in the frequency dc?—nd matching networks.

. . . . Transient analysis is critical when analyzing large
main using one of several integral equation-based or y yzing farg

RF circuits with important transient behavior, especially
This material is based upon work supported in part by the Spaw¢hen large-signal non-linear responses must be pre-

and Naval Warfare Systems Center San Diego under grant numkeﬁ&ted when thermal effects on device behavior must
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oscillations and instabilities caused by lack of stability omethods have been introduced [5], [7]. The original
passivity of the numerically generated frequency-domaimplementation of the AWE technique was found to
multipart descriptions of the passive components. Thee of low bandwidth, a consequence of the fact that
purpose of this transaction is to introduce a Fostemoment matching was based on a single-pointéPad
synthesis based methodology for the development approximation. This limitation was partially addressed
a passive reduced-order multiport description of sudhrough the use of multipoint Padapproximations
passives from numerically calculated frequency-domaie.g.,[8]). More recently, more systematic methodologies
data, and discuss its implementation in the transienfve been proposed for such Baapproximation-based
circuit simulator fREEDAR . model order reduction which, through special processes,
can ensure the passivity and, hence, stability, of the
Il. BACKGROUND generated reduced-order model (see, for example, [9],
Many techniques have been explored for incorporatifg0]). However, use of such model order reduction
distributed structure frequency-domain characterizationsethods assumes that the mathematical statement of the
in transient circuit simulators. These have been extegiscrete electromagnetic boundary value problem used to
sively reviewed recently by Achaat al. [1]. Techniques characterize the passive structure is in a form compatible
include developing the impulse response and then ugith the Krylov-subspace formalism that constitutes the
ing convolution-based iteration techniques [2], [3] an@ackbone of all such methods. While finite difference-
also more recently the evaluation of convolutions in and finite element-based methods produce such models
recursive manner [4]. Asymptotic Waveform Evaluatio11], this is not the case of integral equation-based
(AWE) [5] and Laplace Inversion [6] are powerful, butsolvers in general, unless quasi-static approximations of
have their limitations in application as described in thghe full-wave Green’s function kernels involved in the
following paragraphs. integral statements are made (e.g., [12]).
Nevertheless, with the advent of fast and numerically-
A. Asymptotic Waveform Evaluation stable iterative methods for the iterative solution of full-
The AWE method is best suited for use in conjunctiowave integral equations, their application to the full-wave
with characterizations for which the moments of theharacterization of distributed passive components and
transfer function are either readily available or can beterconnects continues to grow. Since AWE-like and
computed with high accuracy. The basic objective dfrylov subspace techniques are not best suited for the
AWE is to develop a reduced-order state-space modidvelopment of reduced-order models from the method-
of a linear sub-component of a system for the purf-moments approximations of these full-wave integral
poses of expediting transient simulation. According tequations, one has to rely on other means for the syn-
[5], application of AWE results in about 2 orders ofthesis of multiport models from the calculated frequency
magnitude reduction in the simulation time needed if th@domain responses sampled at multiple frequency points
original system (of higher order) is used. To facilitate thever the desired frequency bandwidth. The convolution-
utilization of AWE in nonlinear circuit simulation numer-based development of the impulse response discussed

ical inversion, convolution and piecewise linearizatiomext is one of these techniques.
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B. Convolution Based on Impulse Response by the electronic CAD community as subsystem- and
This technique suffers from two major limitations System-level nonlinear, transient simulation of complex

One of these is the aliasing problem associated with tgicuits involving sections that exhibit distributed elec-

inverse Fourier transform operation required to extrafomagnetic behavior becomes indispensable for design

the impulse response from frequency-domain charact@Rtimization and functionality verification [14],[15]. The

istics. Many schemes have been developed for extendi'ﬁ@Ster'S synthesis-based technique which we will discuss

the dynamic range but have proved difficult to apply jpext includes such a process. However, prior to its

general. Causality has been a long-running problem Hilfgcussion the important issue of the assignmemb

has been alleviated recently [2]. Even if the a”asingaferencesfor different ports in the distributed system is

problem is avoided, the convolution approach suffef¥iefly reviewed.

from excessive run times. The convolution integral,

which becomes a convolution sum in computer simu- lll. L OCAL REFERENCEGROUPS

lations, is GN2) when it is implemented X being Most microwave networks can be viewed as inter

the total number of discrete time points used to diviggonnections ofN-port networks, where each port has

the continuous time) [3]. two terminals one of which is a reference terminal. In the
case of a distributed network these reference terminals
C. Numerical Inversion of Laplace Transform Techniqugre, in general, independent of each other. In many cases
This technique does not have aliasing problems sintfée appropriate handling of the reference terminals is
it does not assume that the function is periodic — the ifrherent in the network parameters used, such as with the
verse transform exists for both periodic and non-periodise of S-parameters. Use of multiple reference terminals
functions. There is no causality problem for double-sided of paramount importance to the proper electromagnetic
Laplace transforms, either. Unlike FFT-based methoddgscription of large distributed networks such as active
the desired part of the response can be obtained with@mtenna arrays and on-chip interconnect networks [16],
performing tedious and unnecessary calculations for tfe7]. The formulation particular suited to circuit analysis
other parts of the response. However Laplace technigugéghe Local Reference Group (LRG) concept [16], [18].
suffer from the limitations of series approximations andhe difference between LRGs and the conventional us-
the nonlinear iterations involved. The advantages a@@e of ports will now be explained. Conventionally, when

limitations of the inverse Laplace methods are discussggferring to an-port we are referring to a network with

in detail in [6], [13]. N nonreference terminals ani reference terminals.
(The reference terminals are not instantaneously con-
D. Summary nected and so it is an error to consider them as a global
Irrespective of the method used for the developmegtound node.) In the general case, several terminals can
of a circuit simulator-compatible impulse response, laave the same Local Reference Terminal (LRT) and the
process that ensures the passivity (or at least the stabilibngtwork parameters describing the subcircuits are port-
of the synthesized response is required. Passivity hased. The conversion of the port-basédparameters

an issue that continues to receive significant attentit@ nodal-based” parameters, as are required in nodal-
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based circuit simulators, has been previously defined byOnce the numerical data has been rendered passive,

us [19]. In effect an LRG is a multiterminal port withthe Foster synthesis process is ready to commence. To

one reference terminal and one or more other terminatsffer a brief review of the properties of the Foster canon-
ical form, the case of a one-port circuit is considered.

IV. FOSTER 'S CANONICAL MODEL Foster’s canonical representation of its input admittance

is,
Foster's canonical model is used by us to develop a
reduced-order model of a distributed network [24]. Of H(s) = Ho+ His

most importance here is that, when properly constructed, U i S ap ay
porane o Hhen propery w2 () () o
Foster’'s canonical model is causal. - -

where H, represents the conductance terfid; rep-
A. Representation ) _

resents the capacitance value of the shunt capacitance

Foster's representation of distributed circuits igerm, s, /(s — p,) represents a real pole at= b, and

adopted because of its guaranteed causality, providgd/(s—p,) anday /(s —bi) — the overbar indicates the
that its construction from the available frequency'doma.@bmp|ex Conjugation J— together represent a Comp|ex
data for the network response is carried out accordiggnjugate pole pair. In addition to the requirement that
to the constraints involved in its definition. The detai'lhe real part of the po|es is non_positive' the require_
description of these constraints, along with a descriptiQient that H, and H, are non-negative is recognized
of the methodology used for the synthesis of Fostefifamediately and intuitively as a required constraint for
canonical form, can be found in [23]. It is pointedyassivity. These constraints are complemented by ones

out that, for our purposes, the methodology proposégolving the coefficients:,, anda;, and the associated

in [23] was streamlined for direct compatibility withpoles. These additional constraints are

the rational function synthesis algorithm VectFit [21],

[22]. The resulting process was first presented in [25]. Rrp 20, Rap >0, 0< a0 < Rapfbe (2)

It is important to stress that prior to utilizing VectFit,The constraints for the case of multiport network are
the numerical data for the frequency-domain responss, similar form and can be found in [23]. A final
which constitute the input to VectFit, are tested fopoint worth mentioning is the issue of the accuracy
passivity. Violation of passivity may be encounteredhf the synthesized model outside the frequency range
particularly in relation to data obtained from numericabf the data used for its synthesis. Clearly, accuracy is
solutions, in which case it is predominantly caused byuaranteed only over the frequency range used in the
discretization or round-off error. The easiest way to tesynthesis. It is, therefore, essential that the frequency
for passivity is through the conditions satisfied by theange over which data is generated for the synthesis of
scattering-parameters of the multiport circuit [20]. Ithe Foster equivalent circuit is selected broad enough
passivity is violated at a frequency point, the situatioto encompass the anticipated bandwidth of interest in
is rectified through a slight perturbation of the scatterindpe simulations of the circuits in which the synthesized

parameters. equivalent will be used.
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Synthesized subject to these constraints, the multipdorm:

admittance matrix is guaranteed to be passive and hence, T Igig RY ]
. . . —P,
causal. Its compatibility with the Modified Nodal Ad- =S v VRN
_ . o NS (R +RY)s— (RY P+ RY Per)
mittance (MNA) matrix description of the state-space +k2_:1 52— (Port Pk )51 Por |2
representation of the overall system is another advantage [ Af R 1
s—Pry
that becomes more evident from the discussion in the= Mo ( iy ’ffjl s i Vit
L5 (R 4R, )s— (RS Per+RY, Pek)
following section. = 52— (Pek+Per ) s+| Per |2
Mpr RJ\;J
Returning to the general case of a multiport distributed k; s=Pry v
M Nj , pNj Njip SN j N
circuit, let N be the number of ports. The pole-residue + f (RO +RE)s= (R Pert REY Pet)
= 82— (Pe+Per ) s+| Pex |?
form of its rational function approximation, obtained 4)

according to the process outlined above, is as followswhere M is the number of pairs of complex poles and

fa g

p=1 " Pk p=1 " Pk

M i
s

Y(S) - kX::I s—kpk

M N1 M NN

’I” T

1§1 = kZ::I =

y11(5) e le(S)

yin(s) .. ynn(s)

where all the elements share the same s# gbles:p;,

Mpg, is the number of real poles. Thus (4) describes one
row of the definite port-based nodal admittance maiix:
=y1;V1 + ... +yiV; + .y, V. This is derived from
the indefinite form of the nodal admittance matrix with
multiple redundant rows and each of these corresponding
to an LRT [16], [24]. In the case of a lumped linear
network with a single global reference terminal, there
would be only one redundant row. This distinction is
not important for the development that follows but is
critical in formulating the circuit equations for the entire
network. Thus, referring to the LRG section, each of
the LRTs shown (terminal#,...,E,,,....E'ps) result in
redundant entries and care must be taken in formulating
the overall circuit equations. In the end the definite forms
of the total MNA matrix must be used as the indefinite
form is singular [19]. The synthesis methodology is then
based on the interpretation of each of the terms in the

equation above as part of an equivalent circuit.

p2, ..., par- The poles are, in general, complex and, due

to the passivity of the generated reduced model, are gl]

Technical Approach

stable. Since complex poles occur in complex conjugateThe N-port Foster's model is directly incorporated in

pairs, with their corresponding residues being compléke Modified Nodal Admittance (MNA) matrix in the

conjugates also, the expression for the current afj e circuit simulator. The implementation is analogous to

port in terms of theN-port voltages may be cast in thethat of inserting multi-terminal linear Voltage Controlled
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Current Sources (VCCSs) although a direct implemen-

tation is preferred for simulation speed and robustne®en eachH;;(s) could be represented as an instance

as well as netlist robustness (that is specifying a singté this element, depending on the way it is connected

element rather than a complex circuit of VCCSs). Thim the network. Alternatively all four components of the

method demonstrated here is tRele-Residuamethod matrix could be treated as a single element. However

as it has demonstrated good numerical stability. simplicity is critically important and so each element
Foster's model describes an admittance matrof the admittance matrix is implemented separately.

wherein each element of the matrix is represented Barthermore, each admittance element has one or more

a rational function in pole-residue format. In this formateal poles and one or more complex pole pairs. From

different elements in the admittance matrix may hav@),

different poles (meaning values of the poles). But all

the elements in the admittance matrix must have the Yij = iy”k (6)

same number of poles. However in a complete network k=1

simulation there can be any number dFport Foster where o o .

models with each model having a different number of Ry (Ryk * RLCJk) 5T (RZJ’CPC’“ + R?’CPC’“)

ijk — = 2
. — P 2 _
poles. The restriction on the number of poles of each of y F §% = (Per + Pox) s + [ Pex|

the admittance matrix elements being the same COMES o (6) can be written in the form:
about because time-domain analysis requires derivatives

of the modified nodal admittance matrix. (For steady-

o ijk Aijks + Bijk )
state analysis, as in Harmonic Balance analysis, there Yiik = { — pijk s2 4 Cijps + Dy )~
would not be this pole restriction but the key guiding

principal we have followed is using the same model ipjence there is a real pole-residue value and a complex
all circuit analyses.) pole-residue value and the complex pole-residue value is

converted to real pole-residue format.
C. Filling the MNA Matrix

The widely accepted practice for incorporating modeIB Development of the MNA Stamp

in a simulator is to use a stamp which in this case ) ) )
In this section the MNA stamp of Foster's model is
is a submatrix entry in the MNA matrix of the linear )
developed. The transfer functidti(s), VoltageV (s) and
network. This is done using a function typically called
the Currentl(s) are related as:
f£i11MNAM which in our case fills the MNA matrix with

the calculated transfer function values. I(s) = H(s)V(s) ()]
Consider a 2-port distributed network, then we coulgn

d
have either 1 or 4 instances of the NPortFoster element.

Tijk Qijk Qijk
That is, if Hijk(s):( . >+<s_j +—= )(10)

5 = Pijk bijk s — bijk
Y(s) = Hiyi(s)  Hia(s) 5) where k varies from 1 toM. The MNA stamp is built
Hoi(s)  Haa(s) from stamps for the individual poles. First consider the
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real pole, Diji = ¢}y + dip (22)

(”ﬂf. ) (11)
57 Pijk Taking the inverse Laplace transform of (18) and rear-
then .
o ranging,
o) = (2 ) v a2
S i o B D AP B = 0 (23)

taking its inverse Laplace transform and rearranging, dt2 7" dt KT R gy k%3 =

iy (rijk) v — (1> dti =0 (13) Since this involves second derivative terms, we take an

Dijk Dijk ) dt

_ . auxiliary variable, say:, and define it as:
wherev = v,, — v, is the voltage difference between

terminalsm and n. The real pole adds one extra row

) o di;
and column. Then the MNA matrix stamp for;y, is, in T=_ (24)
conventional form [26],
and so
v . r .
m n 1 d d2 i
== (25)
m-+1 dt dt?
1 14 .
" (14) then the MNA stamp is
n -1
m+1 Tijk  —Tijk | Dijk Um U i x
and its first derivative is m 1
di; n -1 (26)
dt '
ti —Bijk  Bijk || Dijk
(15) . )
-1 and its first derivative is
Next consider the complex conjugate pole pair,
_ Um Un 7/2 %
Ak Qijk
+ | — 16
(Sbijk> <5_bijk) (16) m
when multiplied it yields the real term, n @7
( Aijrs + Bijr ) 17) i —Aige Aigr || Cigr | 1
8% + Cijis + Diji d 1

The number of extra rows and columns of the MNA for

Aiirs+ Bijk . . . . .
I; = Y 4 \% 18
(s) (32 T Curs T Dijk) () (18) the implementation of time domain analysis is,

where A;x, Bk, Cijr @and D, are real and
igks Dijhs ijk ik Extra rows and columns = number of real pole

Ajjr = 2a4jk (19) + 2 x number of complex pole
Bi‘ :2al~ci- —QbZdz 20 )
" JREE IRk (20) The factor of two is present here because of the complex
Cijr = —2ciji, (21) conjugate pairs.
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V. MODELING OF ADISTRIBUTED COUPLED a transient circuit simulator. AWV th order port-based Y-
INDUCTOR parameter Foster’s canonical model was developed from
Coupled inductors or on-chip transformers are usdhe swept frequency experimental network analyzer char-
in radio frequency and microwave integrated circuit@cterization. Note that the Foster's model is guaranteed
to boost inductance values, as balun-like structures, sbe causal and hence no check is required.

AC coupled interconnects and in switched capacitor bias
0.7

circuits operating at microwave frequencies. A Stacked
transformer of external dimension of 20n and 75um  °°f
was fabricated on a 0.2hm, five metal layer process |
[27], see Fig. 1. The self-inductances of the transformer
are nominally 2 nH. A patterned polysilicon grounfdo'4
shield was placed between the bottom spiral induémﬁ
and the substrate to reduce eddy currents and eliminate

0.2r-

substrate effects.

0.1

|
I 0 0.5 1 15 2 25 3
H Frequency (GHz)

Fig. 2. S parameters of the coupled inductor.

A. Experimental Setup

The experimental setup consists of a probe station,
digital sampling oscilloscope, 3 Gbps pulse generator,
SMA cables and 10Q:m pitch Ground-Signal-Ground
(GSG) probes.

The system was initially calibrated by applying a

square pulse of 1 GHz frequency using an SMA cable
and the GSG probes. The output port was connected to
the sampling head of the oscilloscope using GSG probes
an SMA cable.

Fig. 1. 3D picture of on-chip coupled inductors. The input signal frequency of 1 GHz is low enough
that it is unaffected by discontinuities and dispersive
The distributed coupled inductor, Fig. 1, has complelosses in the SMA cable. To that end the GSG probes
frequency characteristics, Fig. 2, and demonstrates tiwere connected in a through configuration on a LRM

fidelity of the reduced-order model and its integration ifSS calibration substrate and the output waveform on

DRAFT June 10, 2004



Amplitude of Input Voltage (V)

the oscilloscope was analyzed. It was observed that thienulation result agree closely with that of the exper-

difference in the two waveforms (both in amplitude andmental data. In particular, the direct implementation

frequency) was negligible. Hence this confirms that th#escribed minimizes the number of nonlinear operations

effect of losses in the SMA cable or discontinuity effecivhere as a large number of such operations are required

in the fixturing is not significant enough to warrant a timé& a synthesized RLCK (K being a coupled inductor)

domain calibration. This is illustrated in Fig. 3 where twequivalent circuit was used.

wave forms are compared: one measured at the output of

0.08

the pulse generator and the other at the end of a through
0.06

line connection.

T
— Pulse Generator 0.02
— — Through Line

Output Voltage (V)
o

47 -0.02
-0.04
[
I
| -0.06
I

-0.08

Fig.

Time (ns)

Fig. 3. Comparison of the pulse waveforms measured at the output

— Measured Data
Lo~ N — - Simulated

I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (ns)

4. Complete transient response for the coupled inductor com-

paring measured and simulated results.

VI. CONCLUSION

of the pUISe generator and at the end of the thl’Ough line. This paper has presented the result of a quest for a

B. Results and Discussion

distributed structure modeling technology that can be
used in transient circuit simulation analysis strategy.
The modeling technique has guaranteed causality and is

particularly well suited to modeling distributed structures

Fig. 4 shows the transient response of the coupled . -
g P P ?hat do not necessarily have low pass characteristics. The

inductor calculated using the NPortFoster model de-

modeling technigue can be efficiently implemented in a

scribed above. N was taken to be 2, as it is a tW?r_ansient circuit simulator (in this case fREE@[ZB]).

port inductor model and the factorization time of the
matrix was calculated to be 0.01 seconds. The drive for VII. ACKNOWLEDGEMENT

the 2-port Foster’'s network is a 1 V exponential square The authors would like to thank J. Nath, Department
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